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Abstract

The Developmental Origins of Health and Disease (DOHaD) theory posits that insults during
critical developmental periods can cause permanent structural and functional changes in key
organ systems and thereby predispose an individual to chronic disease later in life. During
gestation, iron deficiency (ID) is one insult which can increase risks of non-communicable
diseases in the offspring, including cardiovascular disease. However, others who develop even
under ideal circumstances will still experience chronic disease, particularly as they age.
Cardiovascular disease alone is the leading cause of death worldwide, and accounts for a third of
all mortality in Canada. Cardiovascular disease is associated with an enormous economic burden,
accounting for more than $18 billion per year in Canada. Preventing even a small fraction of
cardiovascular disease cases, either by discovering new mechanisms by which it develops, or by
developing novel treatments which decrease its incidence, could result in substantial healthcare
savings. Here we investigated the how perinatal ID affects offspring cardiovascular health in the
neonatal period, as well as how broccoli sprout (BrSp) supplementation improves cardiovascular

health throughout adulthood.

To accomplish this female Sprague Dawley rats were fed either an iron restricted (3 or 10 mg/kg
ferric citrate) or iron replete (37 mg/kg ferric citrate) purified diet prior to and throughout
gestation; dams were fed an iron-replete diet at birth. Offspring were studied either during

gestation or in the early neonatal period (postnatal days 0 through 28).

In the early postnatal period, perinatal ID resulted in anemia and asymmetric growth restriction,
as well as changes in cardiac function which occurred in a sex-specific manner. Proteomic
analysis revealed ID down regulated structural components and elevated proteins associated with

cellular stress response, and histology revealed a reduction in cardiomyocyte endowment. While
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the functional changes recovered, cellular differences persisted, implying ID may lead to long-

term alterations in cardiac function.

When ID dams were supplemented with an exogenous ketone, the previously mentioned cardiac
dysfunction was partially mitigated. ID increased expression of Il-1 whereas ketone
supplementation further altered I1-183, Sod2, and Cat expression, indicating oxidative stress and

inflammation may be relevant pathways for future study.

We also assessed fetal and placental oxygen saturation (sO2) in ID and control offspring
throughout gestation using photoacoustic imaging. We observed regional differences in sO2
within the placenta and between the placenta and fetus, however, ID had minimal effects on sO2

suggesting ID fetuses may require less oxygen during gestation when compared to controls.

To study the long-term effects of nutritional supplementation, male and female Long-Evans rats
were fed a control diet with or without dried BrSp from four months of age until death. Here,
various parameters of cardiometabolic syndrome were assessed periodically across their lifespan.
BrSp feeding reduced female bodyweight and visceral adiposity while improving glucose
tolerance and reducing blood pressure in males. Finally, broccoli sprouts improved lifespan in

females and in the oldest 25% of males.

The studies herein show how perinatal ID affects fetal and neonatal circulatory physiology and
provide two noteworthy therapies; ketones and BrSp, which may improve cardiovascular function
in these models. Given the high incidence of perinatal ID as well as cardiovascular disease in
adulthood, this work could have substantial implications for both the short- and long-term health

of our population.
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Chapter 1

Introduction

1.1 Overview

The Developmental Origins of Health and Disease (DOHaD) theory posits that insults during critical
developmental periods can cause permanent structural and functional changes in key organ systems and
thereby predispose an individual to chronic disease in later life (1). During gestation, iron deficiency (ID)
is one insult which can increase risks of non-communicable diseases in the offspring, including

cardiovascular disease.

Nonetheless, even individuals that developed under ideal circumstances will still experience disease later
in life, particularly as they age. In fact, cardiovascular disease is the leading cause of death worldwide,
and accounts for a third of all mortalities in Canada (2, 3). While the death rates are dramatic, what is
perhaps even more important is the growing number of non-fatal cardiovascular events, which cause long
term disability and co morbid conditions. Advancements in medicine have resulted in an improved
survival of first cardiovascular events (4). While improved survival is unquestionably a positive, this also
results in survivors who are discharged with long term morbidity and reduced physiological reserve (5).
Improved survival rates for those with cardiovascular disease further add to an already growing aging
population, which will require more care. In fact, as the world's population continues to grow older the
global prevalence of cardiovascular disease is expected to further increase. The economic burden of
cardiovascular disease is already enormous, accounting for more than 18 billion dollars per year in

Canada (6).

Preventing even a small fraction of cardiovascular disease, either by identifying previously unknown
causes which could be prevented, or by developing novel treatments which decrease the initial incident of

cardiovascular disease, could result in substantial healthcare savings and improved quality of life for
1



those affected. The main research focus of this thesis is to evaluate the alterations in cardiovascular

function due to nutritional restriction or supplementation.

1.2 The Developmental Origins of Health and Disease (DOHaD)

1.2.1 A Broad Introduction to DOHaD

Most mammals develop in the womb and are supported by a placenta which provides nutrients and
oxygen from the mother to the developing fetus. This provides an optimal environment for fetal
development, allowing the offspring to grow faster at this stage than at any other point in development.
However, when abnormal maternal conditions lead to a compromised fetal environment (e.g.,
malnutrition, psychosocial stress) then the offspring’s risk of developing long term diseases later in life

increases; this can be described as the Developmental Origins of Health and Disease (DOHaD).

The concept that stressors in early life affects long-term health in humans has been appreciated in the
literature for almost 100 years. The first epidemiological studies on the topic traced an increase in
incident of diseases in adulthood with regions associated with either poor standard of living or
morbidity/mortality in childhood (7-9). However, it was not until the 1980's that David Barker and
colleagues published a series of landmark papers which brought major attention to this concept. Barker
and colleagues identified an increase incident of ischemic heart disease mortality in lesser affluent regions
of England and Wales; this was surprising as ischemic heart disease was considered at the time to be a
disease of prosperity (10). Further investigation suggested mothers who were generally undernourished
experienced an increased incident of low birthweight and neonatal death. Indeed, the specific regions with
the highest incidents of infant mortality between 1920-25 had corresponding increased incidents of death
from ischemic heart disease as well as bronchitis, stomach cancer, and rheumatic heart disease later in
adult life (11). Further work linked indices of fetal growth to cardiovascular disease later in life. In this

study by Barker et al., 5654 men who were born during 1911-30 in Herefordshire England were weighed
2



at birth and the year following (12). In adulthood the men with the lowest weights experienced the highest
mortality from ischemic heart disease, and the largest birthweight infants experienced the lowest mortality
from heart disease. Barker argued two important findings from these results; first that poor nutrition in
utero resulted in an increased susceptibility to ischemic heart disease, linking effects in the intrauterine
environment to long-term outcomes, and secondly that the relationship was linear indicating even small
reductions in nutrition may influence offspring health (i.e., there was no "cut-off"). Barker ultimately
formed the "Fetal Programing Hypothesis" as a framework to describe this in utero programing of chronic

disease (13).

The Fetal Programing hypothesis was supported by several studies throughout the 1990s. Because the
quality of the intrauterine environment is challenging to quantify, parameters of fetal growth were, and
still are, used as a surrogate of maternal nutritional status (14, 15). In 1993 another study by Barker et al.
linked head circumference, thinness (ponderal index) or both with higher rates of cardiovascular death
compared to heavier babies with larger heads (16). Other studies showed reduced fetal growth and
increased placental size corresponded to elevated blood pressure, impaired glucose tolerance and diabetes,
and elevated plasma fibrinogen and factor VII concentrations (17-20). These relationships remained even
after controlling for confounders such as social class, cigarette smoking, alcohol consumption, and

obesity.

Perhaps most famously, the association between poor fetal and infantile growth and increased glucose
tolerance and metabolic syndrome in adult life was described by Barker as the "Thrifty Phenotype
Hypothesis' (21). This hypothesis proposed that poor fetal nutrition drives a developmental 'switch' in
utero, leading to poor growth of certain organs (including pancreatic beta cells) with selective protection
of brain growth. This would result in a smaller offspring with a tendency towards energy storage, which
would improve survival in the nutrient scarce environment it may be born into. However, in cases where

the childhood or adult environment instead offers adequate calories, a relative overnutrition occurs,
3



leading to glucose intolerance and obesity (18, 22). In the ten years following these landmark studies, 30
major papers were published showing similar findings in a variety of populations around the world (22).
Further studies of the Herefordshire men again indicated a continuous relationship this time between

infant growth and glucose tolerance (18), importantly solidifying the indication that offspring born small

but above clinical cut-offs may still experience lasting cardiometabolic dysfunction later in life.

At a population level this can be practically shown by numerous famines but is perhaps best outlined best
by the Dutch hunger winter. Near the end of 1944, embargos and dwindling supplies led to a period of
starvation in the Netherlands over the course of five months; during this period, daily rations were
reduced to between 400 and 800 calories per day (23). Though tragic, this event has provided valuable
insights into mechanism by which early stressors can impact long-term health of the offspring due to the
abruptness of this famine as well as the accuracy which the offspring were followed 50 years later. The
sudden reduction of rations led to women who experienced famine exclusively in either late gestation,
mid gestation, or early gestation; as well as control groups, which still experienced the poverty and
general hardship of World War two but were not severely undernourished, in the year prior and year

following.

This population showed a nuanced pathophysiology. Because different organ systems develop at different
stages in pregnancy, the time of gestation during which mothers were exposed to famine lead to clear
differences in chronic disease risk in the offspring. Offspring of women exposed to the famine in early
gestation experienced reductions in clotting factor VII, increased LDL/HDL ratios and a corresponding
increase in coronary artery disease and general poor health (24, 25). Offspring from mid gestation famine
experienced increases in microalbuminuria and obstructive airway disease (26). Finally, offspring for the
late gestation famine were born the smallest and experienced impaired glucose tolerance and insulin
resistance in adulthood (27). These findings can be compared to the Siege of Leningrad, where the

Russians experienced famine from 1941 to 1944. These offspring did not experience glucose intolerance,
4



dyslipidemia, or cardiovascular disease in later life (28, 29). There are important differences between
these two famines where conclusions can be drawn. First the famine in Leningrad lasted for over 2 years,
while the Dutch famine lasted 5-6 months. Furthermore, the years prior and following the Siege of
Leningrad resulted in a poor standard of living and food scarcity for the Russians, this was not the case in
the Netherlands (27). Ultimately Russian offspring developed in utero to survive a famine, these offspring
were then either born into a famine, or a period which still consisted of poor nutrition and living
conditions. The infants therefore benefited from adaptations in utero and ultimately lived relatively
healthy lives. Because the Dutch famine ended either immediately after or during gestation the offspring
which developed in utero to survive a famine instead experienced a relative over nutrition in the perinatal
period. This led to rapid catch-up growth in the offspring either in late gestation or in the immediate
postnatal period, depending on when the exposure occurred during gestation (27). What followed was a
disease of the organ systems in adulthood which corresponded to the organs that were most susceptible to

stressors during the period to which the fetus was exposed to malnutrition.

To understand the underlying mechanisms of this phenomena investigators then turned to preclinical
research. One major finding was that while fetal life was critical for long term programing effects, the
postnatal period and preconceptual period were also important. This led to the renaming from David
Barkers "fetal programing" to the more encompassing "Developmental Origins of Health and Disease
(DOHaD) Hypothesis" (1). Today, animal, clinical, and epidemiological studies have linked stressors
such as macro and micronutrient deficiencies, hypoxia and ischemia, environmental exposures, and
physiological stressors with numerous alterations in health such as cardiometabolic dysfunction, cognitive
and behavioral defects, reproductive dysfunction, and cancer (1, 30-32). Later life health and disease

susceptibility is firmly rooted in early life events.



}—> February
1947 1947

Exposure to famine
Born Late Mid- Early Conceived
before gntlﬁon gosudon guution after All (SD.) n
Adult characteristics
Number 264 140 137 87 284 912
Proportion of men 49% 47% 9% 1% 50% 47%
Plasma glucose 120 5.7 6.3° 61 61 59 60(1.4) 702
min® (mmol/L)
Plasma insulin 120 160 2000 190 207 18 181 (2.4) 694
min® (pmol/L)
LDL/HDL cholesterol® 29 282 269 326° 294 290 704
(1.53)
Fibrinogen (g/L) 302 305 305 a2 310 307 (0.6 725
Factor VI (% of 128 131 133 117® 133 129(1.4) 125
standard)
Body mass index 267 267 266 281 2712 2710(1.2) 741
(kg/m?®
Coronary heart disease  3.8% 2.5% 0.9% 88%" 26% 3.3% 136
Microalbuminuria 8% 7% 12%® 9% 4% 7% 724
(ACR 2 2.5)
Systolic blood 1260 1274 1248 1234 1251 1255 739
pressure (mmHg) (15.5)
Diastolic blood B6.2 864 844 848 852 856 (99 739
pressure (mmHqg)
Obstructive airways 15.5% 15.0% 24 B%® 23.0% 17.3% 18.1% 733
disease
General health poor 45% 6.4% 37% 103%®° 5.3% 5.5% 912

Figure 1.1. Developmental Programing and the Dutch Famine from Stearns Evolutionary Medicine, 2017
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1.2.2 Classic Features of Developmental Programing

There are several phenotypes which are common in the field of developmental programing. These include
alterations in birthweight, catch-up growth, sex-differences, and varying responses based on the timing of

insult.

1.2.2.1 Alterations in Birth Weight
Fetal growth represents a U-shaped curve where an exposure to developmental stressors can result in both

increases and decreases in bodyweight, what follows is an increased risk of chronic disease.

Small for gestational age (SGA) is defined as <10th percentile at birth, while low birth weight (LWB) is
defined as a birth weight of under 2500g (34, 35). Intrauterine growth restriction (IUGR) is currently
defined as <10th percentile of predicted weight at any gestational age by ultrasound, which importantly is
not due to genetics (36, 37). These changes in size are a commonly found in models of developmental
programing, as well as epidemiological studies linking long term dysfunction to stressors in utero.
However, an important caveat that must be recognized is that some offspring may be born small while
remaining completely healthy (i.e., constitutional smallness, e.g., those born to large or small parents).
Alternatively, because IUGR represents a pathological condition by which fetal growth deviates from its
generically determined growth potential, IUGR is therefore likely present in babies which do not reach
the cut-off’s to be considered small. Recall that Barker found a continuous relationship between risk of
cardiovascular disease and birth weight, at all birthweights. Therefore, the effects of IUGR can also result
in long term programing effects in children which do not present as growth restricted (i.e., whose weights

fall within the normal range) (38-40).

There are two main types of IUGR: asymmetric and symmetric. Asymmetric [IUGR typically, occurs due

to stressors in utero after 23 weeks of gestation. It is diagnosed by ultrasound and presents with a normal
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for gestational age head circumference and a small abdominal circumference. The brain and heart are
typically normal sized for gestational age, whereas the kidneys and liver are smaller. This is because
stressors such as macro or micronutrient deficiencies, placental insufficiency, extremes in maternal BMI
or weight gain, impose metabolic challenges on the developing fetus (41). The evolutionary adaptation is
for the fetus is to ensure survival, and thus prioritize nutrient and oxygen delivery allowing essential
organs (e.g., brain, heart) to remain "spared" at the expense of less critical organs (e.g., kidneys, liver).
The resultant impairments in growth and development to these latter organs may predispose the offspring

to long term health consequences (42, 43).

This is contrasted by symmetric [IUGR which typically occurs in the first 23 weeks of pregnancy and is
either due to chromosomal causes or the TORCH congenital infections (toxoplasmosis, rubella,
cytomegalovirus, herpes, syphilis) (36). This manifests clinically as a growth restricted baby with a
universal reduction in organ size, such that both the head and abdominal circumferences are small for
gestational age. As the name implies there is a symmetric reduction in organ size, as opposed to typical

"brain sparing" effects.

Regardless of the nature of the growth restriction, low birth weight and IUGR is considered by many to
be the most common risk factors for neonatal morbidity and mortality (44). However, it is easy to
speculate that this may in part be due to the ubiquity of prenatal ultrasounds allowing for fetal size,
alongside birth weight, to be commonly documented. Other more sensitive predicators of fetal injury
(e.g., amniocentesis) are not likely to be used at a large scale. Further, [IUGR appears to be an important

predictor of long-term programing effects in almost every organ system (36, 45-47).

Unfortunately, IUGR is incredibly common. A recent Lancet paper estimates 20.5 million infants are born
growth restricted globally every year, making up about 15 percent of all births (41). There are several

etiology's of [UGR, which can broadly be categorized as fetal (e.g., structural or genetic abnormalities),
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placental (e.g., ischemic placental disease), and maternal factors (e.g., hypertension, cyanotic heart
disease, medications). When a cause can be identified one-third of IUGR is found to be due to a genetic
disease, whereas two-thirds is related to changes in fetal environment; however, in 40% of infants with an

identified [UGR no underlying etiology is found.

Treating a newly born growth restricted infant comes with its own set of challenges. For example, infant
weight is the main criterion for NICU/ hospital discharge. Normal growth trajectories may then be
challenging to maintain as parents (as well as some healthcare providers) may be motivated to quickly
increase neonatal bodyweight (48, 49). Rapid catch-up growth is dangerous for the newborn as it may

further exacerbate harmful programing effects, which will be described in the following section.

Large for gestational age offspring also are important to identify, not only to ensure a safe delivery, but
also because these offspring may experience altered developmental trajectories. Macrosomia is defined as
a birth weight in a full-term infant of over 4000 grams or higher than 90th percentile bodyweight at any
gestational age (50). Much like low birth weight it is important to note that some babies will reach this
cut off due to genetic factors. However other factors such as gestational or pregestational diabetes,
hypertriglyceridemia, obesity, excessive gestational weight gain, and even alcohol use can drive
macrosomia (51-57). Furthermore, a study by Little et al. found that over 60% of babies born with
macrosomia come from mothers with no identifiable risk factors (58). Much like [UGR and low birth
weight, macrosomia is associated with several long-term consequences, these include a predisposition to

obesity, diabetes, and cardiovascular disease (59, 60).

1.2.2.2 Catch Up Growth
In many cases the mechanism for long term programing in small for gestational age offspring stems from
the previously mentioned idea that fetal survival in utero is prioritized at the expense of development.

These adaptations result in decreased kidney growth (predisposing the offspring to cardiovascular
9



disease) as well as decreased liver and pancreatic growth, decreased insulin secretion and increased

glucose uptake in peripheral tissues (61).

The thrifty phenotype hypothesis poises that if an offspring is then instead born into a more bountiful
postnatal environment, further programing effects may occur (62, 63). At a minimum in the context of
macronutrient deficiencies, catch up growth then reflects a relative overfeeding which these infants’
metabolisms did not develop for. Catch up growth is loosely defined as either height velocity or weight
gain above the statistical limits of normal (however the exact cut-offs are debated) (64) (65). There are
likely several molecular mechanisms involved in mediating catch up growth and disease, some of which
are still unclear. Regardless, the evidence that postnatal growth patterns are important for long term
effects are apparent. Children with catch up growth show abnormalities at school age including
precocious puberty, excess adiposity, insulin resistance, as well as low grade inflammation (66-69).
Furthermore, children born small for gestational age and experienced subsequent catch-up growth are
predisposed for cardiovascular disease, increased adiposity, and insulin resistance as adults (70, 71).
IUGR offspring who are maintained on nutrient restricted diets however, had improvements in these long-
term outcomes (72). There is evidence in animal models that catch up growth can be characterized by a
proportionally larger increase in bodyfat than lean tissue gain, as well as a hyperinsulinemia signaled by
adipose tissue (73-75). Ultimately these changes result in an increase in adipocytes in adulthood, which
constitute maladaptive changes (75). Unfortunately, this is further complicated by potential contrasting
beneficial effects of catchup growth regarding neurodevelopment. Some studies for example have
suggested that in preterm infants, poor early growth may result in adverse neurodevelopmental outcomes.
These studies typically recommend enhanced nutritional intake to promote rapid growth and brain
development, all while recognizing the increased risk of long-term cardiometabolic syndromes (76, 77).
Therefore, to manage long term consequences, an important strategy may involve balancing catch up
growth for necessary skeletal and brain development, against excess growth which may lead to increased

adiposity and eventual cardiometabolic syndromes (72).
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1.2.2.3 Sex Differences

When referring to sex specific differences in this thesis we are referring to biological sex. Gender is a
sociocultural construct that falls beyond the scope of this thesis as most research discussed utilizes animal
models or newborns. A common theme in DOHAD is that biological sexes exhibit differences in
developmental outcomes. In fact, it is far more common that male and female offspring respond
differently than the same. In normal pregnancies female fetuses grow faster than males initially, but
ultimately are born slightly lighter and smaller (78). However, while one would think females may then
be more susceptible to subsequent catch-up growth, this does not appear to be the case in practice.
Broadly speaking male offspring appear to develop more severe cardiometabolic dysfunction in the

context of the DOHAD (79-81), though this is not always the case (82, 83).

At this point there is no singular clear mechanism to explain why developmental programing effects often
present in a sex specific manner however, some hypothesize genetic, epigenetic, and hormonal causes,
with the latter appearing to be the most important based on current literature. The presence of estrogen is
higher in females than males in utero (84). In adults, testosterone is well known to exacerbate
cardiovascular disease, while estrogen is generally considered to be cardioprotective; this is one of the

reasons men experience cardiac events on average 10 years earlier than females (85).

When adult women reach menopause, many will look to hormone replacement therapy to control
menopausal symptoms, as well as potentially prevent cardiovascular events. Unfortunately, hormone
replacement therapy does not protect post-menopausal women from adverse cardiac events or reduce
mortality (86), indicating there is more complex physiology at play. For example, in early development
estrogen controls genes involved in antioxidant production, cellular survival, and mitochondrial function
(87-89). This may be why even in adulthood females appear less susceptible to oxidative stress (90).

However, despite this data the specific roles of testosterone and estrogen on the long-term programing
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effects of developmental stressors are not clear. Understanding the mechanisms by which sex dependent
programing effects occur could represent a critical step to better understand developmental programing,

and eventually develop therapies. This emphasizes the necessity to study both sexes.

1.2.2.4 Timing of Insult

As previously mentioned, the same stress at a different period in development will lead to different
programing effects. This is because different cell types (in early gestation) and different organ types (in
late gestation) have periods where growth and development are incredibly plastic and sensitive, but also
periods where development is not as critical. Therefore, stress in these critical periods could dramatically

alter development, leaving lasting effects which could not be recovered from.

The previously mentioned "Dutch hunger winter" serves as a clear example, however this is of course not
unique to famines. Toxic exposures (e.g., alcohol) during the embryonic period will produce severe and
lasting effects across several different biology systems, even resulting in fetal loss. The same exposure
later in development will typically result in a more moderate effect, typically constrained to less organ
systems (91). Broadly speaking, the higher developmental plasticity earlier in life will correspond to a
resulting increased susceptibility to insults. This highlights the importance of preventing diseases before
they occur particularly during development when an individual may be more susceptible. For example,
the Pathobiological Determinants of Atherosclerosis in Youth (PDAY) study suggests that lifestyle
modifications such as healthy diet, physical activity, and an avoidance of smoking before the age of 15
could prevent 90% of myocardial infarctions in adulthood (92, 93). It is therefore important to focus on
the health of the in the first and second decade of life, to ultimately prevent chronic disease in adulthood.
Furthermore, the advancement of biomarkers and imaging modalities to detect pathophysiology earlier,

may hopefully guide interventions prior to the progression of disease in the coming years.
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1.2.3 Overview of Cardiovascular Development

The cardiovascular system is the first system to develop during organogenesis (94). In a healthy
pregnancy, the following events occur as summarized from Leonard Lilly's textbook: Pathophysiology of
Heart Disease (95). By gestational week 4, the heart has established four chambers and passive oxygen
diffusion becomes insufficient to support the growth of the embryo alone (96, 97). Consequentially the
fetal heart begins beating at gestational day 22 and at gestational day 28 fetal circulation is established
(96, 97). After six weeks the cardiac outflow track splits from a single truncus arteriosus into the
ascending aorta and pulmonary artery; this occurs through the spiraling of the aorticopulmonary septum.
This spiraling causes the anatomical wrapping of the aorta and pulmonary artery as they leave the heart.
At the same time, the heart and lungs descend into the thorax of the fetus. As a fun aside, this is what
causes the left recurrent laryngeal nerve to be "pulled" down the neck, under the aortic arch, until it
returns back to the larynx. By week 10 the fetus has grown too large for gas exchange to occur through
diffusion, from this point forward the fetus relies completely on the placenta to connect to the mother’s
circulatory system (97). For the remainder of pregnancy, the heart continues to grow through cardiac
hyperplasia, ultimately there are no other major changes in development and function until the heart is

forced to transition from fetal to post-uterine life (98).

Despite low partial pressure of oxygen within the placenta, oxygen is adequately delivered to fetal tissues
due a number of adaptations unique to in-utero life. First, fetal hemoglobin has a higher oxygen affinity
than maternal and adult hemoglobin which allows for oxygen to easily transfer from maternal circulation
to fetal circulation at the placental interface (97). Secondly, because the placenta allows for pulmonary
circulation to be bypassed almost entirely, both the left and right ventricle may work to perfuse systemic
circulation (99). Minimal pulmonary circulation (between 10 and 25 percent of that of a neonate) allows
for the total workload of the fetal heart to be lower than that of the neonatal heart, all while fetal tissue
perfusion is over double when compared to a neonate (100). This is further bolstered by the left ventricle

carrying and delivering blood at a higher oxygen concentration than the right ventricle, which allows for a
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higher oxygen concentration to be delivered to the heart muscles and brain compared to other organs (95).
Finally, the fetal heart primarily uses carbohydrates as metabolic substrate and relies on glycolytic
metabolism at a higher percentage, allowing the heart to work at a higher oxygen efficiently (101).
Collectively these adaptations allow for rapid growth and development of the fetus, despite the lower

oxygen environment of in utero life.

In the neonatal period the heart gradually progresses from a glycolytic state which relies on carbohydrates
to almost entirely oxidative metabolism which (at least in healthy hearts) primarily relies on fatty acid
oxidation. However it is worth noting that unlike the developing heart the mature heart can use a number
of different energy sources. Mechanically as the neonatal heart develops it becomes more compliant and
more efficient, both on a work per energy basis and a work per mass basis, this can be attributed to
improvements in cardiomyocyte architecture as well as the previously mentioned changes in energy

metabolism.

1.2.4 Developmental Programing of Cardiovascular Dysfunction

Although the underlying drivers of developmental programing were not examined in detail within this
thesis, I would be remiss if I did not briefly speak about some of the mechanisms involved in the
programing of cardiovascular disease. Here we first discus some classic "upstream" mechanisms (namely
epigenetics, reactive oxygen species generation, and hypoxia) and how the downstream kidneys and heart

are affected.

1.2.4.1 Epigenetic Modifications

It is likely that epigenetics is the first mechanism that comes to mind when discussing developmental
programing; epigenetics has reached a point where they are almost used interchangeably with
developmental programing outside of the field. Broadly, the concept can be drawn from the root of the

word "epi" which is the Greek word for "over" or "above". Epigenetics therefore defines a process by
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which gene expression can be modified "above the genome" without changing the underlying genome.
There are several mechanisms by which this process occurs including post transcriptional modification by
non-coding RNA, DNA methylation, as well as histone modification. The details of epigenetic
modifications fall beyond the breadth of this thesis, however there are two broad takeaways which I
believe to be important. First, epigenetic changes can occur rapidly. If these changes occur during critical
periods of development, even if these periods are brief, they can cause lasting developmental
consequences (102, 103). In the examples cited, it took under a week of perinatal hypoxia to drive DNA
methylation, which led to long term changes in glucocorticoid receptor gene and protein expression
potentially leading to lasting cardiovascular consequences (104). A second critical takeaway is that many
other developmental stressors lead to epigenetic modifications including hypoxia (105, 106), reactive
oxygen species generation (107), and undernutrition (108). Epigenetic modification could prove a
common mechanism by which different stressors in pregnancy result in similar lasting cardiovascular

outcomes, and therefore may become an important factor when guiding therapeutics.

The fetal heart may be particularly influenced by epigenetic modifications. Both DNA methylation and
histone modification have been shown to regulate cardiomyocyte growth and development, in both the
fetal and early neonatal environment (109, 110). Adult cardiomyocytes have a unique feature as non-
dividing cells, which leaves them particularly vulnerable to perinatal environmental stressors. Epigenetic
modifications of cardiomyocytes may represent a potential mechanism which leaves offspring at a higher

risk of heart disease in the future.

1.2.4.2 Reactive Oxygen Species Generation

Reactive oxygen species (ROS) are products of oxidative respiration, which in appropriate amounts are
important for cellular signaling but in excess can cause damage to biomolecules resulting in oxidative
stress (111). In utero the amount of oxygen the fetus is exposed to is very low, so low that antioxidant

systems do not develop until late gestation in preparation for the shift to the more oxygen available ex
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utero life (112). Therefore, for the majority of pregnancy the fetus is vulnerable to oxidative stress
because of the lack of antioxidant defense. Unfortunately, this lack of antioxidant defense has linked
excess ROS to consequences during pregnancy such as IUGR, pregnancy loss, preeclampsia, and preterm
rupture of membranes. Furthermore, in offspring ROS during pregnancy can program diseases such as

bronchopulmonary dysplasia, respiratory distress, and necrotizing enterocolitis (113, 114).

Excess ROS generation can cause cellular damage as well as abnormal growth and development in utero,
which can lead to a number of long-term cardiovascular consequences. Animal models of maternal
nutritional imbalance, maternal illness, pregnancy complications, as well as exposure to medication or
chemicals in utero have been shown to program cardiovascular disease; with many of these indicating the
generation of excess ROS as a potential mechanism (115). This is further supported by the use of
antioxidant therapies in pregnancy complications or models of pregnancy complications. In some cases,
antioxidants appear to be protective, indicating a reduction of ROS in pathological pregnancies may be
beneficial (116, 117). In other cases, antioxidants appear to be deleterious, suggesting some ROS
generation is likely important for growth and development (118). Regardless it is clear that oxidative

stress has some degree of involvement in cardiovascular programing.

1.2.4.3 Hypoxia

Lower than normal oxygen levels in pregnancy activate a variety of physiological responses, typically
through the protein hypoxia inducible factor 1 and 2 which controls oxygen consumption and transport,
growth and development, and the promotion of anaerobic metabolism (119). Therefore, hypoxia plays a
major role in fetal development including placentation, angiogenesis as well as programing of numerous
organ systems both directly and through epigenetic mechanisms (120, 121). Hypoxia causes an increase
in apoptosis of cardiomyocytes, as well as an increase in collagen deposition in fetal and neonatal hearts
(122). In the kidney offspring exposed to prenatal hypoxia in utero typically experience renal dysfunction

and hypertension in adulthood (123, 124). Hypoxia is therefore clearly linked to long term cardiovascular
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dysfunction; however, the exact mechanisms still remain to be determined (125). While models of
prenatal hypoxia do not perfectly mimic real world senecios, intrauterine hypoxia is a common event.
Emotional stress, nicotine, obesity, nutritional deficiencies, and even air pollution all cause intrauterine
hypoxia to some degree (126, 127). Hypoxia is therefore a leading cause of fetal death and an important

mechanism of cardiovascular programing (128, 129).

1.2.4.4 Kidney Programming

The nephron is the functional unit of the kidney, and much like cardiomyocytes of the heart, the total
number of nephrons is determined before birth in humans (or shortly after birth in the case of rats). Many
animal models of developmental programing have shown a reduction in nephron endowment in the
offspring (130). Furthermore, a correlation has been made between total number of nephrons and birth
weight, which continued across all sizes (131). The kidney initially maintains blood pressure and
electrolyte balance, even if the total number of nephrons are reduced. However, this causes a
hyperfiltration of the existing nephrons (132). Overtime this hyperfiltration can reduce the kidney's
functional capacity, and either independently or when combined with a secondary stressor (e.g., high salt
diet, obesity) the demand on the remaining nephrons can ultimately lead to kidney injury or hypertension
(133-135). It is therefore not surprising that kidney size at birth, which correlates to total number of
nephrons, has been identified as a risk factor for chronic kidney disease as well as hypertension in
adulthood (133). This is particularly important in the context of fetal programing because, as previously
mentioned, the kidney falls as a lower priority and therefore receives less blood flow in growth restricted
fetuses to "spare" the brain and heart (136). This leaves the kidney particularly vulnerable in models of

developmental adversity.

Maternal iron deficiency is no exception. Our group has previously shown a reduction in nephron
endowment in our iron deficient offspring (137). As well as long term developmental effects including

salt sensitivity, hypertension, altered renal function, and vascular dysfunction (138-140).
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1.2.4.5 Heart Programing

Many stressors which cause developmental programing of the cardiovascular system, also acutely cause
congenital heart defects (e.g., folate deficiency). While this helps identify potential insults many of these
congenital defects may also lead to fetal demise (141). One may suspect that more subtle long term
cardiac programing effects, without a resultant lethality are more common.

Maternal hypoxia exposure is likely the most common model to study the long-term consequences of
developmental programing of the heart. The offspring of mothers exposed to maternal hypoxia have
larger hearts and an increased collagen deposition in adulthood (142). Ultimately this leaves the
offspring’s hearts less resilient when exposed to ischemia reperfusion as well as exercise (143, 144).
While the mechanism of this programing is still unclear, we do know hypoxia reduces cardiomyocyte
proliferation (145), and increases apoptosis (146). This is critical because cardiomyocyte proliferation
ends shortly after birth, forcing the heart to rely on hypertrophy for subsequent growth (147). While there
is no definitive evidence that there are long-term consequences associated with reducing cardiomyocyte
number, the potential for a greater absolute percentage of heart cells to die in any one ischemic insult
could affect the heart’s ability to recover from said injury. Furthermore, other histological changes to the
heart, such as increased collagen deposition, could affect ventricular relaxation (148, 149). Finally,
maternal hypoxia exposure has been linked to alterations in metabolism potentially increasing

susceptibility to ischemic injury (143).

No human studies have shown lasting functional changes in hearts of offspring exposed to stressors in
utero, however conclusions may be drawn from the hearts of pediatric [IUGR offspring. These offspring
reveal major cardiac changes in fetal life which persist into the postnatal period. This includes
morphological changes such as: smaller and more spherical hearts, and a thicker ventricular septum
(which could affect cardiac outflow in adulthood) (150). Functional changes include an inability to

increase cardiac output and stroke volume as well as reduce heart rate in their first week following birth.
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Furthermore, these children exhibit an increased myocardial performance index which indicates global
ventricular dysfunction, diastolic dysfunction (i.e., impaired filling of the left ventricle); as well as
vascular changes including increased mean arterial blood pressure, increased arterial wall thickness,
vascular stiffness, and input impedance (150-152). Following autopsy, histology has shown IUGR fetuses
with previous impaired cardiac function demonstrated significantly shorter sarcomere length which may

help to explain some of the cardiac dysfunction described (153).

1.3 Aging and the Cardiovascular System

Aging is a complicated physiological process which is associated with several functional and cellular
changes that result in the overall decline of organ systems. Aging has a dramatic effect on the body’s
cardiovascular system, with 86 percentage of the population over the age of 80 having some form of
cardiovascular disease (154). In fact, age is the best predictor of an individual’s cardiovascular health
(155). Even in otherwise healthy individuals, aging causes morphological alterations including
hypertrophy, stiffening of the heart and vessels, as well as a decrease in physiological reserve of the heart
(156, 157). To make matters worse, the aging heart and vasculature antagonize each other to further

progress physiological decline in each system.

Blood pressure generally increases with age, by the time an individual reaches 80 years old the incident of
hypertension is almost 74%. This is important because uncontrolled hypertension can lead to
complications in almost every organ system eventually resulting in death. Furthermore, in those with
elevated blood pressure who are not yet hypertensive, the risk of a cardiovascular event is still substantial.
The SPRINT trial showed that among patients at high risk for cardiovascular events, targeting a systolic
pressure of less than 120 mmHg when compared to targeting pressures less than 140 mmHg resulted in

lower rates of both fatal and non-fatal cardiovascular events (158).
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Increases in blood pressure are in part due to arterial thickening, increased collagen deposition, as well as
fibrosis. Ultimately, these changes raise the body’s systemic vascular resistance and therefore blood
pressure. These alterations increase the risk of atherosclerosis and atrial fibrillation (157). Furthermore,
these vascular changes result in arteries losing their vascular compliance, and therefore being unable to
buffer the high systolic blood pressure from the heart nor provide elastic recoil to continue to perfuse
organs during ventricular diastole. This reduction in vascular compliance presents as a widened pulse

pressure and an increased pulse wave velocity and can affect the heart in multiple ways.

First, a lack of vascular compliance needed to buffer high systolic pressures mean instead the heart will be
required to resist backflow at end systole, this is a force which in ideal circumstances is primarily
absorbed by the vessels. Secondly, this lack of compliance requires an increase in blood pressure to
maintain perfusion of the organs during diastole. Collectively these changes increase internal pressure as
well as the corresponding wall tension within the heart. To compensate the heart undergoes fibrosis as
well as a concentric hypertrophy to offset this wall tension, as described by Laplace's law (159). Initially,
these hypertrophic changes do successfully augment cardiac output in response to hypertension, however

in the long term these changes are maladaptive and contribute to heart failure (95).

However, even in those adults who do not become hypertensive, cardiac function still declines with age
due to a reduction in both heart rate and ventricular contractility (157). The heart attempts to compensate
through increased atrial contraction to maintain ventricular filling and therefore sufficient output (160), as
well as the same hypertrophic changes described previously. While these changes are effective in the
short term, again they ultimately result in a further decrease in cardiac output (161). This is complicated
by a resulting increase in ventricular mass as these hypertrophic changes increase myocardial oxygen
demand. Furthermore, oxygen delivery to the myocardium is compromised by both a reduction in cardiac
output, and a stiffening of the ventricles leading to elevated diastolic pressures which limits coronary

artery perfusion. Collectively, increases in oxygen requirement and decreases in oxygen delivery and
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perfusion put the heart at an increased risk of myocardial ischemia even in the absence of coronary artery

disease (156, 157).

There are also cellular changes which drive aging of the heart. Despite an increase ventricular mass, an
overall decrease in total cardiomyocytes due to either apoptosis or necrosis can be seen (162).
Approximately one third of all cardiomyocytes are lost between the ages of 17 and 90, resulting in a
reduced exercise capacity and decreased ability to respond to stressors (163). These losses are in part due
to a reduction in cardiomyocyte resistance to the oxidative stress that occurs alongside aging (164). This
is combined with an overall increase in oxidative stress due to the increased reactive oxygen species
production associated with aging, which culminates in an increased incident of cardiomyocyte loss (165,
166). In addition, in those cardiomyocytes which necrose, the release of cellular components promotes a
proinflammatory environment which affects neighboring cardiomyocytes (167, 168). This inflammatory
response likely facilitates further injury, as well as promotes harmful remodeling leading to heart failure
(169-171). Therefore, therapies which promote antioxidant and anti-inflammatory properties may provide
a potential target to modulate the deleterious cardiovascular changes associated with aging. While the
absolute number of cardiomyocytes decreases with age, the remaining cardiomyocytes hypertrophy (172).
In addition, collagen content increases with age in the human heart, driven by several distinct pathways
including ROS generation, chemokine recruitment of mononuclear cells and fibroblast progenitors,
transforming growth factor- activation, as well as angiotensin signaling (173). Autopsy studies show an
almost 50% increase in collagen content between the third and seventh decade of life (172). Fibrotic
tissue can then interfere with conduction which ultimately reduces heart rate and pacemaker function
(174-178). Furthermore, the absolute number of pacemaker cells as well as control of the pacemaker, each

decrease as an individual ages (179-181).

Vascular dysfunction due to aging can lead to several unique pathologies. Aging may cause excessive

growth (i.e., neovascularization) which leads to injuries such as macular degeneration as well as
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insufficient growth, which can cause hypertension or reduce tissue perfusion. The structural changes to
vessels include an increased luminal diameter, wall thickening, as well as changes in endothelial function.
As endothelial barriers become more porous with age, vascular smooth muscle can deposit matrix
proteins in endothelial spaces resulting in a thickening of the intima. Furthermore, age causes the
endothelium to lose its ability to proliferate following tissue injury, which combined with insufficient

perfusion can impair wound healing (182).

Molecularly, as endothelial cells age, they exhibit a reduction in nitric oxide production (through
endothelial nitric oxide synthase), a molecule which is essential for regulating vascular tone and therefore
total peripheral resistance and blood pressure (183). Outside of vasodilation, nitric oxide is important for
inhibiting cellular senescence, thrombotic events, irregular cellular proliferation, and vascular
inflammation (184). Furthermore, as heart function declines and individuals become more sedentary,
vasculature is therefore exposed to less hemodynamic stress. While this may sound beneficial, a certain
amount of shear stress due to blood flow is important as it acts as a major contributor to endothelial nitric
oxide synthase activity (183). Multiple factors therefore contribute to the decrease in nitric oxide levels,

resulting in a decline in physiological function and exercise performance (185).

Fortunately, ultrasound allows for the elastic properties of arteries as well as cardiac function to be
measured noninvasively. This allows for changes in cardiovascular function associated with aging to be
measured serially in humans. Furthermore, animal models poise as a solution for mechanistic studies, as

well as the ability to trial new supplements which may improve cardiovascular health.

1.4 Iron Status and Metabolism

1.4.1 Iron Metabolism, Transport, and Storage

Iron is a trace element essential to numerous biological processes including oxygen transport, redox

reactions, DNA synthesis, and energy metabolism (186). Iron's high reduction-oxidation potential
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represents a double-edged sword. This feature makes iron useful for cellular functions but makes unbound
iron toxic for cells through the creation of excess reactive oxygen species (ROS). Iron homeostasis is

therefore a highly regulated process.

One important factor of iron regulation is that the body’s total iron stores are exclusively regulated by
uptake from the gastrointestinal system, specifically the duodenum and proximal jejunum (187). In
healthy individuals, 1-3 mg of iron is absorbed through the gastrointestinal system per day, compensating
for losses due to sloughing of enterocytes and skin, as well as menstruation (188). Interestingly there are
no excretory mechanisms to handle excess iron, which is why the main treatment for individuals with
hemochromatosis (a disease associated with increased gastrointestinal iron absorption) is simply

phlebotomy to physically remove excess iron, in the form of red blood cells, from the body.

Iron is absorbed with a lower efficiency than most other nutrients (189). Dietary iron is found in two
forms, heme and non-heme iron. Heme iron (found in animal meat) is absorbed at a rate of about 25%,
this is contrasted by non heme iron (found in plants and iron supplements) which is absorbed at a rate of
about 10% (190). This is because iron can only be absorbed in its Fe2+ state, and non heme iron must
then be converted from Fe3+ to Fe2+ by a ferric reductase enzyme, duodenal cytochrome B (Dcytb) on
the brush border of enterocytes prior to passing through divalent metal transporter (DMT1) and entering
the cell. Fe2+ is a divalent metal and is toxic due to its potential to react with components of the cell such
as oxygen, to form ROS. As previously mentioned, ROS can cause damage to cellular membranes and
organelles. Therefore, instead of flowing freely through the body or cells, iron must be bound to proteins,

namely iron is stored in ferritin or transported in transferrin.

Once iron enters the enterocyte it is bound to ferritin. Some iron may then be stored within the enterocyte;
however, most is transported through the basolateral membrane via ferroportin where it is then bound to

transferrin to be transferred to target cells and taken up by transferrin receptors (186, 191). In fact,
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ferroprotein is the only efflux route of cellular iron in the body. Ultimately the majority of iron is
contained within hemoglobin as red blood cells (~2 g), with other storage sites including the liver (~ 1 g),

macrophages (~600 mg), and myoglobin (~300 mg) (192).
phages ( g yog g

Within the body, mobilization and storage of iron is mostly controlled by hepcidin, a peptide hormone
(193, 194). As the name implies hepcidin is mostly synthesized in the liver by hepatocytes, however it
can also be produced by the kidneys and heart (195). Hepcidin regulates iron uptake by binding to
ferroportin resulting in lysosomal degradation, causing an overall decrease in iron absorbed by the GI
system and decrease in iron taken up within the cells (195). A number of factors influence hepcidin
expression, it is up-regulated (causing a decrease in iron stores) by inflammation, infection, and increased
levels of circulating iron (196). Presumably hepcidin induction during infection and inflammation was
evolved to help sequester iron from pathogenic microorganisms (which also rely on iron for the same
cellular processes!) (197). Hepcidin levels decrease in situations where either an increase in RBC would
be advantageous, such as hypoxia, anemia, and pregnancy; or when erythropoiesis is accelerated (e.g., in

the setting of blood loss or exogenous erythropoietin) (191, 198).

1.4.2 Iron Deficiency and Anemia

Iron deficiency (ID) is the most common nutritional deficiency worldwide. The total burden of ID is
challenging to estimate because it is not commonly screened for and definitions of ID vary, however over
2 billion people are anemic (199). ID is the chief cause of anemia, with up to 50% of all anemia cases
being attributed to ID (193, 200). Because a greater subset of individuals are ID but have not yet reached

anemia cut-offs, the incidence of ID is thought to be between 2 and 4 billion worldwide (199).

There are various mechanisms of ID which can be broadly categorized into issues with absorption (e.g.,
celiac disease, inflammatory bowel disease, medications such as proton pump inhibitors, parasites),

reduced iron intake, blood loss (e.g., gastrointestinal bleed, menstruation), increased demands (e.g.,
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growth, pregnancy), or an issue with organ systems (e.g., chronic kidney disease, heart failure) (201).
Unfortunately, in the context of the Developmental Origins of Health and Disease, women of childbearing
age as well as young children are some of the most susceptible populations to ID (202, 203). This is likely
due to reduced liver size and increased losses due to menstruation, which ultimately cause diminished
baseline iron stores (203). If a negative balance of iron persists and iron stores continue to deplete, then
the following sequalae occurs. First, tissue iron stores are depleted in the liver and bone, which is
reflected by a decrease in ferritin but perhaps not transferrin. This can be classified as iron deficient not
anemic. After iron stores are eliminated, the body can no longer prioritize tissue oxygenation and a
reduction in hemoglobin which is characterized by smaller than normal red blood cells will result (i.e., a

macrocytic anemia) (193).

1.4.3 Diagnosis of Iron Deficiency and Iron Deficiency Anemia

Anemia is defined as a reduction in circulating hemoglobin or hematocrit levels below a set threshold
which varies across different populations. Currently in men this is classified as a hemoglobin <13.6 g/dL
or hematocrit <40 percent. In females the numbers are slightly lower at a hemoglobin <11.9 g/dL or
hematocrit <35 percent. In pregnancy the diagnosis of anemia again falls lower with women not requiring
an evaluation above 11 g/dL in the first trimester and 10.5 g/dL in the second and third trimester. Finally
in children the lower limit of normal hemoglobin is between 11 and 11.2 g/dL or hematocrit between 31
and 35 percent. One important caveat is in scenarios with acute blood loss (such as a severe GI bleed), a
patient may lose a significant amount of blood volume, however since the blood volume deficit is yet to
be replaced, the hemoglobin or hematocrit will remain normal until fluid from either the extravascular

space or fluid resuscitation enters the vasculature.

Clinically, patients with anemia present with signs and symptoms related to a reduction in oxygen
carrying capacity. This may include fatigue, exercise intolerance, weakness, pallor, restless leg syndrome,

dyspnea, headaches, as well as eating or craving things that are not food (also known as pica) in the case
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of iron deficiency. However, because tissue level iron is responsible for several cellular processes, other
symptoms typically associated with ID anemia (e.g., weakness, fatigue, difficulty concentrating, restless
leg syndrome) can be present in ID but not anemic patients (204, 205). Furthermore, these symptoms
persist after resolution of anemia, but before iron stores are adequately replenished (206). Upon physical
examination of an ID anemic patient, one might observe pallor, brittle skin, fingernail changes such as
koilonychia, and a loss of tongue papillae. The primary investigation for ID anemia is a complete blood
count (CBC). The following abnormalities may be observed: low hemoglobin and hematocrit, low
reticulocyte count, and low mean corpuscular volume (i.e., a small red blood cell) in severe anemias. In
many cases, a CBC and history of potential blood loss or poor intake is enough to suspect ID anemia.
Depending on resources a clinician could then either trial iron supplementation, search for the source of

blood loss, or pursue further tests.

Further tests would first include a serum ferritin and then transferrin saturation (TSAT). If ferritin levels
are low, no further investigation is needed and the patient can be diagnosed with iron deficiency, even
with a normal CBC. However, a normal, or even high ferritin does not eliminate the possibility someone
is iron deficient. This is because ferritin acts as an acute phase reactant and is released from cells during
inflammation and infection (207). High ferritin concentrations could therefore either indicate either iron
overload, or a shift of iron into reticuloendothelial cells in response to inflammation (208). Several factors
linked to inflammation such as obesity, infection, and liver disease can raise an individual’s ferritin, even
if iron stores are low. While the cut-offs for ferritin are higher for individuals with these conditions (<41
ng/mL instead of <30 ng/mL), further tests are required. It is worth noting that a mathematical correction
of ferritin concentration for the degree of inflammation has been proposed, however at this point it has not
been implemented (208). If ferritin is high but ID is still suspected the transferrin saturation (TSAT) can
be assessed, this is a ratio calculated using serum iron and total iron binding capacity (TSAT = serum
iron/TIBC). While optimal thresholds have not been established most guidelines consider a TSAT <20

percent to confirm a diagnosis with a TSAT <10 percent to confirm a diagnosis with a high degree of
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confidence. Finally, if TSAT is normal, other causes of anemia such as anemia of inflammation should be
considered, or more specialized testing for iron deficiency such as a bone marrow biopsy stain for iron

should be pursued if suspicion is high.

1.4.4 Iron Deficiency in Pregnancy

As previously mentioned, pregnant women and young children are both particularly susceptible to iron
deficiency. In children this is due to their rapid growth, and in pregnant women this is due to blood
volume expansion and the demands of the fetal-placental unit (209). The incidence of ID during
pregnancy are not clearly reported, however approximately 38% of women worldwide become anemic
during pregnancy, including 22% in developed countries (210). Furthermore, the proportion of anemia
during pregnancy which was amenable to ID is even higher than non-pregnant populations, making up
over 50% of all cases of anemia during pregnancy (211). Just like anemia in other populations, there is

likely a larger group of pregnant women which are ID but not anemic.

There is also a physiological rationale that the developing fetus is more affected by ID. Because iron is
required within the mitochondria and in cellular energy producing pathways, ID predominantly effects
cells with the largest metabolic rates (212). The energy demands of a developing organism are much
higher on a per weight bases, due to growth and cellular differentiation. A neonate requires three to four
times the total body oxygen consumption of an adult; a fetus, even in the low oxygen environment of the
womb still requires double the oxygen of an adult (212, 213). The increased in energy requirements
associated with development may explain why the consequences of ID are more dramatic in the perinatal
period. Because of the increased incidence of ID during pregnancy, as well as the large iron dependent

energy demands of the fetus, ID represents an important field of study during pregnancy.

There are several impacts of ID on pregnancy outcomes. First, numerous studies have linked maternal ID

with preterm birth, as well as being born small for gestational age or at a low birth weight (214-217). In
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the worst cases, ID during pregnancy can lead to maternal and fetal demise (218, 219). Furthermore, there
are clear correlations between growth & development and the severity of fetal iron deficiency; therefore,
it is likely that iron directly affects fetal growth and development (220, 221). This could be due to several
factors, including placental and fetal adaptations. The placenta's response to ID is reviewed wonderfully
by Roberts et al. (222). In mild ID, studies show that the placenta can maintain the delivery of iron to the
fetus. However, as ID becomes more severe the placental function begins to decline presenting with
infarctions and necrosis. Therefore, much like other forms of intrauterine growth restriction (IUGR),
alterations in the placenta can affect growth and development of the downstream fetus. Even in cases
where placental function is maintained, hypoxia, which we have shown to be caused by maternal ID, may
cause the classic "brain-sparing” effects previously described (223). This would result in a prioritization
of blood flow to the brain and heart at the expense of organs which are less critical in the short term such
as the liver, something our group has shown occurs in ID fetuses (224). Ultimately, ID induced hypoxia
and growth restriction has been linked to numerous long-term cardiovascular, metabolic, neurobehavioral,
and immunological effects in the offspring (225). Further, in offspring who are born healthy but with low
iron stores, they must then develop without adequate iron stores in infancy and childhood. This is
challenging as there is minimal iron in breast milk, and in many cases iron fortified foods may not be
available (226, 227). In fact, postnatal iron status at up to 9 months of age are largely dependent on fetal

iron loading (228).

1.4.5 Iron Intake

In men and postmenopausal women, the recommended daily iron intake by the U.S. Food and Drug
Administration is 8 mg per day, in premenopausal women this number doubles at 18 mg per day (229).
Unfortunately, most women report an intake of about 12 mg per day, meaning prior to pregnancy many
women are already predisposed to ID (229). During pregnancy, a women’s daily iron requirement
increases by about 1 mg per day in the first trimester, however by the third trimester this climbs as high as

8 mg per day (230). If intake guidelines are met, one gram of iron will be absorbed by the mother during
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the course of pregnancy. Of this increased amount, ~360 mg is transferred to the fetoplacental unit, ~450
mg is used to make additional red blood cells for the mother, and ~230 mg is lost due to normal
physiological processes (231, 232). An increase in iron intake must happen gradually, however. While
there are some adaptations to improve iron absorption late in pregnancy, absorption of dietary iron is
unlikely to ever be enough to compensate for ID if the mother begins their pregnancy with low iron stores
(233). Ideally iron status would be assessed prior to pregnancy so that an individual who wished to be
pregnant would have time to increase their iron stores. However, screening for ID is likely not feasible on

a global scale, particularly while so many pregnancies go unplanned (218, 234, 235).
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1.4.6 Iron Supplementation

Many clinical studies support iron supplementation in pregnant women only when ID is diagnosed
(defined by a reduction in hemoglobin, serum ferritin, or dietary intake) (237). However due to the large
prevalence of ID, both health Canada and the World Health Organization recommend oral iron
supplementation in all women during pregnancy (209, 238). On the other hand, the US Preventative
Services Task Force as well as the European Food Safety Authority, each concluded that that iron

supplementation should be reserves for those "at risk or with documented iron deficiency" (239).

Iron supplementation during pregnancy is therefore controversial, and while beneficial for those with ID,
the practice comes with several challenges. Prenatal vitamins may not contain enough iron to meet
demands, therefore higher dose supplementation may be required (240, 241). Larger doses of iron are
associated with gastrointestinal discomfort, leading to issues with compliance (242). As a large portion of
iron within the gut is not absorbed, iron poises as an essential micronutrient for pathogenic bacteria such
as Escherichia coli and Salmonella (243). Probiotics, such as Bifidobacteria, which make up a large
portion of the gut microbiome have low iron requirements (244). Aggressive oral iron supplementation

therefore comes with some degree of risk.

A logical next step may be to consider intravenous iron supplementation, thereby bypassing issues with
gastrointestinal absorption. Intravenous iron also allows large doses to be administered in a single
infusion, up to 1 g per day, providing the entire gestational iron demand in one dose (214). This practice
is consistent with United Kingdom’s guidelines (245), and there is some evidence that IV iron is superior
to oral iron supplementation in pregnancy. A meta-analysis based on data from randomized control trials
showed a small increase in maternal hemoglobin, neonatal birth weight, and neonatal ferritin levels,
however other maternal and neonatal outcomes (including neonatal hemoglobin) were not different (246).

There are practical limitations regarding iron transfusion which include but are not limited to a high cost,
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requirement to be done in a hospital under supervision, and occasionally resulting in infusion reactions in

about 1% of individuals (247).

Much like other micronutrients, iron represents a U-shaped curve where prolonged supplementation can
result in iron overload and damage from oxidative stress as previously described (248). Markers of
oxidative stress in the fetoplacental unit have been associated with increased iron stores (249). Without
supplementation, a hemoglobin above 14 g/dL has been associated with increased incidents of gestational
hypertension, preeclampsia, as well as corresponding low birthweights and APGAR scores (248). Further
clinical trials assessing iron supplementation in women with a hemoglobin above 13.2 g/dL found an
increased incidence of preeclampsia and fetal growth restriction, likely due to maternal hypertension
(250). Finally, a small number of pregnant women overdose on iron each year, which can result in organ
failure, coma, and maternal and fetal demise (251). All together, a blanket iron supplementation in

pregnant women must be met with some caution.

Finally, perhaps most interestingly, while iron supplementation improves maternal hematologic and iron
indices, it is not entirely clear there is a benefit to the fetus (252). In fact, our group has recently shown
that maternal indices of iron status have poor correlations with fetal and neonatal iron status (253). To
further support this, two Cochrane systematic reviews evaluated the effectiveness of oral iron
supplementation and found improvements in maternal anemia and iron deficiency, however other
measures of neonatal outcome were not improved (242, 254). A study in pregnant rats also showed that
iron supplementation corrected anemia in the mothers, however this was contrasted by an increase in
oxidative stress and inflammation of the fetoplacental unit; hepatic damage was also found in the mothers

(255).

There appears to be no additional benefit to iron supplementation in non-ID individuals, as this approach

could lead to iron overload (237). The main solution to ID in pregnancy lies in prevention, while the
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benefits of iron supplementation outweigh the risk in ID women, other therapies to treat the deleterious

effects of maternal iron deficiency in pregnancy should be investigated.

1.5 Sulforaphane

The benefits of healthy nutrition on reducing the risks of both cardiovascular disease as well as all-cause
mortality cannot be overstated. A meta-analysis by Kwok et al. highlighted how a number of dietary
components are protective, with a particular emphasis on cruciferous vegetables (e.g., broccoli, cabbage)
(256). This is best highlighted in a study of 134,796 Chinese adults who were divided by vegetable
consumption. Here, the researchers found a dose response pattern highlighting an inverse association
between fruit and vegetable intake, and total mortality. Importantly the association with mortality was
even stronger when cruciferous vegetables were compared instead of all fruits and vegetables (P<0.0001
vs. P=0.03). Further, these associations were primarily related to cardiovascular disease but not cancer

mortality (257).

There are several powerful associations between cruciferous vegetables and all cause mortality, cancer
risk, survival following cancer, carcinogen excretion, and cardiovascular disease (258-263). These
benefits likely come from a group of compounds called isothiocyanates. Isothiocyanates are formed from
compounds known as glucosinolates through an enzyme called myrosinase. Myrosinase is activated when
cruciferous vegetables are crushed, finely ground or chewed, they reach their optimal activity when they
are slightly heated and are inactivated from sustained heat. Of the isothicyanates, perhaps the most
studied and potent appears to be sulforaphane which forms from the glucosinolate precursor
glucoraphanin. Among the best natural sources of sulforaphane are broccoli sprouts, which contain up to

50 times as much glucoraphanin per gram as mature broccoli (264).

1.5.1 Mechanisms of Sulforaphane

Sulforaphane acts as a phase Il enzyme activator and upregulates intrinsic antioxidant mechanisms

through nuclear factor erythroid 2-related factor 2 (NRF2) and the antioxidant response element (ARE)
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pathway. In short, sulforaphane is small and lipophilic, allowing it to easily pass through the cell
membrane. Sulforaphane can then bind to Kelch-like ECH associated protein 1 (Keapl), a protein
responsible for suppressing NRF2 within the cytoplasm (265, 266). NRF2 then enters the nucleus and
activate the ARE, which initiates a transcription of a series of protective genes or genes which code
protective enzymes (267, 268). Sulforaphane appears to be on of the most potent naturally occurring

inducers of the NRF2 pathway (269).

Oxidative stress activates the immune system and causes an inflammatory response which is hypothesized
to further activate oxidative stress and together cause physiological decline (171). In fact, uncontrolled
oxidative stress may be a primary cause of cardiovascular disease (270). One way antioxidants work is by
directly decreasing oxidative stress (e.g., vitamin C), this is typically done through redox activity to
scavenge reactive oxygen species, unfortunately this can be relatively short lived (271). Indirect
antioxidants such as sulforaphane instead support endogenous antioxidant function, as described above.
The binding of Keapl1 to sulforaphane allows NRF2 to continue its transcriptional function for a longer
period of time, as well as activate more frequently (272). How long antioxidant function is improved for
is unclear, however sulforaphane has been shown to increase gene expression on the order of hours to

days (273).
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One antioxidant particularly critical to the ARE is glutathione. Sulforaphane as a Phase Il enzyme inducer
will elevate glutathione levels (275). Glutathione is a direct antioxidant which is responsible for the
protection against lipid and nucleotide peroxidation, and catecholamine quinones (276). Glutathione is
also involved in the regeneration of vitamin C and E, and improves cellular proliferation, apoptosis, and
mitochondrial function (275, 277). While the mechanisms have been highlighted in detail elsewhere,

sulforaphanes ability to induce ARE and glutathione is critical in improving cellular function (278).

A decrease in inflammation is another factor associated with longer lifespan, improved physical function,
and even improved cognition (279). Animal models have shown that an increase in systemic
inflammation decreases survival, highlighting that inflammation may not just be a by-product of
cardiovascular disease and aging but perhaps also a driver (280). Again, sulforaphane has been shown to
inhibit inflammation through the NRF2 pathway in mice, as well as reduce systemic markers of
inflammation in humans (281-283). These studies further highlight the protective effects of sulforaphane,

in both unhealthy and healthy adults.

1.5.2 Sulforaphane and Longevity

If we recall the first study mentioned, improvement of all-cause mortality due to cruciferous vegetables
was primarily related to a reduction in cardiovascular disease. In fact, numerous studies have linked
cruciferous vegetable consumption with a reduction in cardiovascular disease, coronary artery disease, as
well as stroke (258, 284). Furthermore, sulforaphane has been shown in rat studies to be protective
against vascular remodeling through the inhibition of inflammation and oxidative stress (285-288).
Finally in human’s broccoli sprout supplementation improved serum triglyceride and oxidized LDL/LDL-
cholesterol ratio, resulting in an improved atherogenic index, while also decreasing fasting blood glucose
(289, 290). Therefore, there are a number of clear mechanisms by which sulforaphane exhibits protective

effects on the cardiovascular system.
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While these alterations, combined with the anti-cancer, and neuroprotective effects of sulforaphane could
all improve longevity (275, 291, 292). This begs the question: does sulforaphane slow the aging process
directly? Broccoli and sulforaphane supplementation have been shown to improve lifespan in beetles as
well as larvae (293, 294). However, this data should be replicated in mammals which are physiologically

closer to humans. This stands as the final chapter of my thesis.

1.6 Ketones

In times of low dietary sources of carbohydrates and depleted intercellular levels of glycogen the liver
synthesizes ketones, also known as ketone bodies. This is hypothesized to be an evolutionary mechanism
to preserve carbohydrates for the brain, which predominantly relies on glucose. Ketones then conserve
glucose by providing another source of energy for the periphery, while also constituting neurological fuel
if necessary. In addition, this decreases proteolysis required to support gluconeogenesis through amino
acid catabolism. Therefore, ketones play a critical role as an alternative metabolic substrate in cases of

glucose deprivation (295).

1.6.1 Ketone Metabolism

Ketone metabolism has been reviewed comprehensively by Selvaraj et al. as well as Lopaschuk et al.
(296, 297); I will provide a summary bellow. Ketones are produced in the liver from fatty acids when
liver glycogen levels become low. The process of generating ketones begins with B-oxidation within the
mitochondrial matrix. Here fatty acids are catabolized into acetyl-CoA. At this point two acetyl-CoA are
combined with B-ketothiolase to form acetoacetyl-CoA. Hydroxymethylglutaryl- CoA synthase (HMG-
CoA synthase) and then combines the acetoacetyl-CoA with a final acetyl-CoA to generate B-hydroxy-p-
methylglutaryl-CoA. HMG-CoA lyase can then convert the former to acetoacetate, a ketone body.
Acetoacetate may then separate into its two products; acetone, and B-hydroxybutyrate which is the main
ketone within human circulation. At this point ketogenesis is complete, these three molecules
(acetoacetate, acetone, and B-hydroxybutyrate) can each be referred to as a ketone. However, as a

signalling molecule B-hydroxybutyrate, plays a larger role than the other molecules.
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B-hydroxybutyrate has two unique features to its sister molecule acetone, first B-hydroxybutyrate can
convert back to acetoacetate, and secondly B-hydroxybutyrate may leave the liver to provide energy to
other organs. B-hydroxybutyrate enters circulation via monocarboxylate transporters (MCT), a plasma
membrane transporter which carries molecules having one carboxylate group (e.g., lactate, pyruvate, and
ketones). Once in the circulation, ketones can travel to extrahepatic organs, particularly to fuel the heart,

brain, and skeletal muscle.

These organs can then transport f-hydroxybutyrate into the cells through MCT. Within the cell p-
hydroxybutyrate can enter the mitochondrial matrix through free diffusion or by the pyruvate carrier
(298). In the myocardial mitochondria f-hydroxybutyrate is oxidized back into acetoacetate via [3-
hydroxybutyrate dehydrogenase 1 and then into acetoacetyl-CoA by succinyl-CoA-3-oxaloacid CoA
transferase (SCOT). Acetyl-CoA acetyltransferase (ACAT) then converts acetoacetyl-CoA to acetyl-CoA,
which can then enter into the tricarboxylic acid cycle. These enzymes are critical for ketolysis, as genetic
defects of SCOT, ACAT, and MCT all result in recurrent ketoacidosis (299). Importantly, the process of
metabolizing ketones for energy is more oxygen efficient than fatty acid metabolism. Since fatty acids are
a major source of energy for the heart, in scenarios where oxygen supply is limited (such as heart failure,

or in utero life) ketones may then be a preferred metabolic substrate.

1.6.2 Ketones as Signaling Molecules

B-hydroxybutyrate is by far the most studied ketone as, unlike acetoacetate and acetone, it has been
shown to act as a signaling molecule (300). First, B-hydroxybutyrate has been shown to have antioxidant
and anti-hypertrophic properties in the heart through inhibiting histone deacetylase and causing a
subsequent increase in antioxidant stress molecules such as FOXO3A and MT2 (301). In addition to
epigenetic modifications, B-hydroxybutyrate has been shown to modulate oxidative stress, inflammation,

and immune cell function, at least in part through nucleotide binding domain like receptor protein 3
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(NLRP3), causing a downstream reduction in inflammatory cytokines (301-304). In fact, because fasting,
calorie restriction, and a ketogenic diet all can increase circulating levels of B-hydroxybutyrate (305), B-
hydroxybutyrate may be a common molecule which links the health and longevity benefits between these
three modalities. However, other studies have linked ketone derived acetyl-CoA with pathological
remodeling and heart failure (297, 306). The eftects of ketones therefore require much further study in

animal models before its protective effects can be considered to alter cardiovascular disease.

1.6.3 Ketones in Pregnancy

The decision to study ketones in pregnancy is important, but also is associated with several drawbacks.
Whenever a new treatment is studied during pregnancy its safety must be considered. Regarding
exogenous ketone supplementation, there is minimal evidence on how animals, let alone humans, would
respond during pregnancy. First, I would like to briefly overview physiology of ketone metabolism in

pregnant women and why it is an important pathway to study.

During pregnancy, an individual undergoes numerous metabolic changes. Maternal insulin resistance
increases starting in the second trimester due to the secretion of placental growth hormone, which
functions as an insulin antagonist. Ultimately this leaves pregnant women in a state analogous to
starvation, with a resultant increase in lipolysis and ketogenesis (307). In addition, maternal glucose
utilization and fasting glucose levels fall in pregnancy, further signaling an increase in lipolysis and
ketogenesis (308, 309). In fact, in a study of fasted women entering the hospital, serum ketone levels
appeared three times higher in women in their third trimester of pregnancy compared to nonpregnant
control subjects (310). Fortunately, the fetus is capable of using multiple energy substrates including
ketones (311). A 1975 study on aborted fetuses showed that the fetal brain, kidney and liver all contain
enzymes capable of catabolizing ketones, with the brain expressing these enzymes as early as 8 weeks

into gestation (312).
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As I have highlighted previously, an inappropriate gestational diet can cause permanent deleterious
effects to both the mother and child (313). There is limited evidence whether the ketogenic diet (a diet
which consists of eating minimal carbohydrates with a higher fat intake to increase circulating levels of
ketones), has any meaningful effect on human pregnancies (314, 315). However, several rodent studies
have associated the ketogenic diet with altered growth trajectories in offspring (316, 317). These findings,
combined with an absence of folic acid in these diets, have caused most guidelines to recommend against

a ketogenic diet during pregnancy (318).

Two studies in mothers have found an association between urine ketone levels and fetal outcomes. The
first study looked at 360 nondiabetic mothers at greater than 40 weeks gestation (319). Here women
experiencing vomiting, diarrhea, multiple pregnancy, history of renal disease, hypertension, and high-risk
pregnancy were excluded. In 34 women (9.4%), ketonuria was identified and an association was found
between the presence of urinary ketones and each of oligohydramnios, fetal heart rate decelerations, and
non-reactive nonstress tests. A second study of 1,895 nondiabetic mothers greater than 41 weeks with the
same exclusion criteria repeated these associations (320). Furthermore, in each of these studies there were
no signs of dehydration, as assessed by urine specific gravity, which to the admission of the authors is a
convenient but not sensitive measure of dehydration. At the very least these studies indicate that clinically
detectable ketonuria is associated with abnormal fetal test results. However, post term pregnancies are
already associated with a large degree of perinatal morbidity and mortality, and since ketonuria is a
commonly used urinary marker of maternal starvation and dehydration, it is therefore unclear whether
elevated serum ketone levels are directly harmful to the fetus. Further, a final study in 204 diabetic and
316 non diabetic first trimester women found zero association between maternal serum B-hydroxybutyrate
levels and fetal malformations, however serum B-hydroxybutyrate was reversely correlated to crown

rump length and birth weight (321).
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While exogenous ketone supplementation, in particular B-hydroxybutyrate, has been studied in several
other disease models, to the best of my knowledge it has only been studied in pregnancy once before.
Hirata et al. injected 100 mg/kg of B-hydroxybutyrate 5 times across gestation, in a mouse model of
chorioamnionitis (322). They found that B-hydroxybutyrate suppressed inflammation and reduced
pregnancy losses induced by lipopolysaccharides, likely through inhibition of NLRP3 inflammation in the

placenta.

Although the current literature is limited, it seems to indicate that exogenous ketone body

supplementation during pregnancy may be safe for the fetus. Ketones do cross the placenta to be utilized
by the fetus (311, 323), and have been shown to be protective in several other disease models. Therefore,
testing if ketones are both safe, and potentially protective in models of pathological pregnancy proves an

interesting field for potential study.

1.6.4 Ketones in the Failing Heart

Following completion of Chapter 2, I began to look for potential therapies to augment the reduction in
cardiac contractility we found in our neonates. While the effects of exogenous ketone supplementation
during the perinatal period have not been studied in detail, there is a growing body of evidence that
ketones may have protective effects in heart failure. As this was the main rational to then test -
hydroxybutyrate salt in our model of perinatal iron deficiency I hope to summarize some of the more

relevant finding’s bellow.

First it is important to recognize that the heart is an incredibly active organ, weighing under a pound it is
required to pump 7200 liters of blood per day against a systemic vascular resistance. Ultimately this effort
requires 35 liters of oxygen per day, all while the heart turns over its ATP stores every 10 seconds (324).

This is truly a remarkable organ. In part due to the heart’s high metabolic demands, it demonstrates an
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ability to adapt to the substrates it is provided, utilizing glucose, fatty acids, lactate, branch chain amino

acids, as well as ketones for fuel; however fatty acid f-oxidation provides most of the ATP (325).

In heart failure there is a metabolic shift, such that the heart utilizes fewer fatty acids and instead relies on
other substances such as glucose, lactate, and ketones (306, 326). In recent years altering cardiac
metabolism has been investigated as a treatment for heart failure. For example, enhancing glucose
oxidation at the expense of fatty acid oxidation in the heart has been shown by many studies to be
protective (327-329). With the overall justification being that the change from fatty acid oxidation to the
utilization of other substrates requires less oxygen to produce ATP (297). Furthermore, as oxidative stress
is a driver of the development and progression of heart failure (330), one might assume that the swap to a

more oxygen efficient form of fuel could reduce reactive oxygen species and therefore protect the heart.

It is also important to briefly address that heart failure is associated with an elevation of pro-inflammatory
cytokines. Therefore, ketone supplementation, which in any form will increase f-hydroxybutyrate, may
also be protective against heart failure through anti-inflammatory and immunomodulatory strategies

(331).

However, this then begs the question: would an exogenous ketone supplementation reduce glucose
utilization ultimately causing a maladaptive reduction in ATP supply? Fortunately, Ho et al. from the
University of Alberta answered this question, in this study her group acutely added B-hydroxybutyrate to
an isolated working mode mouse heart. Here the authors found no reduction in glycolysis, glucose
oxidation, or palmate oxidation, and instead B-hydroxybutyrate simply supplied more energy (332).
Therefore, given that ketone metabolism is more oxygen efficient than fatty acid metabolism, an
exogenous ketone supplementation may benefit the heart by providing additional ATP with a smaller

increase in oxygen consumption.
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1.6.4 Ketone Salt as a Therapeutic

The idea of elevating ketones has been well established as a therapy and has been implemented since
1911 as a means for treating epilepsy (333). While a ketogenic diet is not recommended in pregnancy,
exogenous ketone supplementation offers an interesting alternative to increase ketones directly.
Exogenous ketones supplementation exists in three forms, medium-chain triglyceride oil, ketone esters,
and sodium-B-hydroxybutyrate (aka ketone salts). Practically speaking, sodium-p-hydroxybutyrate was
chosen for Chapter 3 as a mechanism to deliver ketones because the alternative options required oral
delivery. Initial pilot studies showed the unpalatability of ketone esters in particular made non injectable

therapies challenging in pregnant rats. However, there are a number of benefits of ketone salts.

One advantage of sodium-B-hydroxybutyrate is the basic nature of its attached sodium. While -
hydroxybutyrate is acidic, sodium-f-hydroxybutyrate appears to act as a base and therefore may correct
metabolic acidosis associated with heart failure. In fact, infusion of sodium-f-hydroxybutyrate in patients
with reduced ejection fraction not only improved ventricular contractility and cardiac output, but also
slightly increased blood pH (334). A second study, this time with oral intake, showed an increase in -
hydroxybutyrate in the blood, but no differences in any serum electrolytes or blood gas (335). While there
are obvious issues with large sodium transfusion in patients with heart failure, lower concentrations may
not affect blood pH as much as other alternatives. Ultimately while other B-hydroxybutyrate supplements
exist, a number of studies have shown ketone salts are effective at elevating serum B-hydroxybutyrate
levels, resulting in at least a temporal improvement of cardiac output and reduction in inflammation (336-
338). Collectively it is tempting to speculate that f-hydroxybutyrate either as a metabolite, signaling

molecule, or both, may prove a novel therapy in pregnancy.

1.7 Aims

Iron deficiency is the most common nutritional deficiency worldwide with pregnant women and infants

being some of the most susceptible subgroups (199, 202, 203). Unfortunately, perinatal iron deficiency is
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associated with several pregnancy complications including maternal and fetal demise, pre-term birth, and
intrauterine growth restriction (214-219). Furthermore, perinatal iron deficiency can increase risks of non-
communicable diseases, such as cardiovascular disease later in life (225). However, many who develop
even under ideal circumstances will still experience cardiovascular disease as a product of ageing. In this
thesis we aim to investigate the alterations in cardiovascular function due to nutritional restriction and

nutritional supplementation. The specific aims of each study are as follows:

Chapter 2: To determine the structural and functional effects of maternal iron deficiency on the
developing neonatal heart.

Chapter 3: To determine if exogenous ketone supplementation during gestation would reduce
cardiac impairments observed in iron deficient neonates.

Chapter 4: To evaluate fetal and placental oxygen saturation in control and iron deficient dams
using photoacoustic imaging.

Chapter 5: To determine the effects of long-term broccoli sprout feeding on cardiometabolic
health and longevity in rats.
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2.1 Abstract

Iron deficiency (ID) is common during gestation and in early infancy and can alter developmental
trajectories with lasting consequences on cardiovascular health. While the effects of ID and anemia on the
mature heart are well documented, comparatively little is known about their effects and mechanisms on
offspring cardiac development and function in the neonatal period. Female Sprague Dawley rats were fed
an iron-restricted or iron-replete diet before and during pregnancy. Cardiac function was assessed in a
cohort of offspring on postnatal days (PD) 4, 14, and 28 by echocardiography; a separate cohort was
cuthanized for tissue collection and hearts underwent quantitative shotgun proteomic analysis. ID reduced
body weight and increased relative heart weights at all time points assessed, despite recovering from
anemia by PD28. Echocardiographic studies revealed unique functional impairments in ID male and
female offspring, characterized by greater systolic dysfunction in the former and greater diastolic
dysfunction in the latter. Proteomic analysis revealed down-regulation of structural components by ID, as
well as enriched cellular responses to stress; in general, these effects were more pronounced in males. ID
causes functional changes in the neonatal heart, which may reflect an inadequate or maladaptive
compensation to anemia. This identifies systolic and diastolic dysfunction as comorbidities to perinatal ID
anemia which may have important implications for both the short and long-term cardiac health of
newborn babies. Furthermore, therapies which improve cardiac output may mitigate the effects of ID on

organ development.
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2.2 Introduction

Iron deficiency (ID) is the most common nutritional deficiency worldwide, though prevalence varies
depending on geographical location and population demographics (193). Among subgroups of the
population, ID is notably prevalent among pregnant women and young children, due to increased iron
demands during these periods of development. With increasing time and severity, ID can progress to
anemia, a condition characterized by low levels of circulating hemoglobin (Hb). In high income countries,
1 in 5 women are expected to develop anemia during pregnancy (211), whereas in low and middle-
income countries, rates can exceed 60% (211), with the majority of these cases attributed to ID (218). Its
propensity to afflict pregnant women and children may reflect an evolutionary strategy to protect against
disease-causing pathogens (339), but also increases the risk of perinatal health complications, including
pre-term birth and intrauterine growth restriction (340). The consequences of impaired growth and
development may extend beyond the neonatal period, and predispose the offspring to chronic disease later
in life (1), as described by the developmental origins of health and disease (DOHaD) hypothesis. Indeed,
we and others have reported that ID anemia causes lasting behavioral, metabolic, and cardiovascular
abnormalities in adult offspring (138-140, 341-343). Yet despite extensive study, the mechanisms by

which ID “programs” altered cardiovascular and metabolic risk profiles in offspring remains unclear.

Hb is primarily responsible for transporting oxygen from the lungs to the tissues. Most tissues receive an
excess (~3-4 fold) of oxygen required for normal function (344); a notable exception is the heart, which,
even at rest, extracts up to 80% of oxygen delivered (345). Despite a limited physiological reserve, the
heart still exhibits a remarkable ability to adapt to “stressors” to improve maximal cardiac output in an
effort to maintain systemic blood pressure and tissue perfusion. In human and animal studies, ID and
anemia are associated with cardiac structural and functional changes that include increases in size,
contractility, and heart rate (346-349). These changes appear largely reversible in the short-term (350),
but over time the persistent stress can lead to inflammation and fibrosis, resulting in cardiac dysfunction,

compromised hemodynamics and symptomatic heart failure (350). Intrinsic differences between mature
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and developing heart (e.g. metabolic substrate utilization, mechanisms driving cardiac enlargement,
neural and hormonal regulation) may affect its ability to adapt to stressors like anemia. Indeed, the
neonatal myocardium is less compliant than the adult myocardium, and thus acute changes in cardiac
output depend largely on increases or decreases in heartrate (100). However, as a chronic condition,
anemia can induce cardiac morphological and structural changes in the fetus and neonate that increase
physiological reserve. Indeed, in the early and middle stages of Hemoglobin Bart’s disease (i.c. before the
progression to heart failure), the severe anemia associated with alpha-thalassemia leads to dramatic
enlargement of heart, which in turn enables the fetus to improve cardiac output without increasing

contractility (351).

Perinatal ID is also associated with cardiomegaly (139, 223, 224), presumably as a means to improve
cardiac output and tissue perfusion in the wake of hypoxemia caused by anemia. However, the
accompanying structural and functional changes have not been explored in detail and may differ from
conditions of anemia of other causes (e.g. thalassemia), in which the biochemical effects of ID are not
present. We sought to determine the effect of maternal ID anemia and subsequent recovery in the
offspring on cardiac structure and function in the immediate postnatal period. This period was chosen
because the neonatal heart undergoes substantial growth and development during this time span, and
therefore constitutes an important phase in the adaptation to extra-uterine life. In addition, since many
short and long-term consequences of ID have been reported to be sexually dimorphic (138, 140), the

present study examines outcomes in both male and female offspring.
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2.3 Methods

2.3.1 Animals and Treatments

The protocols described herein were approved by the University of Alberta Animal Care and Use
Committee in accordance with guidelines established by the Canadian Council for Animal Care,
consistent with NIH guidelines for the Care and Use of Laboratory Animals. Sprague-Dawley rats aged
six weeks were purchased from Charles River (Saint-Constant, QC, Canada) and housed at the University
of Alberta Animal Care Facility, which maintains a 12-hour light/dark cycle and an ambient temperature
of 23 °C. All animal experiments were completed at the University of Alberta. Rats had ad libitum access
to food and water throughout the study. All purified diets used in this study were based on the AIN-93G

formula and differed only by the amount of ferric citrate added (see below).

We used our well established model of maternal ID, which has been previously shown to reduce indices
of iron status and cause ID anemia (223). Two weeks before mating, female rats were pseudorandomized
by cage order to one of two groups: control rats (Ctl; n=22) were fed a purified control diet (containing 37
mg/kg elemental iron), and iron-deficient rats (ID; n=18) were fed an iron-restricted diet (containing 3
mg/kg elemental iron). After two weeks on their respective diets, rats were housed overnight with male
rats (fed a standard rodent chow) until pregnancy was confirmed by presence of sperm in a vaginal smear
(defined as gestational day [GD]0). Thereafter, dams were individually housed, and those in the iron-
restricted group were fed a moderately iron-restricted diet containing 10 mg/kg elemental iron (thus
ensuring a viable pregnancy), whereas Ctl dams remained on their prescribed control diet. From GDO,
food consumption, body weight, and hemoglobin (Hb) levels were assessed weekly. Maternal Hb levels
were assessed using a HemoCue Hb201+ hemoglobinometer from approximately 10 uL of blood

collected via saphenous venipuncture.
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On the day of birth (defined as postnatal day [PD]0), all dams were fed the standard rodent chow and
litters were reduced to ten offspring (five males and five females) to standardize postnatal conditions. At
PDO0, PD4, PD14, and PD28, male and female pups were weighed, and euthanized by decapitation (at
PDO and PD4) or by cardiac excision (at PD14 and PD28; pups were anesthetized with 5% isoflurane in
pure oxygen prior to euthanasia). Free flowing blood was collected for hemoglobin assessments
(Hemocue Hb201+) and arterial blood was collected via a carotid catheter or the descending aorta for
blood gas analysis (AB Flex 80, Radiometer Canada, Mississauga, Canada). Offspring hearts were
excised, weighed, and either flash-frozen in liquid nitrogen. All tissues were stored at -80 °C prior to
analyses. At PD21, pups were separated from their mothers, housed with their same-sex littermates, and

fed standard rodent chow until PD28.

2.3.2 Echocardiography

Cardiac structure and function were assessed by thoracic echocardiography (Vevo 2100, Visualsonics,
Toronto, ON, Canada) in offspring in a supine position using two linear array transducers ranging from
18 to 55 MHz. Animals were anesthetized (isoflurane in oxygen; 2.5% for induction and 1.5-1.8% for
maintenance). PD4 was chosen as the first timepoint for echocardiography as it proved challenging to
maintain a consistent heart rate (a necessity to ensure consistency between neonates) under anesthesia at
earlier timepoints. For rats at PD14 and PD28, the chest and upper abdomen were shaved, and depilatory
cream was used. Limbs were fixed to electrodes with tape and conductive electrode gel (SignaGel, WA,
USA); electrocardiogram and respiratory rate were continuously recorded. Body temperature was

maintained with heated ultrasound transmission gel, a heated table surface, and a heat lamp.

A single operator who was blinded to experimental groups performed all assessments, if anatomy limited
an optimized measurement the particular image would be discarded. Parasternal long axis M mode
tracings of the left atrium were taken at the level of the aortic valve. Parasternal short axis M mode

tracings of the left ventricle (LV) were recorded at the widest point of the heart, with the M mode cursor
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placed perpendicular to the anterior and posterior wall of the left ventricle. LV end-diastolic and end-
systolic diameters (LVID), and septal (IVS) and posterior wall (LVPW) thicknesses were measured; at
this point heart rate was also recorded over the same cardiac cycles. Ejection fraction (EF), fractional

shortening (FS), stroke volume (SV), cardiac output (CO), and oxygen delivery (DO») was calculated as:

EF = (LVEDV - LVESV)/LVEDV
FS = (LVIDg4 — LVID;)/LVIDy

SV =LVEDV - LVESV

CO =SV x heart rate

DO,= CO x Hb x (1.34 x 0.97)

where LVEDV is the left ventricular end-diastolic volume, LVESV is the left ventricular end-systolic
volume, Hb is the hemoglobin of the pup measured shortly after echocardiography, 1.39 is the oxygen

binding capacity of Hb in mL/g, and 0.97 is an estimated hemoglobin oxygen saturation.

The trans mitral flow velocity was obtained from the apical four chambers view. The ratio of peak early
filling (E) and atrial velocity (A) was measured with pulse wave Doppler imaging; the corresponding
mitral annulus velocities were evaluated using tissue Doppler imaging. The E and A wave images were
also used to quantify isovolumetric relaxation time (IVRT), isovolumetric contraction time (IVCT), and
aortic ejection time (AET) which were then combined to calculate a TEI index. Pulmonary artery Doppler
imaging was used to measure pulmonary acceleration time (PAT), pulmonary ejection time (PET), and
pulmonary valve peak velocity (PV peak velocity). Pulmonary vein doppler imaging was used to measure
S (systolic) wave, D (diastolic) wave, A (atrial systolic reversal) wave, as well as the atrial systolic
reversal duration. Aorta doppler imaging was used to measure descending aorta velocity. All values were
measured under steady state conditions and averaged from at least three cardiac cycles taking care to

exclude cycles that took place during inhalation. Organ weights were collected from offspring which
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underwent echocardiography (and therefore isoflurane exposure) however subsequent biochemical

analysis was not performed on these tissues.

2.3.3 Quantitative Real-Time PCR

Total RNA was isolated from frozen hearts using TRIzol reagent (Invitrogen®) according to the
manufacturer's instructions. First strand cDNA synthesis was performed using 5% All-In-One RT
MasterMix (Applied Biological Materials, G592), according to the manufacturer's instructions.
Quantitative real-time PCR was performed in white 384-well reaction plates with PowerUp SYBR Green
Master Mix (Applied Biosystems, A25742) in the LightCycler 480 (Roche Life Science), as previously
described (323). Quantitative PCR data was analyzed using the relative gene expression (AACt) method
with Actb as the housekeeping gene. The following gene specific primers (Integrated DNA Technologies,

Coralville, IA) were used:

ACAGAGTGCTTCGTGCCTGAT (5° Myh6)
CGAATTTCGGAGGGTTCTGC (3> Myho6)
CGCTCAGTCATGGCGGAT (5° Myh7)
GCCCCAAATGCAGCCAT (3’ Myh7)
AACCCTAAGGCCAACCGTG (5° Actb)

TACGTACATGGCTGGGGTGT (3 Actb)

2.3.4 Quantitative Shotgun Proteomics

Isolated cardiac ventricles from neonatal rats were subjected to a quantitative shotgun proteomics analysis
as previously described (352); the proteomics workflow is depicted in Figure 2.1. Briefly, hearts were
lysed in 200 mM HEPES buffer (pH 8.0) containing 1% SDS, 100 mM ammonium bicarbonate, 10 mM
EDTA and protease inhibitor cOmplete tablets (Roche, 4693159001), and then treated with 10 mM
dithiothreitol (DTT) to denature proteins, followed by incubation for 25 min in 15 mM iodoacetamide

(VWR) in the dark at room temp to alkylate proteins. Samples were then digested with Trypsin (Promega,
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Madison, WI, United States). Next, to label peptide a- and g-amines, samples were incubated for 18 h at
37° C with isotopically heavy (40 mM ;3CD,0O + 20mM NaBH3CN (sodium cyanoborohydride)) or light
formaldehyde (40 mM CH,O + 20 mM NaBH;CN). Samples were subjected to C18 chromatography

using Pierce™ C18 columns (Thermo chromatography™, ON, Canada) before being subjected to liquid

chromatography and tandem mass spectrometry (LC-MS/MS).

Proteomics analyses were performed by the Southern Alberta Mass Spectrometry (SAMS) core facility at
the University of Calgary, Canada using a Thermo Scientific Easy-nLC (nanoflow Liquid
Chromatography) 1200 system coupled to a Orbitrap Fusion Lumos Tribrid mass spectrometer (Thermo
Fisher Scientific) operated with Xcalibur (version 4.0.21.10). Tryptic peptides (2 ug) were loaded onto a
C18 trap (75 um x 2 cm; Acclaim PepMap 100, P/N 164946; Thermo Fisher Scientific) at a flow rate of 2
pL/min of solvent A (0.1% formic acid and 3% acetonitrile in LC mass spectrometry grade water).
Peptides were eluted using a 120 min gradient from 5 to 40% (5% to 28% in 105 min followed by an
increase to 40% B in 15 min) of solvent B (0.1% formic acid in 80% LC- mass spectrometry grade
acetonitrile) at a flow rate of 0.3 uL./min and separated on a C18 analytical column (75 um x 50 cm;
PepMap RSLC C18; P/N ES803; Thermo Fisher Scientific). Peptides were then electrosprayed using 2.3
kV voltage into the ion transfer tube (300 °C) of the Orbitrap Lumos operating in positive mode. The
Orbitrap first performed a full mass spectrometry scan at a resolution of 120,000 FWHM to detect the
precursor ion having a mass-to-charge ratio (m/z) between 375 and 1,575 and a + 2 to + 4 charge. The
Orbitrap AGC (Auto Gain Control) and the maximum injection time were set at 4 x 10°and 50 ms,
respectively. The Orbitrap was operated using the top speed mode with a 3 s cycle time for precursor
selection. The most intense precursor ions presenting a peptidic isotopic profile and having an intensity
threshold of at least 2 x 10* were isolated using the quadrupole (isolation window of m/z 0.7) and
fragmented with HCD (38% collision energy) in the ion routing Multipole. The fragment ions (MS2)

were analyzed in the Orbitrap at a resolution of 15,000. The AGC, the maximum injection time and the
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first mass were set at 1 x 10°, 105 ms and 100, respectively. Dynamic exclusion was enabled for 45 s to

avoid of the acquisition of same precursor ions having a similar m/z (plus or minus 10 ppm).

Spectral data were matched to peptide sequences in the rat UniProt protein database using the Andromeda
algorithm as implemented in the MaxQuant software package v.1.6.10.23, at a peptide-spectrum match
FDR<0.01 (353, 354). Search parameters included a mass tolerance of 20 p.p.m. for the parent ion, 0.5 Da
for the fragment ion, carbamidomethylation of cysteine residues (+57.021464 Da), variable N-terminal
modification by acetylation (+42.010565 Da), and variable methionine oxidation (+15.994915 Da). N-
terminal and lysine heavy (+34.063116 Da) and light (+28.031300 Da) dimethylation were defined as
labels for relative quantification. The cleavage site specificity was set to Trypsin/p for the proteomics
data, with up to two missed cleavages allowed. Significant outlier cutoff values were determined after log
(2) transformation by boxplot- and-whiskers analysis using the BoxPlotR tool (355). The data were

deposited into ProteomeXchange via the PRIDE database and are freely available (PXD028922).

To identify protein—protein interactions, the STRING (Search Tool for the Retrieval of Interacting Genes)
database was used to illustrate interconnectivity among proteins (354). Protein-protein interactions
relationship were encoded into networks in the STRING v11 database (https:/string-db. org). Data were
analyzed using the homo sapiens as the organism (FDR=0.05). Metascape analysis was also used to
identify enriched pathways (354). Protein-protein interactions relationship were encoded into networks
using the Metascape website (https://metascape.org/), and the enriched pathways were plotted as

heatmaps.
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2.3.5 Western Blotting

Hearts from 1 male and 1 female pup from each litter at each timepoint were homogenized in lysis buffer
at 0.1 mg tissue per milliliter that contained sodium orthovanadate (2 mM), phosphatase inhibitor (20
pg/ml; Calbiochem, San Diego, CA, USA), and protease inhibitor (10 pl/ml; Sigma-Aldrich). Total
protein concentration of the lysate was determined by bicinchoninic acid assay (Pierce, Rockford, IL,
USA). Total protein (100 pg/well) was separated on 12% SDS polyacrylamide gels—with a 3.5%
stacking gel—and transferred onto a nitrocellulose membrane. Membranes were incubated with 100%
blocking reagent (Odyssey PBS Blocking Buffer; Li-Cor Biosciences, Lincoln, NE, USA) for 1 h at room
temperature. After washing with PBS solution, membranes were incubated overnight at 4°C in 5%
blocking buffer and 0.05% Tween-PBS with primary antibodies. Secondary antibodies were incubated
with 25% blocking buffer in 0.05% Tween-PBS for 1 h at room temperature, and blots were visualized by
using an Odyssey near-infrared fluorescence imager and quantified by densitometry by using Odyssey
v.3.0 software (Li-Cor Biosciences). Antibodies were purchased from ProteinTech Group, ProSci

Incorporated, and Novus Biologicals.

2.3.6 Statistical Analyses

n values throughout represent the number of treated dams or litters; any replicates obtained from
littermates of the same sex were pooled and treated as n=1. Data were analyzed by two-way ANOVA or
by fitting a mixed-effects model for the effects of ID and time as implemented in GraphPad Prism 8.3.0.

Sidak’s post-hoc test was used for multiple comparisons of Ctl and ID groups within age groups.

2.4 Results

2.4.1 Pregnancy and Neonatal Outcomes

Prolonged dietary iron restriction caused a progressive decline in maternal Hb levels throughout gestation
(Figure 2.2 a), though there was no evidence of reduced body weight gain (Figure 2.2 b) or changes in
maternal food intake (data not shown). Hb levels were reduced in ID male and female pups from PDO to

PD14 but were no longer different by PD28 (P=0.85 for males; P=0.58 for females) (Figure 2.2 c, d).
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Both male and female ID offspring were growth restricted compared to their respective controls (P<0.001
for both sexes; Figure 2.2 e, f), ranging from -20% (at PDO) to -32% (at PD4) in males, and -19% (at

PDO) to 34% (at PD4) in females.

Neonatal arterial blood gas analysis (Table 2.1) confirmed the reduced Hb concentrations in ID offspring.
Male and female ID offspring exhibited signs of reduced pCO> and increased pH levels compared to their
respective controls at PD4, as well as reduced actual cHCOj' levels, but no differences in standard
cHCOj5'. No differences in electrolytes were observed between Ctl and ID offspring of either sex at any

time points assessed.
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Figure 2.2. Maternal and fetal outcomes. Effects of maternal iron restriction on maternal (a)
hemoglobin (Hb) and (b) body weight (BW) prior to and throughout gestation, and on offspring (c,d) Hb
and (e,f) BW from postnatal day (PD)0 to 28. Male (M; left panels) and female (F; right panels) offspring
data are shown separately. Each bar represents data from n=9-22 litters. **P<0.01, ***P<0.001,

***%P<(0.0001 for multiple comparisons.
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Table 2.1. Neonatal blood gas analysis in control (Ctl) and perinatal iron deficient (ID) offspring

Male Offspring PD4 PD14 PD28 P Values

Ctl (n=9-10) ID (n=9-11) Ctl (n=8) ID (n=6) Ctl (n=9-10) ID (n=6) PD ID Int.
Hct (%) 30.8+£2.2 22.6£1.7%¥** 26.0+1.5 20.7+1.7%* 33.7£1.7 32.3£1.3 <0.0001 <0.0001 0.01
Hb (g/dL) 10.0+1.3 7.3£1.0%*** 8.4+0.8 6.6+£1.0* 10.9+1.0 10.5+0.8 <0.0001 <0.0001 0.01
ctO, (mL/dL) 13.2+1.7 10.4+1.2%* 12.8+0.9 10.2+1.2% 16.3+1.2 15.6+0.9 <0.0001 0.0002 0.18
pO, (mmHg) 244.9+14.4 283.8+14.2 409.1+9.3 323.5+11.1 414.249.2 369.2+7.6 0.001 0.74 0.26
5O, (%) 92.3+£2.8 95.24£2.6 100.0+0.2 99.9+0.4 100+0.3 100.0+1.2 0.0001 0.39 0.78
pCO, (mmHg) 100.0+3.6 83.3+4.6* 42.9+£2.0 42.6+2.7 46.8+3.7 40.4+1.7 <0.0001 0.05 0.21
pH 7.08+0.27 7.16+0.32* 7.40+0.21 7.39+0.25 7.39+0.29 7.44+0.15 <0.0001 0.09 0.20
HCO5 (mmol/L) 29.7+1.3 28.0+1.5* 26.1£1.0 24.9+1.1 27.0+1.2 26.6£1.0 <0.0001 0.02 0.43
stHCO5" (mmol/L)) 23.0+1.2 23.7+1.5 26.0+1.1 24.9+1.0 26.3+1.2 26.9+0.8 <0.0001 0.89 0.20
Na"(mmol/L) 137.5+1.8 145.143.5 131.4+1.3 129.5+1.3 137.6+1.3 138.2£1.6 <0.0001 0.11 0.11
K" (mmol/L) 3.96+0.77 3.85+0.78 4.34+0.64 4.68+0.86 4.1+0.8 4.5£0.5 0.02 0.21 0.32
Ca”" (mmol/L) 1.41+0.41 1.46+0.36 1.31+0.40 1.24+0.41 1.16+0.39 1.20+0.36 <0.0001 0.91 0.45
Cl' (mmol/L) 89+1 97+4 90+1 90.2+1.3 93.8+1.3 96.7<1.6 <0.0001 0.12 0.04
Female Offspring PD4 PD14 PD28 P Values

Ctl (n=5-9) ID (n=11-12) Ctl (n=7-8)  ID (n=7-8) Ctl (n=9-10) ID (n=6) PD ID Int.
Hct (%) 33.0£1.6 23.14]1.8%*** 2442 21.7€1.7 33.7+1.5 34.7<1.4 <0.0001 0.0007 <0.0001
Hb (g/dL) 10.6+0.9 7.4£1.0%*** 7.8+1.0 7.0£1.0 10.9+0.9 11.2+0.8 <0.0001 0.0003 <0.0001
ctO, (mL/dL) 13.3£1.6 10.7+1.4%* 12.0+1.3 10.7+1.1 16.4+1.1 16.6+1.0 <0.0001 0.13 0.02
pO, (mmHg) 177.2+13.3 319.9£14.3 365+11 350+11 423+£10 349+7 0.0179 0.6693 0.0838
5O, (%) 86.5+3.4 95.5+2.7%* 99.9+0.4 99.8+0.5 100.0£0.2 99.9+0.2 <0.0001 0.09 0.04
pCO, (mmHg) 123.3+4.3 86.6+£3.9%*** 40.5+2.1 40.8+1.6 40.6+£2.4 38.5+2.0 <0.0001 0.0005 0.0002
pH 7.03+£0.25 7.13+0.27%** 7.42+1.21 7.40£1.7 7.43+0.21 7.44+0.15 <0.0001 0.045 0.003
HCO;™ (mmol/L) 30.8+1.3 27.6£]1.3%*** 25.8+1.3 24.8+1.0 26.5+1.1 25.8+1.2 <0.0001 0.001 0.04
stHCO5™ (mmol/L) 21.9+1.4 22.9+1.4 26.0+1.3 25.0+1.0 26.7+0.9 26.3£1.0 <0.0001 0.83 0.11
Na* (mmol/L) 138.2+1.8 145.843.7 130+1 129+1 139.1£1.2 135.8+1.1 <0.0001 0.11 0.19
K" (mmol/L) 3.52+0.72 3.74+0.74 4.47+0.94 4.38+0.69 4.02+0.70 4.46+0.75 0.002 0.88 0.15
Ca*" (mmol/L) 1.53+0.41 1.50+0.48 1.15+0.46 1.20+0.36 1.27+0.29 1.20+0.38 <0.0001 0.85 0.71
Cl' (mmol/L) 87+1 98+4 89+1 90+1 95+1 96+1 0.0009 0.05 0.07

Data are mean=SEM. P values denote 2-way ANOV A outcomes for postnatal day (PD), ID, and

interaction (Int.). ¥*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 for Sidak posthoc tests within the same

PD. ctO,, oxygen content; HCOs", actual bicarbonate; stHCO3-, standard bicarbonate.
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2.4.2 Cardiac Morphology and Function

Male and female perinatal ID pups had enlarged hearts (when normalized to body weight) throughout the
entire postnatal period (Figure 2.3 a, b). This increase in relative heart size was more pronounced than all
other organs studied (Table 2.2). Cardiac measurements assessed by echocardiography (Table 2.3)
revealed increased left ventricular wall thicknesses and interventricular septal widths, as well as increased
ventricular diameters and volumes when normalized to body weight. Interestingly, cardiomyocyte size
was not appreciably altered by perinatal ID in either sex (Figure 2.3 ¢, d). Thus, when absolute heart
weight was normalized to cardiomyocyte size as an estimate for cardiomyocyte numbers, these values
were decreased in PD28 ID male and female offspring (Figure 2.3 e, f) — a time-point when
cardiomyocytes no longer retain their proliferative ability (356). Furthermore, cardiac f-myosin heavy
chain (-MHC) to a-MHC protein expression (Figure 2.3 g, h) as well as gene expression ratio for Myh?7
to Myh6 (data not shown), which encode B-MHC to a-MHC proteins, respectively, were elevated at PD14
in perinatal ID male offspring. Myh7 to Myh6 ratios were also increased in Perinatal ID females at PD14
and PD28 (data not shown), albeit these were not accompanied by corresponding increases in protein

levels (Figure 2.3 i).
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Figure 2.3. Cardiac weigh, histology, and protein expression. Effects of perinatal iron deficiency (ID)
throughout the neonatal period on (a, b) heart weights (Wt.) normalized to body weights (BW); (c, d)
cardiomyocyte (CM) size; (e, f) CM size normalized to absolute heart Wt. (g) representative western blot
depicting male offspring cardiac B-myosin heavy chain (B-MHC) and a-MHC protein expression, and (h,
1) B-MHC to a-MHC ratios (depicted in solid bars) and gene expression ratio for Myh7 to Myh6 (shown
in open bars), which encode B-MHC to a-MHC proteins, respectively, from PD4-PD28. Male (M) and
female (F) offspring data are shown separately. Each bar represents data from n=7-20 litters. Data are
analyzed by two-way ANOVA with Sidak’s post hoc test where *P<0.05, **P<0.01, ****P<0.0001 for

multiple comparisons.
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Table 2.2. Organ weights. Control (Ctl) and perinatal iron deficient (ID) offspring

Male Offspring PD4 PD14 PD28 P Values

Ctl (n=9-10) ID (n=4-7) Ctl (n=6-7) ID (n=6-10) Ctl (n=8-9) ID (n=7-11) PD ID Int.
Hb (g/dL) 9.4+0.4 5.340.3%*** 7.540.2 5.540.3%*** 9.9+0.2 9.6£0.3 <0.0001 <0.0001  <0.0001
Bodyweight (g) 12.13+0.28 7.98+0.81%* 39.2+0.7 27.0£]1.7%%** 117.1£2.6 81.145.2%*** <0.0001 <0.0001  <0.0001
Kidneys (g) 0.152+0.007 0.105+0.010** 0.454+0.014 0.345+0.029* 1.34+0.07 1.08+0.08 <0.0001 0.008 0.05
Brain (g) 0.355+0.010 0.260+0.029 0.991+0.021 0.775+0.038** 1.19+0.02 1.05+0.03* <0.0001 <0.0001 0.03
Liver (g) 0.338+0.001 0.298+0.027* 1.16+0.041 0.819+0.090* 5.15+0.25 3.98+0.30* <0.0001 0.002 0.009
Heart (g) 0.048+0.0001 0.058+0.005 0.171+0.006 0.154+0.009 0.452+0.022 0.368+0.026 <0.0001 0.01 0.01
Kidneys (mg/g) 12.6+0.3 13.9+0.5* 11.5+0.3 13.140.5%* 11.5+£0.4 12.9+0.3 0.004 0.0009 0.87
Brain (mg/g) 29.5+0.7 36.442.2%** 25.2+0.7 29.941.5%* 10.3+0.2 13.0+£1.0 <0.0001 0.0002 0.08
Liver (mg/g) 33.8+1.4 39.0+2.1* 29.1+0.7 30.7+0.8 43.7+1.8 46.6+1.2 <0.0001 0.02 0.39
Heart (mg/g) 4.8+0.1 7.740.4%%** 43+0.1 6.3£0.4%*** 3.940.1 4.9+0.4* <0.0001 <0.0001 0.004
Female Offspring PD4 PD14 PD28 P Values

Ctl (n=5-10) ID (n=6-8) Ctl (n=6-7) ID (n=6-9) Ctl (n=6-9) ID (n=9-11) PD ID Int.
Hb (g/dL) 9.3£0.2 5.740.3%*** 7.2+0.1 5.740.3%* 10.6+0.2 9.7+0.2* <0.0001 <0.0001  <0.0001
Bodyweight (g) 11.58+0.42 7.74+0.75%* 36.6+0.6 27.142.1%* 102.9+1.8 77.7+4.4%** <0.0001 <0.0001 0.0002
Kidneys (g) 0.144+0.007 0.104+0.009* 0.447+0.013 0.386+0.024 1.20+0.02 1.12+0.09 <0.0001 0.02 0.77
Brain (g) 0.352+0.012 0.254+0.026* 0.941+0.020 0.805+0.038 1.16+0.02 1.08+0.02* <0.0001 <0.0001 0.48
Liver (g) 0.394+0.016 0.280+0.027* 1.11+0.028 0.918+0.085 4.59+0.19 3.88+0.33 <0.0001 0.006 0.08
Heart (g) 0.057+0.002 0.052+0.005 0.166+0.006 0.183+0.013 0.418+0.017 0.373+0.027 <0.0001 0.31 0.09
Kidneys (mg/g) 12.440.2 14.9+0.9 12.1£0.2 13.4+0.1 11.4+0.3 13.2+0.6 0.04 <0.0001 0.45
Brain (mg/g) 30.6+0.6 35.3£1.9 25.5+0.6 25.5+0.6 11.2+£0.2 12.1+0.8 <0.0001 0.009 0.28
Liver (mg/g) 34.9+1.0 39.2+1.4 33.0+1.3 30.0+0.3 43.5+1.0 46.6£1.7 <0.0001 0.005 0.48
Heart (mg/g) 5.0+0.1 7.420.3%%* 4.5+0.1 6.8+0.6* 4.0+0.2 4.5+0.3 <0.0001 <0.0001 0.004

Data are mean+=SEM. P values denote 2-way ANOV A outcomes for postnatal day (PD), ID, and interaction (Int.). *P<0.05, **P<0.01,

***Pp<0.001, ****P<(0.0001 for Sidak posthoc tests within the same PD.
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Table 2.3 Neonatal cardiac measurements. In diastole in control (Ctl) and perinatal iron deficient (ID) offspring

Male Offspring PD4 PD14 PD28 P Values

Ctl (n=9-10) ID (n=7-8) Ctl (n=6-10) ID (n=8-10) Ctl (n=9) ID (n=9-11) PD D Int.
LVPW /BW (mm/g) 0.071+0.003 0.117+0.015%*** 0.028+0.002 0.043+0.004 0.013+0.0002 0.018+0.002 <0.0001 <0.0001 0.002
IVS /BW (mm/g) 0.069+0.003 0.115+0.010%**** 0.024+0.002 0.035+0.003 0.011+0.001 0.015+0.001 <0.0001 <0.0001 0.0002
Diameter / BW (mm/g) 0.25+0.007 0.38+0.034**** 0.12+0.003 0.16+0.009 0.051+0.001 0.063+0.004 <0.0001 <0.0001 0.0004
LVPW / Diameter 0.24+0.01 0.334+0.03** 0.24+0.02 0.28+0.02 0.24+0.01 0.24+0.01 0.08 0.002 0.07
IVS / Diameter 0.27+0.009 0.31+0.03 0.21+0.01 0.23+0.01 0.22+0.009 0.24+0.02 <0.0001 0.02 0.72
Volume / BW (uL/g) 3.1+0.14 4.0£0.38* 2.540.17 3.0+0.21 1.5+0.03 1.5+0.12 <0.0001 0.003 0.09
Female Offspring PD4 PD14 PD28 P Values

Ctl (n=9) ID (n=8) Ctl (n=7) ID (n=8) Ctl (n=9-10) ID (n=11) PD D Int.

LVPW /BW (mm/g) 0.065+0.003 0.11£0.01%*** 0.029+0.003 0.047+0.005* 0.014+0.001 0.017+0.001 <0.0001 <0.0001 <0.0001
IVS /BW (mm/g) 0.064+0.005 0.11£0.01 **** 0.026+0.001 0.042+0.005* 0.012+0.001 0.016+0.001 <0.0001 <0.0001 <0.0001
Diameter / BW (mm/g) 0.27+0.01 0.37+0.03**** 0.12+0.002 0.17+0.02* 0.05+0.002 0.07+0.005 <0.0001 <0.0001 0.02
LVPW / Diameter 0.24+0.01 0.3240.02%* 0.24+0.02 0.28+0.03 0.26+0.02 0.24+0.01 0.24 0.02 0.01
IVS / Diameter 0.23+0.01 0.29+0.02* 0.22+0.01 0.25+0.02 0.23+0.02 0.22+0.02 0.04 0.06 0.05
Volume / BW (uL/g) 3.4+0.17 3.8+0.25 2.4+0.08 3.3+0.43** 1.5+0.09 1.9+0.12* <0.0001 0.002 0.36

Data are mean+SEM. P values denote 2-way ANOV A outcomes for postnatal day (PD), ID, and interaction (Int.). *P<0.05, **P<0.01,

*#*P<(0.001, ****P<(0.0001 for Sidak posthoc tests within the same PD. Bodyweight, BW; interventricular septum, IVS; left ventricle posterior

wall, LVP.
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Cardiac function was assessed in neonates by echocardiography. Indices of systolic function are shown in
Table 2.4; all parameters assessed changed with PD. Despite increased heart size in perinatal ID
offspring, neither males nor females exhibited increased CO (normalized to body weight). With no
changes in HR due to ID (under anesthesia), the lack of CO increase could be attributed to systolic
dysfunction, resulting from reduced ejection fraction and fractional shortening. Correspondingly,
offspring oxygen delivery (DO,) was markedly reduced in ID offspring, even when normalized to body

weight. S° peak velocity, as well as aortic peak velocity in males were also reduced with ID.

Indices of diastolic function are shown in Table 2.5. IVCT, E-to-¢’ ratio, and TEI index were reduced in
ID females, but not in males, throughout the entire postnatal period. Mitral valve velocities, which are
additional markers of diastolic dysfunction, were assessed by tissue Doppler imaging, and revealed
reduced e’ wave peak velocity in ID female offspring from PD4 to 28, whereas no differences were
evident in male offspring. Altogether, these data suggest a profound diastolic dysfunction in female
offspring. However, a’ wave peak velocities were reduced in both male and female offspring. Moreover,
left atrial enlargement, a hallmark of chronic pressure and volume overload (357), was evident in both
male and female ID offspring (after normalizing to bodyweight) from PD4 through PD28, suggesting

males are not completely spared.
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Table 2.4. Neonatal systolic function. In control (Ctl) and perinatal iron deficient (ID) offspring

PD4 PD28 P Values
Male Offspring Ctl (n=8-10) ID (n=6-8) Ctl (n=6-7) ID (n=10) Ctl (n=5-10) ID (n=10-11) PD ID Int.
HR (bpm) 29849 273£23 344+9 329+13 368+8 370+10 <0.0001 0.22 0.57
EF (%) 7242 62+5 6342 S50£2%** 70.£2 74+2 <0.0001 0.001 0.03
FS (%) 41+2 33+£3%* 34+2 26+1* 43+2 43+2 <0.0001 0.002 0.04
SV /BW (mL/g) 2.2+0.09 2.5+0.33 1.6+0.06 1.5+0.10 1.1+0.04 1.1£0.10 <0.0001 0.37 0.72
CO /BW (mL/min*g) 0.67+0.03 0.69+0.09 0.53+0.02 0.49+0.04 0.40+0.01 0.41+0.03 <0.0001 0.78 0.97
DO2 /BW (mL/min*g) 0.084+0.005 0.050+0.008**** 0.051+0.003 0.035+0.003** 0.056+0.002 0.054+0.004 <0.0001 <0.0001 0.007
MV S’ (mm/s) 13+1 12+1 20+2 17+1 31+2 28+1 <0.0001 0.03 0.86
Desc Aorta Vel (mm/s) 585+31 517+35 720+£33 601+£35 1073445 913429%* <0.0001 0.0003 0.42
Female Offspring Ctl (n=9-10) ID (n=8-11) Ctl (n=9-10) ID (n=8-11) Ctl (n=9-10) ID (n=8-11) PD ID Int.
HR (bpm) 310+12 295+16 318+£13 33548 404+14 35348 <0.0001 0.08 0.02
EF (%) 7143 68+4 6142 S5442%* 7742 7043 <0.0001 0.009 0.61
FS (%) 39+2 37+4 32+1 28+1 47+2 4143 <0.0001 0.01 0.65
SV /BW (mL/g) 2.4+0.15 2.5+0.12 1.5+0.05 1.840.18 1.1+0.06 1.3+0.08 <0.0001 0.03 0.79
CO /BW (mL/min*g) 0.72+0.04 0.73+0.04 0.47+0.02 0.59+0.06 0.46+0.03 0.47+0.02 <0.0001 0.14 0.23
DO2 /BW (mL/min*g) 0.090+0.005 0.058+0.004**** 0.047+0.003 0.044+0.004 0.068+0.004 0.062+0.003 <0.0001 0.0001 0.0009
MV S’ (mm/s) 16+2 14+1 20+1 17+1 3142 27+1 <0.0001 0.02 0.81
Desc Aorta Vel (mm/s) 502428 527432 677+46 656+47 926+35 930+46 <0.0001 0.85 0.89

Data are mean+SEM. P values denote 2-way ANOV A outcomes for postnatal day (PD), ID, and interaction (Int.). *P<0.05, **P<0.01,

*#*p<(0.001, ****P<0.0001 for Sidak posthoc tests within the same PD. Bodyweight, BW; cardiac output, CO; descending aorta velocity, Desc

Aorta Vel; ejection fraction, EF; fractional shortening, FS; heart rate, HR; mitral valve systolic wave, MV S'; oxygen elivery, DO2; stroke volume,

SV.
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Table 2.5. Neonatal diastolic function. In control (Ctl) and perinatal iron deficient (ID) offspring.

Male Offspring PD4 PD14 PD28 P Values

Ctl (n=9-10) ID (n=4-7) Ctl (n=6-7) ID (n=6-10) Ctl (n=8-9) ID (n=7-11) PD ID Int.
L Atrium / BW (mm/g) 0.16+0.01 0.2740.05%*** 0.07+0.01 0.09+0.01 0.03+0.00 0.04+0.00 <0.0001 <0.0001 0.0008
E/A 1.0£0.02 0.9+0.03 1.3£0.09 1.1+0.04 1.24+0.05 1.4+0.07 <0.0001 0.30 0.02
AET (ms) 86+3 89+5 71+4 77+4 60+3 61£2 <0.0001 0.33 0.77
IVCT (ms) 17+1 16+1 21+1 2142 2042 16+1 0.03 0.30 0.27
IVRT (ms) 2742 27+1 25+1 27+1 23+1 23 +0.6 0.004 0.47 0.47
MV A (mm/s) 480+14 493+34 553438 523+54 705+38 661+45 <0.0001 0.68 0.77
MV E (mm/s) 473+15 445+33 695+28 643+41 851+£30 864+29 <0.0001 0.67 0.78
MV a’ (mm/s) 14+1 12+1 2443 1942 3642 30+2 <0.0001 0.01 0.70
MV e’ (mm/s) 13+1 11+1 2543 2242 3342 30+2 <0.0001 0.09 0.99
TEI index 0.48+0.03 0.49+0.04 0.66+0.03 0.65+0.05 0.74+0.08 0.66+0.04 0.0002 0.62 0.52
e’/a’ 0.92+0.07 0.88+0.10 1.1£0.11 1.1+0.09 0.93+0.05 1.0£0.09 0.21 0.77 0.73
a’le’ 1.1+0.10 1.2+0.13 0.98+0.08 0.73£0.17 1.1+0.06 1.1+0.09 0.02 0.32 0.35
E/e’ 39+3 43+5 30+3 3143 2742 2942 <0.0001 0.19 0.99
Female Offspring PD4 PD14 PD28 P Values

Ctl (n=5-10) ID (n=6-8) Ctl (n=6-7) ID (n=6-9) Ctl (n=6-9) ID (n=9-11) PD ID Int.
L Atrium / BW (mm/g) 0.18+0.01 0.234+0.02** 0.07+0.005 0.10+0.008* 0.03+0.002 0.04+0.004 <0.0001 0.0002 0.19
E/A 1.10+0.03 1.00+0.04 1.76+0.18 1.240.13 1.3+0.06 1.3+0.07 0.007 0.16 0.17
AET (ms) 80+3 85+6 7242 76+2 56+3 62+3 <0.0001 0.09 0.84
IVCT (ms) 20+1 16+1 2242 19+2 2242 18+1 0.18 0.01 0.78
IVRT (ms) 2642 2442 27+1 26+1 23+1 2241 0.03 0.49 0.78
MV A (mn/s) 414+16 462+22 382427 544+64 715+35 644+26 <0.0001 0.29 0.03
MV E (mm/s) 502+38 460+21 64717 638+37 887+35 831+34 <0.0001 0.27 0.54
MV a’ (mm/s) 14+1 13+1 2043 1843 4344 254 2%*** <0.0001 0.0007 0.007
MV e’ (mm/s) 15+1 1042 26+1 18+2 40+4 274D H** <0.0001 0.0002 0.13
TEI index 0.58+0.05 0.49+0.05 0.68+0.04 0.61+0.04 0.84+0.08 0.66+0.05 0.0004 0.01 0.42
e’/a’ 1.1£0.12 0.82+0.10 1.5+0.29 1.1£0.18 0.97+0.11 1.1+0.05 0.29 0.47 0.40
a’le’ 0.99+0.11 1.4+0.20 0.79+0.11 0.98+0.13 1.1+0.13 0.95+0.04 0.39 0.65 0.09
E/e’ 35+1 4448 25+1 3743 2442 3343 0.008 0.002 0.99
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Data are mean+SEM. P values denote 2-way ANOV A outcomes for postnatal day (PD), ID, and interaction (Int.). *P<0.05, **P<0.01,
*#*p<(0.001, ****P<0.0001 for Sidak posthoc tests within the same PD. Aortic ejection time, AET; early left ventricular filling velocity, E or MV
E; late left ventricular filling velocity, A or MV A; early mitral valve filling velocity, ' or MV ¢'; isovolumetric contraction time, IVCT;
isovolumetric relaxation time, [VRT; late left ventricular filling velocity, A or MV A; late mitral valve filling velocity, a' or MV a'; left atrium

diameter, LA diameter; myocardial performance index, TEI index.
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Indices of pulmonary artery and venous flow are shown in Table 2.6. The PAT and PAT-to-PET ratio
were similar between groups, albeit the PET increased overall in both male and female ID
offspring (after normalizing to bodyweight) from PD4 through PD28, suggesting males are not

completely spared.

Indices of pulmonary artery and venous flow are shown in Table 2.6. The PAT and PAT-to-PET ratio
were similar between groups, albeit the PET increased overall in both male and female ID offspring.
Pulmonary artery peak velocity was increased in female ID offspring from PD4 through 28. In ID females
the s-to-d wave ratio was increased, and the d wave velocity was decreased, whereas in males, a wave
velocity was increased. While an increase in pulmonary artery peak velocity may indicate increased
pulmonary artery pressures in the females, there were no changes in PAT and PAT-to-PET ratio, which

are more specific measures of elevated pulmonary arterial pressures.
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Table 2.6. Neonatal pulmonary function. In control (Ctl) and perinatal iron deficient (ID) offspring.

Male Offspring PD4 PD14 PD28 P Values

Ctl (n=5-10) ID (n=6-8) Ctl (n=3-7) ID (n=8-10) Ctl (n=7-9) ID (n=8-11) PD ID Int.
S wave (mm/s) 216+15 260+26 224+34 255421 259+18 274+18 0.25 0.06 0.76
D wave (mm/s) 219+16 271411 289+17 282421 397£10 347+23 <0.0001 0.76 0.02
A wave (mm/s) 68+10 149434 11448 155+23 165+32 187+32 0.049 0.02 0.55
A duration (ms) 13+2 2243 18+4 2343 17+1 20+3 0.69 0.005 0.45
S/D 1.06+0.13 0.98+0.07 0.65+0.04 0.89+0.04 0.66+0.05 0.80+0.03 0.0008 0.12 0.15
PAT (ms) 23+1 25+2 2742 2842 3142 29+1 0.0006 0.67 0.21
PET (ms) 91+2 96+6 82+2 90.03+2 76+3 77+1 <0.0001 0.03 0.38
PV (mm/s) 601+30 543422 595.28+28 649.97+37 780+41 858+40 <0.0001 0.23 0.11
PAT/PET 0.25+0.01 0.26+0.01 0.33+0.01 0.31+0.01 0.41+0.02 0.37+0.01 <0.0001 0.32 0.31
Female Offspring PD4 PD14 PD28 P Values

Ctl (n=5-10) ID (n=6-8) Ctl (n=6-7) ID (n=8-9) Ctl (n=7-9) ID (n=8-11) PD ID Int.
S wave (mm/s) 200+14 235+23 197+20 257+17* 270422 243412 0.048 0.06 0.01
D wave (mm/s) 258+17 241+13 325+17 295429 422428 343+20%* <0.0001 0.047 0.21
A wave (mm/s) 92+11 106+17 107£12 123£15 203+34 156+26 0.002 0.76 0.29
A duration (ms) 1542 2144 2143 20+2 1742 1942 0.78 0.19 0.68
S/D 0.78+0.04 1.02+0.17 0.62+0.07 0.94+0.09* 0.64+0.04 0.73+0.05 0.03 0.001 0.27
PAT (ms) 22+1 2542 28+1 2942 3142 29+1 0.0002 0.46 0.29
PET (ms) 85+0.86 9243 86+3 88+2 78+3 811 <0.0001 0.02 0.45
PV (mm/s) 536+14 674+48%* 624+28 71730 749+15 0524+38**** <0.0001 <0.0001 0.22
PAT/PET 0.25+0.01 0.27+0.01 0.33£0.02 0.33+0.02 0.39+0.02 0.36+0.02 <0.0001 0.80 0.34

Data are mean+SEM. P values denote 2-way ANOV A outcomes for postnatal day (PD), ID, and interaction (Int.). *P<0.05, **P<0.01,

*#*P<(0.001, ****P<(0.0001 for Sidak posthoc tests within the same PD. Control, Ctl; pulmonary artery acceleration time, PAT; pulmonary artery

ejection time, PET; pulmonary artery peak velocity, PV; pulmonary vein atrial reversal, A wave; pulmonary vein atrial reversal duration, A

duration; pulmonary vein diastolic wave, D wave; pulmonary vein systolic wave, S wave.
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2.4.3 Proteomic Analysis

Quantitative shotgun proteomics analyses of offspring heart tissues at PDO and PD28 were performed and
analyzed using MaxQuant at 1% false discovery rate (FDR) and as determined by interquartile boxplot
analysis (Figure 2.4 and 2.5). In PD0 male offspring hearts, 54 and 45 proteins were downregulated and
upregulated, respectively, with ID. By PD28, despite recovering from anemia, 59 and 67 proteins were
downregulated and upregulated, respectively in ID offspring (Figure 2.4). STRING-db analysis revealed
reduced expression at PDO in ID male offspring related to supramolecular fiber organization and actin
cytoskeleton (FDR=0.007, FDR=0.01; respectively) (Figure 2.6 a), which was more statistically
significant by PD28 (FDR=8e-7, FDR=4e-5; respectively) (Figure 2.6 b). Notable downregulated
proteins at PDO included ELN, COL1A2, FBLNS5, MYH8 MYHI11, whereas at PD28, MYH1, MYH?2,
MYHI11, MYH13, MYH15, COL1A1, COL1A2, and FBLNS were downregulated in ID offspring. Other
enriched pathways appeared in male ID offspring by PD28 including cellular responses to stress
(FDR=0.02), RNA metabolism (FDR=0.049), and organelle structure (FDR=0.03). Though not explored
to any appreciable extent here, it is noteworthy that male ID hearts were enriched in proteins related to
mitochondrial oxidative phosphorylation at both time points studied (FDR=0.04 at PD0; FDR=0.0001 at

PD28).

In PDO female offspring hearts, 63 and 18 proteins were downregulated and upregulated, respectively,
with ID (Figure 2.6 ¢). STRING-db analysis revealed reduced pathway expression in ID females at PDO
related to supramolecular fiber organization (FDR=0.008) as well as actin cytoskeleton (FDR=0.03);
specific proteins included MYH3 and MYHS isoforms, CALM1 and ATP2A1, but tended to be diverse in
their gene ontology. As with males, by PD28 proteome changes were more marked, with 82 and 56
proteins downregulated and upregulated in ID offspring (Figure 2.6 d). As with males, by PD28
proteome changes were more marked, with 82 and 56 proteins downregulated and upregulated in ID

offspring (Figure 2.6 d). STRING-db analysis revealed more pronounced reductions in pathway
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expression related to supramolecular fiber organization (FDR=5e-6) as well as actin cytoskeleton
(FDR=0.003). At this time, downregulation of MYH multiple isoforms, as well as ACTN1, COL4A1, and
FBN1 were most apparent. Notably, there was also protein enrichment in ID females at PD28, which

included TTN, MYL isoforms, among others.
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Figure 2.4. Total proteins upregulated in males. In (a) postnatal day (PD)0 and (b) PD28. Heatmaps

generated using Metascape show pathway enrichment. Each group used 4-5 biological replicates.
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Figure 2.5. Total proteins upregulated in females. In (a) postnatal day (PD)0 and (b) PD28. Heatmaps

generated using Metascape show pathway enrichment. Each group used 4-5 biological replicates.
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Figure 2.6. STRING visualization of select pathway enrichment in hearts, as well as Venn diagrams
depicting global protein changes. For STRING visualizations: Nodes represent a single down- or
upregulated protein. Colored nodes indicate proteins responsible for supramolecular fiber (green,
G0:0099512) and/or actin cytoskeleton (yellow, GO:0015629) pathway enrichment. White nodes
represent proteins interacting with those belonging to enriched pathways (as indicated by linear
connections). Linear connections indicate protein associations based on the following evidence: known
interactions from curated databases (turquoise), known interactions experimentally determined (fuschia),
predicted interactions by gene neighbourhood (green), predicted interactions by gene fusions (red),
predicted interactions by gene co-occurrence blue), textmining (yellow), co-expression (black), and

protein homology (purple). Each group used 4-5 biological replicates.
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2.5 Discussion

Severe anemia has been shown to cause cardiovascular developmental aberrations, resulting in cardiac
congenital malformation in mice (358), establishing a clear link between adequate iron supply and proper
heart development. However, even with less severe iron-restriction during gestation, ID and anemia have
been reported to result in cardiac adaptations (i.e. cardiomegaly). It may be theorized that the increase in
heart size is an adaptive response to increase cardiac output to overcome the hypoxemia caused by
reduced circulating Hb levels. However, the exact mechanisms remain unclear, and therefore we
investigated the effects of maternal iron restriction on neonatal cardiac function, followed by an unbiased
proteomics profiling to assess global changes in cardiac protein expression and signaling networks. To
summarize our findings, we report that perinatal maternal iron restrictions caused: (1) anemia and growth
restriction with concomitant cardiomegaly in both male and female neonatal offspring; (2) systolic
dysfunction that was more pronounced in males, and diastolic dysfunction that was more pronounced in
female offspring; (3) impaired oxygen delivery to tissues in all offspring; (4) broad but distinct proteomic
changes in males and females that persisted beyond postnatal recovery from anemia. This study to
identify ID as a cause of cardiac dysfunction in neonates in the absence of congenital defects, as well as
identify proteome changes which may drive this dysfunction. Together, these data suggest perinatal ID is
associated with cardiac morphological and functional changes which are incapable of compensating for
the reduced oxygen carrying capacity caused by anemia. These alterations may in turn result in persistent

structural changes that predispose the offspring to long-term cardiovascular consequences over time.

Hb concentration is the primary determinant of circulating oxygen content, and thus anemia had profound
effects on blood O; content (CtOy), irrespective of PO, and SaO; levels, which resulted in reduced oxygen
delivery (DO3) to organs and tissues. Neonates had signs of primary respiratory alkalosis, characterized
by lower pCO; levels and increased pH levels compared to Ctl at PD4, which was likely secondary to
anemia-induced hyperventilation. This notion is consistent with reduced actual HCOj" levels, which

reflects a metabolic acid-base compensation, but no change in standard HCO3". However, despite no
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change in anion gap due to ID, we cannot exclude the possibility of a secondary metabolic acid/base

disturbance. Indeed, we have previously shown that this model of ID anemia is associated with impaired
oxygen delivery to fetal organs (notably the kidneys and liver), albeit not all were affected (i.e. brain and
placenta were spared) (223). Together, these data suggest ID anemia results in impaired systemic oxygen

delivery that cannot be overcome with respiratory or metabolic compensation.

Echocardiographic data and heart weights revealed proportionally larger hearts (relative to body weight)
in both male and female ID offspring, although CO was unchanged. A larger and more dilated heart with
no corresponding increase in CO indicates systolic dysfunction and reflects maladaptive or inadequate
compensation to overcome the hypoxemia caused by anemia, resulting in growth restriction in the
offspring. The greater and prolonged decrease in DO, in male offspring, combined with intrinsically
higher growth rates in early life, are likely responsible for the more severe growth restriction compared to
female offspring, and may contribute, at least in part, to the sex-differences in long-term health outcomes
observed in this model (137, 140, 224). In cases of fetal anemia without concomitant ID, such as in Hb
Bart’s syndrome, cardiomegaly is associated with increased CO (at least in the high-output phase) and
improved tissue oxygen delivery (351), suggesting the fetal heart has intrinsic functional reserve and can
adapt to systemic effects of anemia per se. Although the present study focused on neonatal heart function,
which may exhibit different adaptive capacities than the fetal heart, our previous work demonstrating fetal
ID is associated with tissue-specific patterns of hypoxia in late gestation (223) suggests the hearts of ID
fetuses are similarly dysfunctional. It is therefore tempting to speculate that the inadequate compensation
observed herein may be due to the biochemical effects of ID. This notion is supported by a wealth of
clinical data showing ID worsens heart failure with reduced ejection fraction (359), even without

concomitant anemia (360).

Though evidence of systolic dysfunction was evident in all offspring, the reduction in aortic peak velocity

as well as a greater decrease in ventricular contractility indicates a more severe systolic dysfunction in
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male offspring. Conversely, while perinatal ID was associated with signs of diastolic dysfunction (left
atrium diameter and a’ wave peak velocities) in both male and female offspring, the decreased IVCT and
TEI index, and increased E-to-¢’ ratio (each of which indicate increased ventricular filling pressures)
altogether suggests a more profound diastolic dysfunction in females. Compared to men, adult women are
more than twice as likely to develop heart failure with preserved ejection fraction (361) — a condition
generally (albeit not exclusively) attributed to diastolic dysfunction; to our knowledge, the present study
is among the first to show a propensity for diastolic dysfunction in female newborn rats. Thus, while this
study contributes to the growing body of evidence which highlights sex-specific mechanisms behind
cardiovascular programming and challenges the often-held assumptions that females are ‘protected’ from

developmental stressors compared to their male counterparts.

We identified several cardiac structural alterations associated with ID that may underlie the observed
functional deficits and could predispose offspring to long-term cardiovascular complications. The ratio of
absolute heart weight to cardiac cell size, which was taken as a surrogate for cardiomyocyte number, was
found to be lower in perinatal ID offspring by PD28. and thus, have long-term consequences for cardiac
health. Newborn hypoxemia has been shown to inhibit cardiomyocyte proliferation in the developing
heart (145). It follows that hypoxia may have contributed to reduced cardiomyocyte proliferation, since
oxygen delivery was decreased with ID, and these offspring had proportionately thicker ventricular walls,
which would impose greater oxygen demands. Beyond the early postnatal phase, cardiomyocytes no
longer proliferate and instead respond to physiological and pathological stimuli by undergoing
hypertrophy (362). A reduced cardiomyocyte endowment could therefore reduce adaptive capacity of the
heart, and in turn impair recovery from injury, or predispose the offspring to accelerated age-related

cardiovascular decline, as we and others have reported (138-140, 341, 342).

Other structural changes observed in the hearts of perinatal ID offspring included delayed maturation of

the heart, as indicated by greater beta to alpha-MHC. In rodents, - and a-MHC are characterized by
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temporal expression patterns, with the former expressed predominantly in fetal life, and the latter in
adulthood (as shown with the gradual decline in beta-MHC expression with postnatal day [Fig. 2G]). a-
MHC has higher ATPase activity than the B-chain, and thus have higher contractile velocity, and hence
greater efficiency in force generation (363). Despite ultimately recovering, the slower transition to the a-
MHC may deprive the perinatal ID offspring of much needed cardiac efficiency in the context of ID
anemia. Moreover, the extent of cardiac structural changes extends beyond altered - and a-MHC
expression. Indeed, the effects of ID on the neonatal heart were perhaps most evident in proteomics
analysis. In perinatal ID offspring, diminished expression in pathways related to supramolecular fibre
assembly (which relates to the assembly, arrangement, or disassembly of polymers that form a fibre
shaped structure), and integrity of the actin cytoskeleton may, at least in part, contribute to the cardiac
dysfunction observed in the perinatal period. Though evident at PD0, many pathway alterations were
more pronounced at PD28, despite recovery from anemia, which occurs shortly after the third week in this
model (unpublished observations). This delayed recovery could reflect a residual deficit in functional iron
despite recovery from anemia, since replenishment of tissue iron levels only occur after restoration of Hb
levels (364). Indeed, in a mouse model of ID without anemia, hearts and skeletal muscle were associated
with left ventricular dysfunction (365, 366). Alternatively, if they persist indefinitely, these structural

changes could also contribute to long-term alterations in cardiac function in the offspring.

In summary, our findings suggest that perinatal ID causes cardiac adaptations that do not result in
increased cardiac output, despite the increase in heart size. This contrasts with models of anemia without
concurrent ID (e.g., thalassemia), suggesting the biochemical effects of ID impose constraints on the
heart’s ability to adapt. Although the specific mechanisms underlying these maladaptive changes remain
to be clarified, contractile and structural pathways were attenuated in response to ID in our untargeted
proteomics analysis. Given their role in dictating muscle contractility, these could be important
contributors to the cardiac dysfunction observed in ID offspring. Altogether, the findings have

implications for the health of iron deficient babies and suggest that interventions to improve cardiac
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output during the perinatal period may constitute an effective strategy to mitigate the effects of ID anemia
on various organ systems. However, the marked differences in postnatal responses to ID between male
and female offspring suggest intervention strategies should be tailored to meet the unique needs of each

SEX.

Clinical Perspectives:

e Iron deficiency (ID) is the most common nutritional deficiency worldwide and is highly prevalent
among pregnant women and young children, however, how ID affects cardiovascular adaptations
in early life remains unclear.

e Here we show that while ID causes increased heart size in the neonate, it is also associated with
systolic and diastolic cardiac dysfunction, resulting in inadequate compensation to overcome the
reduced oxygen carrying capacity caused by anemia.

e These findings have important implications for both the short and long-term cardiac health of
newborn babies. Furthermore, therapies which improve cardiac output may mitigate the effects of

ID on organ development.
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All supporting data are included within the main article and the supplementary file, the proteomics dataset
has been deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the
dataset identifier PXD043588 (367-369). The datasets generated and/or analyzed for accomplishing the

current study are available on request.
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3.1 Abstract

Iron deficiency (ID) is common during gestation and in early infancy and can alter
developmental trajectories leading to lasting cardiovascular consequences. Ketone
supplementation has been shown to exhibit cardioprotective effects in numerous disease models.
We hypothesized that maternal ketone supplementation during gestation would reduce the
cardiac impairments previously observed in ID neonates. Female Sprague Dawley rats were fed
an iron-restricted or iron-replete diet before and throughout pregnancy, during gestation pregnant
rats on the iron-restricted diet were given either a daily subcutaneous injection of -
Hydroxybutyrate (a type of ketone body) or saline. Neonatal cardiac function was assessed via
echocardiography; offspring were then euthanized for tissue collection where hearts and livers
were assessed for transcript markers of metabolism, oxidative stress, inflammation, and organ
damage. ID reduced body weight and increased relative heart and brain weight at all time points
assessed, in both the ketone and saline ID groups. Echocardiography revealed clear cardiac
dysfunction in ID offspring, which was reversed by ketone supplementation causing an improved
ejection fraction and a corresponding increase in cardiac output and total oxygen delivery.
Furthermore, ID increased expression of //-1/ whereas ketone supplementation further altered //-
1P, Sod2, and Cat expression, indicating oxidative stress and inflammation may be relevant
pathways for future study. Ketone supplementation could be protective against cardiac
dysfunction in neonates secondary to ID. These findings could have important implications for

the treatment ID during pregnancy, as well as the health of anemic babies.
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3.2 Introduction

Iron is an essential element that plays an important role in many biochemical functions,
including redox reactions, DNA synthesis, and energy metabolism (370). Most of the iron in the
body is found in hemoglobin within red blood cells, whose primary function is to transport
oxygen throughout the body. Iron deficiency (ID) is the most common nutritional deficiency
worldwide affecting over 20% of the global population. Common causes of ID include issues
with absorption (e.g. celiac disease), low iron intake, blood loss (e.g. gastrointestinal bleed,
heavy menstruation), or increased iron demands (201). Iron demand increases substantially
during pregnancy (230), due to requirements for fetal growth and development. As ID progresses
it will eventually result in anemia which is characterized by a fall of circulating hemoglobin
below a clinical threshold (371). 38% of pregnant women become anemic, with most cases being

attributed to ID (210, 211).

Maternal ID is associated with adverse pregnancy outcomes, including preterm birth, maternal
and fetal demise, and low birth weight (217-219). The consequences in the offspring extend
beyond perinatal health outcomes; indeed, consistent with the DOHaD concept, offspring
exposed to ID in gestation exhibit increased susceptibility to chronic diseases, such as
cardiovascular disease (225). Given the prevalence of ID and its tendency to affect pregnant
women, ID could be an important contributor to the overall burden of disease at both ends of

lifespan.

Iron supplementation is currently recommended for all pregnant women (209, 238), however this
is often not effective. Standard prenatal vitamins often do not have enough iron to treat anemia

(240, 241), and larger doses are associated with gastrointestinal side effects, as well as
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occasional toxicity to the mother and fetus (237). To make matters worse, some cases of iron
deficiency during pregnancy are caused by poor intestinal absorption of iron, making iron
supplementation ineffective in these circumstances (242). Finally, while iron supplementation
does improve indices of anemia in mothers, their effectiveness in improving iron status and
hematological indices in the fetus or newborn are not established (242). On the basis of these
challenges, there is a clear necessity to develop other therapies to treat the deleterious effects of
maternal iron deficiency, both to improve perinatal health of the neonate and in turn improve

long-term health trajectories.

Ketones are molecules produced by the liver from fatty acids that can be used as a source of
energy. Compared to fatty acids (a major source of energy for the heart), ketones produce more
energy per unit of oxygen rendering them, potentially, a more efficient source of energy in the
context of anemia (372). Ketones, specifically B-hydroxybutyrate (BOHB), also have signaling
effects that provide resistance against oxidative stress and directly inhibit inflammation (301,
302, 373). Others have shown increasing BOHB in the blood can directly improve renal function
through the reduction of oxidative stress and inflammation (374), we have shown that BOHB can
also prevent the worsening of cardiac dysfunction (and therefore preserve cardiac output)

through anti-inflammatory mechanisms (375).

We have previously shown that perinatal ID causes cardiomegaly of the ID neonate, as well as
systolic dysfunction resulting in a reduction in total oxygen delivery (Noble et al. submitted).
Because perinatal ID is also associated with organ-specific patterns of hypoxia late in gestation

(223), a therapy which augments ID's maladaptive changes within the heart may effectively
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mitigate the effects of ID on various organ systems. We and others have identified a number of
pathological mechanisms associated with perinatal ID where BOHB may cause protective effects,
including mitochondrial dysfunction, increased ROS generation, and the generation of
inflammation (223, 376). Ketone metabolism is critically important for infant survival, and
interestingly, one feature of perinatal ID is an inability to produce ketones (377, 378). Finally,
ketones do cross the placenta through passive diffusion to be utilized by the fetus (311, 323).
There is also evidence that the placenta uses ketones as fuel preferentially to glucose (379),
which may be important given maternal iron deficiency is associated with changes in

placentation potentially leading to an increased incident of fetal injury during pregnancy (380).

On the basis of these independent lines of evidence, we hypothesize that BOHB supplementation
would improve the cardiac function of ID offspring. Herein we show that BOHB administration

throughout gestation partially mitigates the cardiac dysfunction associated with perinatal ID.

3.3 Methods

3.3.1 Animals and Treatments

The protocols described herein were approved by the University of Alberta Animal Care and Use
Committee in accordance with guidelines established by the Canadian Council for Animal Care.
Thirty-two female Sprague-Dawley rats aged 6 weeks were purchased from Charles River
(Saint-Constant, QC, Canada) and housed at the University of Alberta Animal Care Facility,
which maintains a 12-hour light/dark cycle and an ambient temperature of 23°C. Rats had ad

libitum access to food and water throughout the study.
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Two weeks before mating, female rats were randomly assigned to either a control (Ctl) or iron
deficiency (ID) group. Ctl and ID rats were fed a purified diet containing 37 or 3mg/kg elemental
iron, respectively; these purified diets were based on the AIN-93G formula and differed only by
the amount of ferric citrate added. After two weeks on their respective diets, rats were housed
overnight with male rats (fed a standard rodent chow) until pregnancy was confirmed by
presence of sperm in a vaginal smear (defined as gestational day [GD]0). Thereafter, dams were
individually housed, and those in the ID group were fed a purified diet containing 10 mg/kg
elemental iron, whereas Ctl dams remained on their prescribed purified control diet. Maternal
food intake, and Hb levels were assessed weekly throughout pregnancy; Hb values were assessed
using a HemoCue Hb201+ hemoglobinometer from 10uL of blood collected from saphenous

venipuncture.

From GDO0-GD21, a subgroup of ID dams were administered ketones (KID group) daily in the
form of a B-Hydroxybutyrate (BOHB) solution (Sigma H6501; 0.3g/kg in saline) by
subcutaneous injection. Ctl dams and the remaining ID dams received an equivalent volume of
saline (1.2mL/kg) by subcutaneous injection daily. All dams also received two unshelled

sunflower seeds daily for enrichment.

Beginning on the day of birth (defined as postnatal day [PD]0), dams were fed the standard
rodent chow. At this time, litters were reduced to ten offspring (five males and five females) to
standardize postnatal conditions. At postnatal day 21, remaining offspring were weaned; same-

sex littermates were group housed in separate cages and fed the standard diet.
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3.3.2 Echocardiography

Cardiac structure and function were assessed by thoracic echocardiography (Vevo 3100,
Visualsonics, Toronto, ON, Canada) in a subgroup of offspring at PD3 (MX400 transducer) and
PD13 (MX550s transducer). Animals were anesthetized (isoflurane in oxygen; 2.5% for
induction and 1.5-1.8% for maintenance), and limbs were fixes to electrodes with tape and
conductive electrogel (SignaGel, WA, USA); electrogram and respiratory rate were continuously
recorded. Body temperature was maintained with heated ultrasound transmission gel, a heated
platform, and a heat lamp. For rats at PD13, the chest and upper abdomen were depilated (Nair®
extra gentle). A single operator who was blinded to experimental groups performed all

assessments.

Parasternal M mode tracings were used to quantify: left atrium diameter, LV end-diastolic and
end-systolic diameters (LVID), septal (IVS) and posterior wall (LVPW) thicknesses, ejection
fraction (EF), fractional shortening (FS), stroke volume (SV), cardiac output (CO), and oxygen
delivery (DO2). The trans mitral flow velocity was obtained from the apical four chambers view
to measure: early filling (E) and atrial (A) pulse wave and tissue velocity, as well as
isovolumetric relaxation time (IVRT), isovolumetric contraction time (IVCT), and aortic ejection
time (AET). The trans mitral flow velocity was obtained from the apical four chambers view to
measure: early filling (E) and atrial (A) pulse wave and tissue velocity. The trans tricuspid flow
velocity was obtained from a modified apical four chambers view to measure: early filling (E)
and atrial (A) pulse wave and tissue velocity. Pulmonary artery Doppler imaging was used to
measure pulmonary acceleration time (PAT), pulmonary ejection time (PET), and pulmonary
valve peak velocity (PV peak velocity). Pulmonary vein Doppler imaging was used to measure S

(systolic) wave, D (diastolic) wave, A (atrial systolic reversal) wave, as well as the atrial systolic
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reversal duration. Aortic spectral Doppler imaging was used to measure descending aorta
velocity. All values were measured under steady state conditions and averaged from at least three

cardiac cycles taking care to exclude cycles that took place during inhalation.

3.3.3 Quantitative Reverse-Transcriptase PCR

At PDO, PD4, and PD14, pups were weighed and euthanized by decapitation; at PD 14, offspring
were anesthetized with 5% isoflurane in pure oxygen prior to euthanasia. Free flowing blood was
collected for hemoglobin assessments (Hemocue Hb201+). Offspring organs were quickly
excised, weighed, and flash-frozen in liquid nitrogen. All tissues were stored at -80°C prior to

analyses.

Total RNA was isolated from frozen hearts using TRIzol reagent (Invitrogen®) according to the
manufacturer's instructions. First strand cDNA synthesis was performed using 5x All-In-One
RT MasterMix, according to the manufacturer's instructions (Applied Biological Materials —
abm; G486). Quantitative real-time PCR was performed in white 384-well reaction plates with
PowerUp SYBR Green Master Mix (Applied Biosystems, A25742) in the LightCycler 480
(Roche Life Science), as previously described (137). Primer sequences were purchased from
Integrated DNA technologies (IDT, Coralville, IA). Quantitative PCR data was analyzed using

the relative gene expression (AACt) method with Actb as the housekeeping gene.

3.3.4 Statistical Analysis

N values throughout represent the number of treated dams or litters; any replicates obtained from
littermates of the same sex were pooled and treated as n=1. Results are expressed as mean
+ standard error of the mean (SEM). For maternal outcomes in pregnancy, data were analyzed by

fitting a mixed-effects model for gestational treatment (Ctl vs. ID vs. KID) and time as
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implemented in GraphPad Prism 8.3.0; Tukey’s post-hoc test was used for multiple comparisons
between groups at gestational days. Offspring data were analyzed by one-way ANOVA followed
by a Tukey or Sidak post hoc test for multiple comparisons. Mann-Whitney U test was used for

non-continuous data sets with two groups (i.e. litter size).

3.4 Results

Feeding dams an iron-restricted diet prior to and throughout pregnancy caused a progressive
decline in maternal Hb levels throughout gestation, cumulating in a -35% and -37% decrease in
ID and KID groups respectively by GD21 (Figure 3.1a). Despite the severity of anemia, there
were no differences in maternal weight gain throughout pregnancy (Figure 3.1b), and litter sizes
were unaffected (P=0.41), nor were any offspring found dead in any groups in the postnatal
period. Maternal glucose levels decreased over the course of pregnancy, though they remained
slightly elevated in both ID and KID groups, particularly in the latter stages of gestation (Figure
3.1¢). Finally, maternal blood BOHB levels, assessed weekly immediately prior to the daily
injection of ketones (or vehicle), tended to decrease by mid-gestation, but rose by GD21;

interestingly, BOHB levels were decreased in both ID and KID groups (Figure 3.1d).

As expected, Hb levels in ID and KID offspring were markedly reduced in the neonatal period
compared to the CTL offspring (Table 3.1). Offspring BOHB levels in the ID group tended to
differ from control and KID groups, although this did not reach significance (P=0.08); however,
recognizing that the last injection of ketones in the KID was made 24h prior to tissue collection
at PDO0, a sub-analysis whereby only Ctl and ID offspring BOHB levels were compared revealed
a reduction in the latter group (unadjusted P=0.018). Male and female ID and KID offspring

were growth restricted at birth, and remained so throughout the 2wk postnatal period (Table 3.1,
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3.2). ID and KID offspring had exhibited reduced organs weights (expressed as absolute
weights), with the exception of brains and hearts (Table 3.1, 3.2). After normalizing to
bodyweight, liver and spleen weight were increased in ID and KID offspring, albeit only on or
after PD4. Relative brain and heart weights remained elevated across all postnatal days in ID and
KID offspring —a hallmark of asymmetric growth restriction (Table 3.1, 3.2). To further
characterize the nature of the cardiomegaly observed in ID and KID offspring, echocardiography
was performed. In male offspring (Table 3.3), LVPW thickness at PD13 was increased in ID, but
not in KID offspring; a similar trend was seen at PD3, though this difference did not reach
statistical significance. In female offspring (Table 3.4), LVPW thickness was also increased in
ID, albeit this change was most pronounced at PD3 in the KID group. Left ventricular chamber

volume size was not affected by ID or ketone treatment.
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Figure 3.1. Maternal parameters. In control (CTL), iron-deficient (ID), and ketone treated iron-
deficient (KID) dams on gestational days 0, 7, 14, 21. Data are mean +SEM; each bar represents data
from n=9-12 dams. Data are analyzed by two-way ANOVA with Tukey's post hoc test; stated p values
reflect overall outcomes, and stars represent post-hoc outcomes (*P<0.05, **P<0.01, ***P<0.001,

*#xxP<0.0001 ID versus Ctl; #P<0.05, ##P<0.01, ##tP<0.001, ###P<0.0001 KID versus Ctl).
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Table 3.1. Neonatal hemoglobin, blood glucose and ketone levels, and organ weights in males.

Male Offspring PDO P Value PD4 P Value PD14 P Values
Ctl (n=6-7) ID (n=5-7) KID (n=6) Ctl (n=7) ID (n=8) KID (n=8-9) Ctl (n=7) ID (n=7) KID (n=9)

Hb (g/dL) 12.6+£0.4 5.440.5%%** 4.7£0.4%***  <0.0001 9.2+0.5 4.940.3%*** 5.1£0.3%%%*  <0.0001 7.7£0.3 6.1£0.3%* 5.8+0.4%%* 0.0008
Ket (mmol/L) 0.76+0.06 0.53+0.05 0.69+0.10 0.08 1.21£0.07 1.38+0.11 1.44+0.18 0.49 1.36+0.04 1.58+0.23 1.25+0.11 0.29
Glucose (mmol/L) 6.1£0.5 6.1+0.8 4.9+0.4 0.30 7.2+0.2 6.78+0.3 6.3+0.1%* 0.02 9.8+0.4 9.9+0.4 10.0+0.4 0.93
Bodyweight (g) 6.9+0.3 5.85+0.15%* 5.70 £0.2%* 0.002 11.5+0.4 7.9 £0.6%** 7.9+0.5%** 0.0002 36.0£1.0 30.5¢1.4 29.842.2 0.04
Heart (mg) 28.0£1.5 37.0£0.9%** 37.34£1.5%** 0.0002 56.5+2.1 59.0+3.8 59.3+3.3 0.81 152.1£2.7 174.0+£8.5 173.246.6 0.05
Kidney (mg) 64.1+4.3 55.1£1.4 54.8+3.2 0.08 133.4+8.5 102.1+5.8%* 99.945.9%* 0.004 407.0 £12.7 356.1£19.5 347.2+26.3 0.14
Liver (mg) 315.5+ 183 261.1+14.6 256.7+16.9 0.04 383.6+13.8  307.7£17.9**  291.6+15.6** 0.002 1049.0+£37.8 958.0+£56.9 927.2+68.0 0.34
Spleen (mg) 14.8+£2.0 10.9+1.1 8.7£1.1* 0.03 50.9£3.9 32.6£4.0%* 34.44+3 3% 0.005 146.1£5.1 157.9+13.8 147.4+10.7 0.71
Brain (mg) 169.3+6.2 166.1+4.4 171.0+5.3 0.81 350.4+11.8  288.6+13.0%*  289.8+13.1%* 0.005 1010.0£14.4  916.2+21.1*  923.4+26.6* 0.02
Heart (mg/g) 4.1£0.1 6.3£0.2%%** 6.6+£0.2%***  <0.0001 4.940.1 7.6£0.4%*** 7.540.2%*%*%*  <0.0001 4.2+0.05 5.73+0.2%* 6.0£0.3%%* 0.0002
Kidney (mg/g) 9.3+0.4 9.4+0.2 9.6+0.3 0.81 11.5+£0.4 13.240.6 12.5+ 0.3 0.07 11.3£0.2 11.7+0.2 11.7+0.2 0.37
Liver (mg/g) 45.7+1.6 44.4+1.7 45.0+2.6 0.88 33.4+0.5 39.8+1.6%* 37.1£0.8%* 0.002 29.2+0.3 31.5+1.1 31.14£0.3 0.04
Spleen (mg/g) 2.1+£0.3 1.9+0.2 1.5+0.2 0.13 44403 4.0+0.2 43402 0.52 4.0+0.1 5.2+0.4%* 5.0+0.2% 0.02
Brain (mg/g) 24.5+0.4 28.4+0.7*%**  30.1£0.7****  <0.0001 30.5+0.5 37.6+1.6%* 37.341.2%%* 0.001 28.2+0.6 30.4+1.2 32.0£1.6 0.15

Data are mean=SEM. Comparisons between group was performed using a one-way ANOVA followed by Sidak posthoc test.

*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 versus Ctl; #P<0.05, ##P<0.01, ###P<0.001, ####P<0.0001 versus ID.
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Table 3.2. Neonatal hemoglobin, blood glucose and ketone levels, and organ weights in females.

Female Offspring PDO P Value PD4 P Value PD14 P Values
Ctl (n=5-6) ID (n=6-7) KID (n=8-9) Ctl (n=7) ID (n=7-8) KID (n=9) Ctl (n=7) ID (n=6-7) KID (n=9)

Hb (g/dL) 12.0+0.6 5.3£0.3%%** 6.0£0.6%*** <0.0001 8.8+0.3 5.10.3%%** 5.2+40.3%%** <0.0001 7.7+0.4 5.9+0.3%%* 5.9+0.1%* 0.0005
Ket (mmol/L) 0.77+0.06 0.7240.12 0.61+0.07 0.39 1.12+0.09 1.20+0.13 1.33+0.15 0.51 1.48+0.09 1.65+0.14 1.16+0.09** 0.009
Gluc (mmol/L) 5.7+0.4 4.8+0.9 5.3£0.6 0.64 7.2+0.1 6.6£0.2% 6.5+0.1%* 0.006 10.2+0.3 9.9+0.4 10.1+0.3 0.88
Bodyweight (g) 6.3+£0.3 5.1+0.3* 5.6+0.2 0.02 11.0+0.4 7.740.4%%** 8.0+0.3**** <0.0001 34.8+0.7 28.6+1.3% 28.9+1.9%* 0.01
Heart (mg) 28.1£1.7 34.8+1.5% 35.24]1.4%* 0.006 59.0+2.9 60.7+2.2 61.9+£2.3 0.72 152.1+4.8 174.6+£10.0 167.3£7.3 0.16
Kidney (mg) 60.8+5.1 50.1£1.8 51.6£2.7 0.09 134.0£9.0 102.9+3.9%* 104.1+4.4** 0.002 410.9+13.3 348.2+19.7  336.2+22.2%* 0.03
Liver (mg) 319.2+£33.6  218.5+16.4* 250.1£13.4 0.01 394.8+17.1  292.7+13.3***  311.7+11.1***  <0.0001 1071.0+£2.8 926.0+5.5 926.0+6.0 0.11
Spleen (mg) 14.4+1.9 9.7+1.0%* 9.0+0.8%* 0.01 48.8+5.3 34.7+2.0%* 34.34+2.5% 0.01 148.24+4.5 141.3+ 13.5 144.4+8.8 0.89
Brain (mg) 168.6£7.9 167.2+7.8 168.9+4.4 0.98 324.4+16.8 282.8+7.9 300.9+11.1 0.08 962.5£14.0  899.6+18.3 906.0+20.9 0.06
Heart (mg/g) 4.4+0.1 6.6+£0.2%** 6.4+0.4%** 0.0002 5.3+0.1 7.940.3%%** 7.8£0. [F*** <0.0001 4.4+0.1 6.1+0.3%** 5.940.3%** 0.0002
Kidney (mg/g) 9.5+0.4 10.0+0.7 9.1+0.2 0.36 12.0+0.5 13.5+0.1 13.1£0.4 0.14 11.8+£0.3 12.2+0.2 11.7+0.4 0.59
Liver (mg/g) 50.7+4.0 43.3+2.4 44.2+0.9 0.09 35.840.8 38.1+1.3 39.2+0.9 0.08 30.8+0.3 32.3+0.9 32.1+0.4 0.20
Spleen (mg/g) 2.240.3 1.940.1 1.6+0.1* 0.04 4.4+0.4 4.4+0.1 4.3+0.2 0.94 4.3£0.1 4.9+0.4 5.1+0.2 0.09
Brain (mg/g) 26.6+0.8 31.5€2.3 30.2+0.8 0.07 29.3+0.9 37.0£1.3%** 37.9£1.0%*%%*  <0.0001 27.7+0.4 31.8+1.2 32.3£1.7 0.05

Data are mean+SEM. Comparisons between group was performed using a one-way ANOVA followed by Sidak posthoc test.

**4P<0.001, ****P<0.0001 versus Ctl; #P<0.05, ##P<0.01, ###P<0.001, ####P<0.0001 versus ID.
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Table 3.3. Neonatal left ventricular wall thickness and chamber diameters in males.

Male PD3 P Value PD13 P Value
Offspring
Ctl (n=6-7)  ID (n=7-8) KID (n=8-9) Ctl(n=7) ID (n=6- KID (n=6-9)
7)

LVPW.d 0.73+0.05 0.88+0.04 0.83+0.03 0.07 1.03+£0.06  1.23+0.03 1.09+0.04 0.02
LVPW,s 1.01+0.03 1.03+0.06 1.04+0.04 091 1.55+0.06  1.55+0.05 1.55+0.09 0.99
IVS,d 0.74+0.03 0.70+0.04 0.73+0.04 0.80 0.87£0.07  0.91+0.03 0.90+0.06 0.87
IVS,s 1.04+0.03 0.93+0.05 1.07+0.07 0.21 1.43+0.09  1.35+0.08 1.31£0.10 0.64
Vol,d 39.942.3 31.9+£2.4 35.542.2 0.08 85.2+8.2 84.8+4.9 81.4+45.1 0.88
Vol,s 8.6+0.9 10.3+1.1 8.1£0.6 0.19 20.3+4.5 33.5+4.5 24.14£3.6 0.11

Data are mean+=SEM. Comparisons between group was performed using a one-way ANOVA followed by
Sidak posthoc test. ¥P<0.05, **P<0.01, ***P<0.001, ****P<(0.0001 versus Ctl; #P<0.05, ##P<0.01,

###P<0.001, ####P<0.0001 versus ID. Interventricular septum in diastole, IVS,d; interventricular septum
in systole, IVS;,s; left ventricle posterior wall in diastole, LVPW,d; left ventricle posterior wall in systole,

LVPW,s; left ventricle volume in diastole, Vol,d; left ventricle volume in systole, Vol,s.
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Table 3.4. Neonatal left ventricular wall thickness and chamber diameters in females.

Female Offspring PD3 P Value PD13 P Value
Ctl(n=7) ID(®=8) KID (n=9) Ctl(n=7) ID(m=7) KID (n=8)
LVPW.d 0.72+0.04 0.83+0.04 0.86+0.02* 0.01 1.01+0.06  1.07+0.03  1.15+0.04 0.12
LVPW,s 1.01£0.04 1.09+0.09 1.11+0.04 0.19 1.53£0.06  1.45+£0.05 1.56+0.05 0.37
IVS,d 0.72+0.03  0.73+0.04  0.72+0.03 0.99 0.88+0.04 0.90+0.04  0.95+0.03 0.35
IVS,s 1.06£0.02 1.01£0.06  1.05+0.04 0.76 1.44£0.06  1.30+0.05 1.41+0.04 0.15
Vol,d 40.0£2.6  32.1£3.5 36.2+1.9 0.16 81.8+5.6  83.7+6.4 77.74£6.3 0.77
Vol,s 10.1£1.0 9.9+1.6 8.9+0.8 0.74 17.0£2.3  30.5£5.0  21.4+3.7 0.07

Data are mean=SEM. Comparisons between group was performed using a one-way ANOVA followed by
Sidak posthoc test. ¥P<0.05, **P<0.01, ***P<0.001, ****P<(0.0001 versus Ctl; #P<0.05, ##P<0.01,

###P<0.001, ####P<0.0001 versus ID. Interventricular septum in diastole, IVS,d; interventricular septum
in systole, IVS;,s; left ventricle posterior wall in diastole, LVPW,d; left ventricle posterior wall in systole,

LVPW,s; left ventricle volume in diastole, Vol,d; left ventricle volume in systole, Vol,s.
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Cardiac function was assessed in neonates by echocardiography; indices of systolic function
from male offspring are shown in Table 3.5 and from female offspring in Table 3.6. Compared
to Ctl, male ID offspring exhibited signs of systolic dysfunction, characterized by a reduced
cardiac contractility (i.e. reduced ejection fraction and fractional shortening) at PD3 and PD13,
as well as reduced ascending aortic velocity at PD13. Similar outcomes were observed in female
ID offspring, which exhibited evidence of systolic dysfunction, again defined by a reduction in
ejection fraction and fractional shortening, as well as a reduced mitral valve systolic wave
velocity at PD13. Therefore, despite male ID offspring having proportionally larger hearts,
cardiac output was comparable to that of Ctl offspring, culminating in a reduced oxygen delivery
due to the anemia in the pups. POHB treatment in ID offspring improved ejection fraction and
fractional shortening, which was associated with an increased cardiac output at PD3 in both
males (Table 3.5) and females (Table 3.6). The increased cardiac output was attributed to
increased stroke volume in both males and females since no changes in heart rate were evident
between groups. The cardiac changes in KID offspring were associated with increased oxygen
delivery in both male and females at PD3, though these effects diminished with time, and were

no longer significant at PD13.
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Table 3.5. Neonatal systolic function in males.

Male Offspring PD3 P Values PD13 P Values
Ctl (n=7) ID (n=7-8) KID (n=8-9) Ctl (n=7) ID (n=7) KID (n=9)

HR (bpm) 272+13 259+13 278+10 0.49 348+14 293+11 32347 0.008
EF (%) 78+1 6513 %** TAL3HH 0.0003 78+4 61+£4* 70+4 0.04
FS (%) 46+1 RVES Gt A4+ | 0.0002 4743 334+3%* 41+3.5 0.03
SV /BW (mL/g) 2.7+0.08 2.840.2 3.4+0.2%# 0.006 1.8+0.1 1.7£0.1 1.940.1 0.48
CO/BW (mL/min*g) 0.74+0.04 0.70+0.02 0.95+0.04***###  <0.0001 0.64+0.06 0.50+0.05 0.61+0.03 0.13
DO2/BW (mL/min*g) 0.091£0.008  0.046+0.003**** 0.064+0.003*# <0.0001  0.071+0.008  0.040+0.003**  0.051+0.004* 0.002
MV S’ (mm/s) 18+2 16+1 18+2 0.80 23+1 20+1 20+1 0.05
Asc Aorta Vel (mm/s) 378425 501473 580446 0.09 919457 589+49%* 4754 1%** 0.0003
Desc Aorta Vel (mm/s) 521430 488+47 507+33 0.85 753429 712438 786+47 0.44

Data are mean=SEM. Comparisons between group was performed using a one-way ANOVA followed by Sidak posthoc test.

*P<0.05, **P<0.01, ***P<(.001, ****P<0.0001 versus Ctl; #P<0.05, ##P<0.01, ###P<0.001, ####P<0.0001 versus ID. Ascending aorta velocity,

Asc Aorta Vel; bodyweight, BW; cardiac output, CO; descending aorta velocity, Desc Aorta Vel; ejection fraction, EF; fractional shortening, FS;

heart rate, HR; mitral valve systolic wave, MV S'; oxygen delivery, DO2; stroke volume, SV.
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Table 3.6. Neonatal systolic function in females.

Female Offspring PD3 P Values PD13 P Values
Ctl (n=6-7) ID (n=6-8) KID (n=8-9) Ctl (n=5-7) ID (n=7) KID (n=9)

HR (bpm) 282+13 271£11 28147 0.72 339+10 306+5.41 326+12 0.11
EF (%) 7542 7042 76+1 0.09 80+2 65+4* 7343 0.03
FS (%) 4342 38+2 43+1 0.09 48+2 36+3* 43+3 0.02
SV /BW (mL/g) 2.7+0.1 2.9+0.3 3.4+0.1 0.04 1.9+0.1 1.8+0.1 2.0+0.2 0.71
CO/BW (mL/min*g) 0.77+0.05 0.76+0.048 0.96+0.041*# 0.007 0.63+0.03 0.57+0.04 0.64+0.05 0.43
DO2 / BW (mL/min*g) 0.090+0.006  0.051£0.003****  (0.070+0.005*#  <0.0001  0.064+0.006  0.044+0.004*  0.052+0.005 0.03
MV S’ (mm/s) 15+1 15+0.7 14 +0.7 0.39 24+0.9 20+0.8** 20+0.8** 0.004
Asc Aorta Vel (mm/s) 444428 489+34 588+62 0.18 883458 896+127 633+80 0.07
Desc Aorta Vel (mm/s) 495+22 492+24 546+29 0.25 780+ 29 763+51 692+55 0.27

Data are mean=SEM. Comparisons between group was performed using a one-way ANOVA followed by Sidak posthoc test.
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 versus Ctl; #P<0.05, ##P<0.01, ###P<0.001, ###P<0.0001 versus ID. Ascending aorta velocity,
Asc Aorta Vel; bodyweight, BW; cardiac output, CO; descending aorta velocity, Desc Aorta Vel; ejection fraction, EF; fractional shortening, FS;

heart rate, HR; mitral valve systolic wave, MV S'; oxygen delivery, DO2; stroke volume, SV.
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Indices of diastolic function from male offspring are shown in Table 3.7, and from female
offspring in Table 3.8. Primary measures of diastolic dysfunction, including E/A, E/e’ and TEI
index were not different among groups in either male or female offspring. However, some subtle
differences were apparent in male offspring, particularly at PD13, where ID was associated with
reduced MV A, MV E, and MV ¢’ velocities in males, with the former two being at least
partially reversed by ketone supplementation. Differences were even more subtle in female
offspring, which included reduced IVCT at PD3, albeit only in the KID group, and reduced MV
a’ velocities in ID and KID offspring at PD13. Notably, AET values were increased in ID male
and female offspring at PD13 which was reversed by ketones in only the males, this may reflect

reduced blood viscosity due to anemia.

Indices of pulmonary artery and venous flow, as well as flow into the right ventricle are shown in
males in Table 3.9 and in females in Table 3.10. PAT/PET, one of the primary measures of
pulmonary artery flow was elevated in KID male offspring compared to control at PD3, which
may indicate improved right ventricular function. Other differences were noted, including
increased PET at PD13 in ID, which was partially reversed by ketone supplementation in both
male and female offspring. Finally, pulmonary vein systolic wave (S wave) was also increased
when compared to Ctl in both male and female PD3 KID offspring, as well as at PD13 in female
offspring. Increased pulmonary vein systolic wave velocities could be indicative of improved
diastolic function in these groups, which is consistent with a trend towards an increased S/D ratio

in both males and females.
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Table 3.7. Neonatal diastolic function in males.

Male Offspring PD3 P Values PD13 P Values
Ctl (n=6-7) ID (n=8) KID (n=7-9) Ctl(n=7)  ID (n=6-7) KID (n=9)
LA diameter (mm) 1.9+0.1 1.7+0.1 1.7+0.1 0.49 2.4+0.1 2.6+0.2 2.6+0.2 0.88
E/A 1.4+0.3 1.1+0.1 1.1£0.1 0.28 1.3+0.1 1.5+£0.2 1.1+0.1 0.19
AET (ms) 103+5 110+£5 106+5 0.61 70+3 84+4* 8242% 0.01
IVCT (ms) 17+1 16+2 12+1 0.11 2442 26+3 21+1 0.21
IVRT (ms) 26+3 2544 19+1 0.19 2342 28+2 27+1 0.10
MV A (mm/s) 392483 428+39 511+26 0.24 585+30 439+£56* 568+20# 0.02
MV E (mm/s) 443+42 438+22 518+15 0.07 724453 578+18* 632+24 0.03
MV a’ (mm/s) 15+1 1742 16+1 0.58 2543 18+1 20+2 0.15
MV ¢’ (mm/s) 13+1 12+1 12+1 0.33 3243 21£1%** 234£2%* 0.003
TEI index 0.42+0.03 0.37+0.04 0.31+0.02 0.07 0.64+0.05 0.66+0.07 0.59+0.03 0.06
e’/a’ 0.88+0.04 0.70+0.05%* 0.75+0.05 0.04 1.2740.13 1.22+0.10 1.1940.11 0.86
E/e’ 3443 40+4 45+2 0.14 23+1 27+1 2942 0.06

Data are mean+SEM. Comparisons between group was performed using a one-way ANOVA followed by

Sidak posthoc test. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 versus Ctl; #P<0.05, ##P<0.01,

###P<0.001, ####P<0.0001 versus ID. Aortic ejection time, AET; early left ventricular filling velocity,

or MV E; late left ventricular filling velocity, A or MV A; early mitral valve filling velocity, ' or MV ¢'

isovolumetric contraction time, IVCT; isovolumetric relaxation time, IVRT; late left ventricular filling
velocity, A or MV A; late mitral valve filling velocity, a' or MV a'; left atrium diameter, LA diameter;

myocardial performance index, TEI index
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Table 3.8. Neonatal diastolic function in females.

Female Offspring PD3 P Values PD13 P Values
Ctl (n=6-7) ID (n=7-8) KID (n=9) Ctl (n=7) ID (n=7) KID (n=7-9)

LA diameter (mm) 1.9+0.1 1.8+0.1 1.8+0.04 0.48 2.5+0.1 2.4+0.1 2.7+0.2 0.24
E/A 1.2+0.2 1.240.06 1.1+£0.05 0.85 1.4+0.1 1.3+0.07 1.24+0.08 0.50
AET (ms) 100+4 103+6 102+2 0.89 7043 85£3%** 7643 0.009
IVCT (ms) 20+1 18+2 124£1%*# 0.004 2342 2042 2342 0.43
IVRT (ms) 2442 24+1 211 0.39 23+1 27+1 2542 0.14
MV A (mm/s) 435+48 444124 455+25 0.90 555+31 521421 602445 0.30
MV E (mm/s) 491+30 49620 506+16 0.88 706428 656125 719422 0.21
MV a’ (mm/s) 1442 16+1 13+1 0.35 29+20 2141%* 2242% 0.008
MV e’ (mm/s) 14+1 12+1 12+1 0.34 29+2 2241 2442 0.09
TEI index 0.44+0.04 0.80+0.38 0.35+0.02 0.33 0.69+0.06 0.56+0.03 0.63+0.03 0.16
e’/a’ 1.16+0.14 0.82+0.04 0.94+0.12 0.12 1.04+0.04 1.09+0.10 1.06+0.06 0.89
E/E’ 37+4 4344 4544 0.41 2643 30+3 3243 0.42

Data are mean+SEM. Comparisons between group was performed using a one-way ANOVA followed by

Sidak posthoc test. ¥*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 versus Ctl; #P<0.05, ##P<0.01,

###P<0.001, ####P<0.0001 versus ID. Aortic ejection time, AET; early left ventricular filling velocity, E

or MV E; late left ventricular filling velocity, A or MV A; early mitral valve filling velocity, ' or MV ¢';

isovolumetric contraction time, IVCT; isovolumetric relaxation time, IVRT; late left ventricular filling

velocity, A or MV A; late mitral valve filling velocity, a' or MV a'; left atrium diameter, LA diameter;

myocardial performance index, TEI index
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Table 3.9. Neonatal pulmonary and right heart function in males.

Male Offspring PD3 P Value PD13 P Value
Ctl (n=5-7) ID (n=7-8) KID (n=8-9) Ctl(n=3-7) ID (n=6-7) KID (n=8-9)

S wave (mm/s) 146+20 209+20 226+13* 0.02 190+29 213£18 215£16 0.67
D wave (mm/s) 231+16 267+12 262+6 0.09 269435 309425 290+16 0.57
A wave (mm/s) 49+4 108425 96+12 0.10 96+17 121+13 120+18 0.61
A duration (ms) 27+10 2544 20+3 0.56 24+8 29+6 2243 0.58
S/D 0.64+0.08 0.78+0.06 0.86+0.04 0.06 0.99+0.44 0.69+0.04 0.74+0.04 0.65
PAT (ms) 20+1 22+2 2442 0.17 2442 25+1 26+1 0.39
PET (ms) 101+5 99+5 9442 0.53 85+2 CRESAa Ol+1*# 0.0004
PV (mm/s) 562+65 659461 719+63 0.24 633+43 689440 776+42 0.07
PAT/PET 0.19+0.01 0.23+0.01 0.25+0.02* 0.02 0.29+0.02 0.26+0.01 0.29+0.01 0.17
TV A (mm/s) 351+31 356+21 344411 0.89 366428 346+20 376+74 0.81
TV E (mm/s) 594+51 617+49 669+30 0.47 585+44 540+21 585428 0.50
TV E/A 0.60+0.04 0.60+0.05 0.52+0.03 0.29 0.63+0.04 0.63+0.03 0.63+0.00 1.00

Data are mean+SEM. Comparisons between group was performed using a one-way ANOVA followed by

Sidak posthoc test. ¥*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 versus Ctl; #P<0.05, ##P<0.01,

###P<0.001, ###P<0.0001 versus ID. Early right ventricular filling velocity, E or TV E; late right

ventricular filling velocity, A or TV A; pulmonary artery acceleration time, PAT; pulmonary artery

ejection time, PET; pulmonary artery peak velocity, PV; pulmonary vein atrial reversal, A wave;

pulmonary vein atrial reversal duration, A duration; pulmonary vein diastolic wave, D wave; pulmonary

vein systolic wave, S wave.
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Table 3.10. Neonatal pulmonary and right heart function in females.

Female PD3 P Value PD13 P Value
Offspring
Ctl (n=3-7) ID (n=8) KID (n=9) Ctl (n=5-7) ID (n=6-7) KID (n=9)

S wave (mm/s) 174+17 218+13 229+13%* 0.04 167+19 241423 238+19 0.03
D wave (mm/s) 254+12 267421 269+14 0.77 331+22 287+34 300+12 0.43
A wave (mm/s) 47+7 106+£8* 83+12 0.03 96+20 106+6 113+12 0.65
A duration (ms) 1442 19+3 2242 0.14 18+3 2344 22+ 23 0.65
S/D 0.69+0.05  0.85+0.07 0.86+0.06 0.11 0.51£0.05 0.96+0.23 0.79+0.06 0.07
PAT (ms) 20+0.95 2542 23+1 0.08 23+1 2441 22+1 0.28
PET (ms) 94+3 96+3 9442 0.90 8342 93+1* 88+2 0.02
PV (mm/s) 608+50 650+36 613448 0.73 652420 766+35 76648 0.09
PAT/PET 0.21+0.01 0.26+0.02  0.25+0.017 0.11 0.28 +£0.01 0.26+0.01 0.25+0.01 0.15
TV A (mm/s) 360+10 381+23 443442 0.16 358425 369+18 430455 0.40
TV E (mm/s) 570+£27 63642 664+33 0.19 544421 608+39 605441 0.38
TV E/A 0.64+0.02  0.60+0.02 0.62+0.06 0.82 0.66+0.05 0.61+0.01 0.70+0.05 0.44

Data are mean+=SEM. Comparisons between group was performed using a one-way ANOVA followed by
Sidak posthoc test. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 versus Ctl; #P<0.05, ##P<0.01,
###P<0.001, ####P<0.0001 versus ID. Early right ventricular filling velocity, E or TV E; late right
ventricular filling velocity, A or TV A; pulmonary artery acceleration time, PAT; pulmonary artery
ejection time, PET; pulmonary artery peak velocity, PV; pulmonary vein atrial reversal, A wave;
pulmonary vein atrial reversal duration, A duration; pulmonary vein diastolic wave, D wave; pulmonary

vein systolic wave, S wave.
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Markers of ketone metabolism were assessed in male (Table 3.11) and female (Table 3.12)
offspring at PD0, PD4 and PD14. In all offspring, cardiac Oxctl was not different among groups.
BDH?2 was reduced in ID and KID groups compared to controls at PD0 and 4, as well as a
marked increase in BDH1 at PD4 and 14. In the liver—the primary site of ketogenesis—Hmgcs2
was not different among groups (in either sex). BDH1 was reduced at PD4 in ID and KID
groups, as were BDH2 and CD36 at PDO. In contrast to males, cardiac BDH1 was increased in
ID and KID offspring at PD0, whereas BDH2 was reduced at PD4 and 14. Liver BDH2 at PDO
was reduced in ID and KID female offspring, whereas at PD4, BDH1 decreased in ID and KID

offspring, and BDH2 and Mct were elevated in these groups.

Maternal ID and ketone treatment also affected expression of genes that encode oxidative stress
resistance factors in male (Figure 3.2) and female offspring (Figure 3.3). In male offspring,
metallothionine (Mt2) was increased by ketone treatment at PDO0, and antioxidants Sod2 and Cat
were reduced at PD4. Furthermore //-1f, a marker of cardiac inflammation, was increased in
male ID offspring at PDO and PD4, this effect was reversed by BOHB treatment. Finally, BNip3
was increased in male KID offspring at PD0 and in ID offspring at PD4. In the females, Mt2 was
similarly increased in ID and KID offspring at PDO (but not at other time points assessed), but no
definitive trend in antioxidant gene expression was evident, except at PD14, where ID females
had reduced Sod2, and this was reversed with maternal ketone supplementation. Notably, at
PDO, KID female hearts exhibited increased IL-1/ as well as increased Bnip3 in both ID and

KID offspring.
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Table 3.11. Ketone metabolism genes in males.

Male Offspring PDO P Value PD4 P Value PD14 P Values
Ctl (n=5-7) ID (n=6-7) KID (n=4-7) Ctl (n=6-7)  ID (n=6-7) KID (n=5-10) Ctl (n=5-7) ID (n=5-7) KID (n=7-10)

Heart

Bdhl 1.00+0.06 1.17+0.07 1.09+0.06 0.21 1.00+ 0.07 1.86+0.18%* 1.72+0.14** 0.0008 1.00+0.22 2.75+0.70 3.10+0.59 0.05
Bdh2 1.00+0.09 0.70+0.02 0.82+0.09 0.03 1.00+ 0.05 0.86+0.03 0.74+0.04**# 0.002 1.00+0.08 0.92+0.02 0.87+0.05 0.26
Oxctl 1.00+0.04 0.91+0.05 0.96+0.04 0.39 1.00+ 0.06 1.07+0.08 0.86+0.05 0.07 1.00+0.09 0.98+0.14 1.24+0.15 0.33
Liver

Bdhl 1.00+0.07 0.91+0.12 0.84+0.08 0.52 1.00+ 0.07 0.63+0.07**  0.60+0.03***  <0.0001 1.00+0.13 0.96+0.07 0.76+0.04 0.08
Bdh2 1.00+0.11 0.55+0.04* 0.90+0.13 0.01 1.00£0.18 0.76+0.10 1.02+0.24 0.59 1.00+0.20 1.48+0.49 0.85+0.10 0.28
Mectl 1.00+0.10 0.92+0.04 0.79+0.04 0.11 1.00+ 0.09 1.22+0.07 1.11+0.07 0.17 1.00+0.08 0.74+0.07 0.87+0.05 0.03
Cd36 1.00+0.18 0.63+0.08* 0.46+0.03 0.01 1.00+ 0.21 0.59+0.07* 0.69+0.18 0.25 1.00+0.10 1.38+0.35 0.93+0.06 0.22
Hmgcs?2 1.00+0.13 0.85+0.10 1.02+0.20 0.66 1.00+£0.13 0.85+0.07 0.83+0.07 0.71 1.00+0.14 1.20+0.29 0.78+0.04 0.19

Data are mean=SEM. Comparisons between group was performed using a one-way ANOVA followed by Sidak posthoc test. ¥*P<0.05, **P<0.01,

*#%p<0.001, ****P<0.0001 versus Ctl; #P<0.05, ##P<0.01, ##tP<0.001, ####P<0.0001 versus ID.
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Table 3.12. Ketone metabolism genes females.

Female Offspring PDO P Value PD4 P Value PD14 P Values
Ctl (n=5-7) ID (n=6-7) KID (n=4-7) Ctl (n=6-7) ID (n=6-7) KID (n=5-10) Ctl (n=5-7) ID (n=5-7) KID (n=7-10)

Heart

Bdhl 1.00+0.13 1.68+0.10%** 1.66+0.10%** 0.0006 1.00+0.14 1.16+0.07 1.13+0.06 0.46 1.00+0.19 1.50+0.32 1.68+0.24 0.17
Bdh?2 1.00+0.06 0.78+0.07 1.03+0.08 0.08 1.00+0.06 0.81+0.04* 0.82+0.05* 0.03 1.00+0.12 0.81+0.06 0.69+0.04* 0.02
Oxctl 1.00+0.13 1.18+0.07 1.14+0.06 0.38 1.00+0.07 0.96+0.05 0.99+0.07 0.91 1.00+0.16 0.89+0.07 1.01£0.10 0.77
Liver

Bdhl 1.00+0.11 0.66+0.11 0.80+0.08 0.08 1.00+0.07 0.72+0.08 0.70+0.06* 0.01 1.00+0.04 0.89+0.06 0.94+0.08 0.54
Bdh2 1.00+0.14 0.53+0.06* 0.78+0.06 0.005 1.00+0.12 1.90+0.25* 1.95+0.22* 0.009 1.00+0.10 1.16+0.15 1.53+0.24 0.16
Mectl 1.00+0.15 0.94+0.09 0.88+0.05 0.67 1.00+0.08 1.26+0.04* 1.22+0.08 0.04 1.00+0.08 0.97+0.07 0.92+0.07 0.70
Cd36 1.00+0.10 1.58+0.81 0.60+0.06* 0.27 1.00+0.22 0.86+0.07 0.65+0.11 0.22 1.00+0.07 1.09+0.15 1.38+0.12 0.07
Hmgcs?2 1.00+0.10 0.82+0.09 0.88+0.10 0.49 1.00+0.08 1.24+0.13 1.25+0.10 0.22 1.00+0.08 0.81+0.07 1.03+0.10 0.21

Data are mean+SEM. Comparisons between group was performed using a one-way ANOVA followed by Sidak posthoc test. *P<0.05, **P<0.01,

**4P<0.001, ****P<0.0001 versus Ctl; #P<0.05, ##P<0.01, ###P<0.001, ####P<0.0001 versus ID.
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Figure 3.2. RT-qPCR of cardiac injury and oxidative stress in males. In control (CTL), iron-deficient

(ID), and ketone treated iron-deficient (KID) offspring on postnatal day (PD) 0, 4, and 14. Data are mean

+SEM. Data are analyzed by one way ANOVA with Tukey's post hoc test; stated p values reflect overall

outcomes, and stars represent post-hoc outcomes (¥*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001).
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Figure 3.3. RT-qPCR of cardiac injury and oxidative stress in females. Control (CTL), iron-deficient
(ID), and ketone treated iron-deficient (KID) in offspring on postnatal day (PD) 0, 4, and 14. Data are
mean +SEM. Data are analyzed by one way ANOVA with Tukey's post hoc test; stated p values reflect

overall outcomes, and stars represent post-hoc outcomes (*P<0.05, **P<0.01, ***P<0.001,
***%P<(0.0001).
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3.5 Discussion

Iron deficiency remains the most common nutritional deficiency worldwide, and pregnant women and
infants are among the most susceptible subgroups. While iron supplements are widely available and
commonly prescribed during pregnancy and in early infancy, the intractability of ID belies the
effectiveness of this strategy. As noted above, some of the challenges with iron supplementation include
poor compliance (because iron supplements can cause gastrointestinal discomfort), and many cases of ID
are attributed to poor intestinal uptake, where supplements are of little benefit. Consequently, there is
value in investigating alternative treatments to prevent or mitigate the deleterious short- and long-term
effects associated with perinatal ID. We and others have previously shown that ketones exhibit
cardioprotective effects in several preclinical disease models (375, 381-384). Here, we investigated the
use of daily maternal BOHB-supplementation throughout pregnancy as a means to improve offspring
cardiac effects caused by ID. To summarize the results, perinatal ID caused: (1) asymmetrical growth
restriction, characterized by increased brain and heart weights; (2) systolic dysfunction and diminished
systemic O2 delivery, as well as alterations in diastolic and pulmonary function in male and female
offspring; (3) alterations in expression of genes related to metabolic function as well as inflammation and
oxidative stress within the heart. Moreover, ketone supplementation in ID dams (4) prevented systolic
dysfunction in offspring and altered gene expression related to inflammation and oxidative stress in the

neonatal period.

We previously reported that maternal iron restriction (and resultant offspring ID) is associated
with altered growth and development in the neonatal period, which included marked
cardiomegaly. Interestingly, despite having larger hearts, ID results in systolic dysfunction in
neonates, which thereby mitigates increases in CO and impairs the heart’s ability to overcome
the hypoxemia caused by anemia (Chapter 2). Here, we show that ketone supplementation during

pregnancy reversed this systolic dysfunction in ID neonates, which enables the larger hearts to
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increase cardiac contractility, CO, and total oxygen delivery. Notably, BOHB supplementation
improved CO in the absence of an increase in wall thickness; this is important because cardiac
hypertrophy during periods of rapid growth and development could lead to persistent structural
changes that predispose the offspring to cardiac complications with age (385). Finally subtitle
changes in cardiac function (e.g. MV A wave velocity and PET in males, and AET in females)

were improved at PD13 indicating there may be some lasting effects of ketone supplementation.

Despite improving heart function at PD3, maternal ketone supplementation had no effect on
body weight or organ weights at PDO or PD4. Although we do not have a definitive explanation
for this, it is possible that the timing of ketone supplementation was not optimal for this model.
Dam ketone supplementation was restricted to pregnancy for both practical as well as conceptual
reasons. Pragmatically, this treatment regimen was chosen to avoid repeated handling and
injecting neonatal pups, which can increase in incidence of maternal cannibalism in this and
other models of developmental stress (unpublished observations). Conceptually, since ID fetuses
deviate most from their normal growth trajectories in the last week of gestation (Hanna et al.)—
where fetal body weights increase 3-fold from GD18-21— we reasoned that offspring would be
most amenable to treatments that improve cardiac function during this developmental period.
However, a recent study showed that the provision of high FiO2 did not result in increased
oxygen consumption in the ID fetus, despite exhibiting marked growth restriction and enlarged
placentas (Chapter 4). One interpretation of these findings is that ID imposes constraints on fetal
growth and metabolism throughout pregnancy (possibly by impairing placental development and
function) such that fetal circulatory adaptations do not result in improved oxygen and nutrient

delivery to tissues. In this scenario, ketone supplementation as a therapeutic strategy to improve
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fetal cardiac function would be effective only if the metabolic constraint imposed by ID (i.e.
placental dysfunction) is prevented or removed. Postnatal ketone supplementation could be an
alternative strategy to improve neonatal offspring cardiac function in this model, although the
short and long-term benefits of a comparatively late intervention as opposed to a gestational
treatment should also be considered. Notwithstanding the inability to reverse growth restriction
in ID offspring, the utility of ketone supplementation could make neonates more resilient to
stressors associated with impaired oxygen delivery. Indeed, neonatal anemia is associated with
increased incidence of ischemic bowel injury (386), and the beneficial effects of ketone
supplementation on neonatal heart function could improve blood flow and reduce a potentially

life-threatening scenario.

To gain some insights into the mechanisms by which maternal BOHB supplementation improves
offspring cardiac function, we assessed gene expression patterns of a number of important
signaling cascades. Maternal iron restriction was associated with reduced expression of a number
of genes involved in ketone metabolism, including reduced BDH1 and BDH2 in the liver, which
is responsible for conversion of AcAc to BHB, and could explain the reduced ketone levels in ID
neonates and elsewhere (377). Exogenous ketone administration reversed liver BDH2 in males
and females, which is consistent with reports showing their levels are influenced by elevated
ketone levels, either by ketogenic diet feeding or diabetic ketoacidosis (387, 388). Since elevated
ketone levels affect the endogenous ketone metabolism, the beneficial effects of maternal BOHB
supplementation could reside in either direct actions of ketones on the heart, or via indirect
mechanism affecting ketone signaling. Interestingly, while cardiac BDH1 was elevated in ID

males and females, only ID females exhibited a increase in BDH2 expression. This could reflect
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a compensation that ensures efficient ketone utilization in the heart in female offspring, and the
lack of compensation could, at least in part, contribute to the cardiac dysfunction that is more

pronounced in the male ID offspring.

Consistent with other studies showing BOHB has antioxidant and anti-inflammatory effects in
the myocardium (375, 383), ketone supplementation resulted in Mz2 expression at PDO (a gene
which encodes oxidative stress resistance factors) as well as expression of Sod2 and Cat, albeit in
a sex-dependent manner. Moreover, while //-1— a marker of cardiac inflammation was
increased in male ID offspring, the effects were blunted in KID offspring. Altogether, these
results could suggest maternal ketone supplementation may be protective through pathways
related to inflammation and oxidative stress. However, KID was also associated with elevated I/-
1p expression, as well as Bnip3 a marker of heart injury (389), at PD0O and PD4 in males and
females. The elevation of these inflammatory (//-1f) and apoptotic (Bnip3) markers warrants
caution, as this may suggest increased inflammation due to ketone supplementation, and could
drive deleterious long-term changes such as a reduced endowment of cardiomyocytes or an
increase in fibrosis; both of which may lead to long term cardiovascular consequences (1).
Indeed, there is some evidence that diets which elevate circulating ketones can result in harm to
the fetus (316, 390). Thus, while maternal ketone supplementation did not cause obvious
dysfunction or exacerbate growth restriction in the offspring in the present study, the potential
short and long-term risks of treatment should be considered in tandem with the observed
benefits. Indeed, in the context of the DOHaD hypothesis, adverse consequences of perinatal
intervention treatments could result in long-term health outcomes that do not manifest until later

life.
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In conclusion, we showed that perinatal ID results in systolic dysfunction in the hearts of ID
offspring, and exogenous BOHB supplementation improved cardiac output and total oxygen
delivery in the hearts of these offspring. Moreover, ketone supplementation affected gene
expression related to inflammation and oxidative stress, but not ketone metabolism, which may
suggest involvement of these pathways. While further work is required to investigate the safety
profile of BOHB, this suggests BOHB supplementation may be a useful therapy for pregnant

women and young children affected by ID and/or anemia.
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4.1 Abstract

We aimed to evaluate fetal and placental oxygen saturation (sO2) in anemic and non-anemic pregnant rats
throughout gestation using photoacoustic imaging (PAI). Female Sprague Dawley rats were fed an iron-
restricted or iron-replete diet before and during pregnancy. On gestational days 13, 18, and 21, PAI was
coupled with high resolution ultrasound to measure oxygenation of the fetus, whole placenta, mesometrial
triangle, as well as the maternal and fetal faces of the placenta. PAI was performed in 3D, which allowed
sO2 to be measured within an entire region, as well as in 2D, which enabled SO2 measurements in
response to a hypoxic event in real time. Both 3D and 2D PAI were performed at varying levels of Fi0O2
(fraction of inspired oxygen). Iron restriction caused anemia in dams and fetuses, a reduction in fetal body
weight, and an increase in placental weight, but overall had minimal effects on sO2. Reductions in Fi02
caused corresponding reductions in sO2 which correlated to the severity of the hypoxic challenge.
Regional differences in sO2 were evident within the placenta, and between the placenta and fetus. In
conclusion, PAI enables non-invasive measurement of sO2 both rapidly and with a high degree of
sensitivity. The lack of overt changes in SO2 levels between control and anemic fetuses may suggest
reduced oxygen extraction and utilization in the latter group, which could be attributed to compensatory

changes in growth and developmental trajectories.
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4.2 Introduction

The placenta is a specialized organ that controls oxygen, nutrient and waste exchange between the mother
and fetus throughout pregnancy. It also serves as an important signaling hub via the production of
hormones and cytokines. During early pregnancy, placentation occurs in a relatively hypoxic
environment, where low oxygen levels prevent early trophoblast differentiation (391). In the following
weeks, vascular remodeling results in increased perfusion, resulting in improved oxygen and nutrient
delivery to the placenta and fetus. Impaired oxygen delivery to the placenta or fetus, such as in cases of
maternal hypoxemia or placental insufficiency, can result in severe pregnancy complications, including
intrauterine growth restriction (IUGR), developmental anomalies, or fetal demise (392, 393).
Measurements of fetal or placental oxygen delivery would be useful to evaluate fetal exposure to a
hypoxic environment this would also allow for distinguishing between cases of constitutional smallness
versus IUGR due to placental insufficiency and other complications of pregnancy. Cord blood gas
analysis can be performed at the time of delivery; however, this is a poor predictor of hypoxic injury
(394); and at this point any damage from hypoxia would have already occurred. Instead, there is a need to
assess placental function and oxygenation directly throughout gestation, though this comes with

challenges.

In clinical practice, placental health is routinely assessed via ultrasound (also called sonography or
ultrasonography). Sonography allows for the assessment of size and shape of the placenta and fetus, as
well as flow velocity profiles through the umbilical cord. However umbilical artery velocities have been
shown to have limited abilities to detect placental abnormalities in both early and low risk pregnancies
(395-398). For these reasons, its use as a screening tool for placental insufficiency (and associated [UGR)
is contentious (395, 396). Cordocentesis allows for direct measurements of fetal blood oxygenation, but it
is invasive, and cannot provide information on the regional heterogeneity of placental dysfunction. Thus,
there is a need for clinical tools that assess perfusion and oxygenation of the conceptus, which could

allow earlier detection of placental dysfunction and enable timely intervention.
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Photoacoustic imaging (PAI) is a novel approach that has been used primarily to study tumor
vascularization (399). Recent improvements in resolution and penetration depth have made imaging
tissues like the placenta possible (400-404). PAI employs a laser directed at small regions of tissue which,
when absorbed, produces a sound wave that is detected by ultrasound. PAI, like a pulse oximeter, can
differentiate molecules such as oxygenated and deoxygenated hemoglobin (Hb) based on absorption
spectra (850 nm and 750 nm respectively) (405, 406). This enables spatial imaging within a two- or three-
dimensional field, that can be overlaid with B-mode ultrasound images. Additionally, unlike
cordocentesis, PAI is non-invasive and therefore allows for serial measurements of the fetus. However,
due to the novelty of the technique, how various physiologic variables influence PAI assessments during

pregnancy is not clear.

Globally, the incidence of anemia (defined as a reduction of Hb based on trimester) during pregnancy is
36.5%, with the majority of cases attributed to iron deficiency (ID) (211). Anemia in pregnancy is
associated with complications, including increased risk of postpartum hemorrhage, placental abruption,
preterm birth, and fetal malformation (407). Moreover, because anemia is a risk factor for a number of
complications in pregnancy (e.g. IUGR, preeclampsia) (408), developing technologies to screen as well as
study these complications within the context of anemia is critical. However, since blood oxygen
saturation (sO2) reflects the ratio of oxygenated to deoxygenated hemoglobin, rather than Hb

concentrations per se, it is unclear how anemia affects PAI measurements.

The objective of this study was to evaluate placental oxygen saturation in pregnant dams with and without
iron deficient anemia (IDA) using PAI. To further explore the impact of anemia on placental and fetal
oxygenation, PAI assessments were performed in conditions where control and anemic dams were

exposed to an acute hypoxic episode.
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4.3 Methods

4.3.1 Animals and Treatments

The protocols described herein were approved by the University of Alberta Animal Care and Use
Committee in accordance with guidelines established by the Canadian Council for Animal Care. Female
Sprague-Dawley rats (6 wk of age) were purchased from Charles River and housed at the University of
Alberta Animal Care Facility, which maintains a 12-hour light/dark cycle and an ambient temperature of
23°C. Rats had ad libitum access to food and water throughout. Purified diets used in this study were
based on the AIN-93G formula and differed only by the amount of ferric citrate added. Two weeks before
mating, female rats were assigned to either a control (Ctl) or IDA groups: rats in the Ctl group were fed a
purified control diet containing 37 mg/kg diet of elemental iron, and those in the IDA group were fed a
purified diet containing 3 mg/kg diet of elemental iron. After two weeks on their respective diets, female
rats were repeatedly housed overnight with male rats (fed a standard rodent chow) until pregnancy was

confirmed by presence of sperm in a vaginal smear the next morning (defined as gestational day [GD]0).

4.3.2 Photoacoustic Imaging (PAI)

All dams underwent PAI on GD13, 18, and 21 (term = 22 days). Prior to imaging, dams were induced
with 5% isoflurane and maintained at 1.5-2.0% isoflurane carried in 1.5 mL/min of medical-grade gas
(composition described below). Depth of anesthesia was monitored continuously and isoflurane was
adjusted as needed to maintain a heart rate of at least 70% of the baseline throughout (with exception
during the hypoxia challenge). Each animal was anesthetized for a maximum of 2 hours per day. After
induction, the abdomen was shaved and the remaining hair was removed by applying depilatory cream
(Nair® extra gentle) for a maximum of 30 seconds (to prevent skin irritation). Dams were then placed

supine on a heated physiological monitoring stage.
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Photoacoustic images were acquired with either the MX250 (15-30 MHz; for GD13 and GD18
assessments) or MX201 (10-22 MHz; for GD21 assessments) connected to the Vevo 3100 LAZR-X
photoacoustic imaging system (Fujifilm Visualsonics Inc., Toronto, Canada). The MX250 and MX201
transducers have an axial resolution of 75 and 100um, respectively, and a medium optical fibre with a
width of 24mm; in rats, the MX250 transducer provides sufficient resolution at the earlier gestational
stages, whereas the MX201 transducer provides a depth of field to capture larger fetuses at the end of
gestation. For each scan the amniotic sac was positioned within the optical focus between 12 and 17 mm
with care taken that the both the placenta and the fetus were not obstructed by artifacts (e.g. bubbles, and
skin reverberations). Time Gain Compensation was adjusted to add gain to deeper structures and was
saved as a pre-set to ensure consistency between animals. The images used to quantify oxygen saturation

were collected using 750 nm and 850 nm wavelengths in the built-in Oxyhemo mode.

Two sequential imaging protocols were used in the same cohort of pregnant rats at each gestational age.
In the first protocol, photoacoustic scans were performed in a 3-dimensional (3D) mode, allowing for
recordings of oxygen saturation across the entire placenta and fetus; this approach was used to evaluate
the effects of ID on blood oxygenation in various regions of the fetoplacental unit. The first protocol was
performed when dams were administered FiO2 (fraction of inspired oxygen) of 21% and 100%.

Collectively this protocol took no longer than 30 minutes.

The second imaging protocol was performed immediately after the first using a 2-dimensional (2D) mode,
which allowed for a response to hypoxia to be measured in real time. The placenta was positioned
longitudinally so that the following 5 distinct regions of the fetoplacental unit could be imaged
simultaneously in one plane: the whole fetus, the whole placenta, the mesometrial triangle (which
connects the uterine horn and the placenta), as well as the fetal face of the placenta (i.e. the labyrinth at
GD18 and GD21) and the maternal face (i.e. the basal zone at GD18 and GD21). Care was made to

ensure planar sections fell within the central region of the placenta and fetus, which proved relatively easy
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given the space constraints of the amniotic sac. Baseline images were taken at 21% FiO2, after which the
FiO2 was reduced to 4% for 40 seconds and subsequently increased to 100% for up to 80 seconds (after
which tachypnea caused the placenta to shift out of the imaging plane). This was done to assess the
impact of ID on temporal changes in blood oxygenation following an acute episode of hypoxia (e.g. as

might occur during a maternal hypotensive episode).

Tissue oxygenation measurements were quantified from acquired images using VevoLAZR software
(Fujifilm Visualsonics Inc., Toronto, Canada). Regions of interest were manually defined: whole

placenta, fetal face, maternal face, fetus in both 3D and 2D; as well as skin in 2D.

4.3.3 Tissue Collection

Upon completion of imaging on GD21, dams were anesthetized to a surgical plane (3% isoflurane,
maintenance at 100% Fi0O2) and euthanized by excision of the heart. Fetuses and placentas were removed,
cleaned and weighed. Fetuses were then decapitated and blood was collected for blood Hb assessments

(HemoCue 201 + system).

4.3.4 Statistical Analysis

In all cases the n values reflect the dam or litter; when multiple placentas or fetuses from the same litter
were measured, mean values were calculated and considered n = 1. Data were analyzed by two-way
ANOVA or by fitting a mixed-effects model for the effects of iron-restriction and time as implemented in
GraphPad Prism 8.3.0. Sidak’s post-hoc test was used for multiple comparisons. The Mann-Whitney U

test was used for non-continuous data (i.e. litter size and number of resorptions).
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Figure 4.1. 3D photoacoustic imaging (PAI) of placental oxygenation at gestational day 13. Regions
highlighted are the mesometrial triangle (dark blue), maternal face of the placenta (orange), fetal face of
the placenta (pink), and fetus (teal). In panels B and C bright red represents 100% sO2 dark blue represents

0% sO2 or an absence of hemoglobin.
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Figure 4.2. 2D photoacoustic imaging (PAI) of placental oxygenation at gestational day 13. From left
to right: (a) B-mode ultrasound image of the fetus, umbilical cord, placenta, and mesometrial triangle.
PAI images of oxygen challenge through normoxia (b), hypoxia (c), and recovery (d). In panels b through
d bright red represents 100% sO2 dark blue represents 0% sO2 or an absence of hemoglobin.
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4.4 Results

Dietary iron restriction prior to and throughout pregnancy caused a progressive decline in maternal Hb
levels, culminating in a 50% decrease by GD21 (Figure 4.3a). ID fetuses were also anemic (-48% in
males and -43% in females) and growth restricted (-20% in males, and -16% in females) (Figure 4.3b, c)
compared to their control counterparts. Placental efficiency (the ratio of fetal weight to placental weight)
was decreased by 35% in both males and females (Figure 4.3¢). Finally, anemia was associated with
increased reabsorptions (mean of 2 vs 0, P=0.04) and correspondingly reduced litter sizes (-49%;

P=0.007).

In the first protocol, oxygen saturations were measured at various regions of the feto-placental unit in 3-D
at an FiO2 of 21% and 100%. This allowed for the whole of the placenta and fetus to be assessed rather
than a single plane. IDA was associated with increased sO2 in the mesometrial triangle at GD13, as well
as the whole placenta and fetal face at GD21; the effect of IDA was most pronounced when dams were
exposed to FiO2 of 100% (Table 4.1). In all regions assessed, higher FiO2 were associated with higher

s02, except within the mesometrial triangle at GD21 (Table 4.1).
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Figure 4.3. Maternal and fetal parameters. Maternal Hb (a), fetal Hb (b), fetal bodyweight (c), placenta

weight (d), placental efficiency (e) in CTL and IDA groups. Results are expressed as mean = SEM.

Comparisons between groups were performed using two-way ANOVA followed by Tukey multiple

comparisons test. *p < 0.05, **p <0.01, ***p <0.001, ****p <(0.0001. The Mann-Whitney U test was

used for non-continuous data (i.e., litter size and reabsorptions).
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Table 4.1. 3D oxygenation of regions of the placenta, the fetus, and the mesometrial triangle.

Region 21% FiO2 100% FiO2 P Values
Ctl IDA Ctl IDA FiO2 IDA Int.
GD13
Whole Placenta 61.96+2.10(8)  62.46+1.84(12) 71.98 £2.18 (8) 7521+ 1.15(12) <0.0001 0.41 0.30
Maternal Face 58.98+£3.07(6) 58.08+2.21(12) 70.78 £ 3.10 (6) 72.18 £1.39 (12) <0.0001 0.93 0.55
Fetal Face 67.55+291(6) 68.95+2.20(12) 74.52 £ 4.25 (6) 79.96 £ 1.31 (12) 0.0004 0.27 0.33
Mesometrial Triangle 55.12+2.61(6) 60.09+1.20(11) 62.90 + 1.88 (6) 68.40 £ 1.70* (11) <0.0001 0.03 0.85
Fetus 51.64+£283(6) 5290+ 1.84(13) 58.60 £ 2.82 (6) 55.79 £ 1.43 (13) 0.02 0.77 0.33
GD18
Whole Placenta 56.12 £ 1.86 (5) 56.43 £ 1.58 (5) 62.49 £ 1.90 (5) 59.03 £ 2.64 (5) 0.003 0.57 0.11
Maternal Face 54.76 +£2.36 (4) 51.61 £3.55(5) 59.84 +1.62 (4) 55.42+3.97(5) 0.03 0.41 0.71
Fetal Face 58.35+291(4) 59.56 £ 2.05 (5) 63.89+2.97 (4) 61.66 + 1.87 (5) 0.02 0.21 0.88
Mesometrial Triangle 54.98 £3.96 (3) 54.40 £ 2.53 (5) 63.38£0.51 (3) 64.47+ 1.77 (5) 0.005 0.93 0.70
Fetus 48.93+£0.96(5) 52.06+1.89(11) 59.06 £ 1.20 (5) 60.41£2.36 (11) <0.0001 0.50 0.26
GD21
Whole Placenta 61.85+2.45(5) 62.77 £ 1.40 (6) 64.14 £ 1.08 (4) 72.83 £2.69* (5) 0.009 0.01 0.09
Maternal Face 57.46 £ 3.00 (4) 58.58 + 1.87 (6) 61.30+0.98 (4) 66.49 £ 3.09 (5) 0.03 0.34 0.42
Fetal Face 63.35+2.45(4) 66.19 £ 1.26 (6) 66.77 + 1.28 (4) 77.29 £ 2.68*% (5) 0.003 0.02 0.05
Mesometrial Triangle 60.28 +2.82 (4) 57.70 £3.80 (3) 62.73+3.18 (4) 66.84 £ 2.09 (3) 0.13 0.81 0.34
Fetus 53.01£3.03 (4) 50.38 £ 1.97 (5) 58.33+£2.05(4) 58.51+£2.03 (5) 0.01 0.65 0.48

Results are expressed as mean + SEM. Ctl, control; IDA, iron deficient anemic.

post hoc test, 2-way ANOV A outcomes).
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To determine if the LAZR-X could measure differences in sO2 between proximal regions at different
scales (e.g. whole placenta versus whole fetus, maternal face to fetal face), an ad hoc analysis was
performed in which control and IDA treatment groups were pooled. As expected, sO2 values were
reduced in the fetus compared to the placenta at 21% FiO2 (GD13: -15%, P=0.0008; GD21: -17%,
P=0.001) and 100% FiO2 (GD13: -22%, P<0.0001; GD21: -14%, P=0.02). Interestingly, sO2 values
increased from the maternal face to fetal face at 21% FiO2 (GD13: +16%, P=0.0005; GD21: +12%,

P=0.0004) and 100% FiO2 (GD13: +13%, P=0.002; GD21: +8%, P=0.001).

When comparing 3D images with 2D baseline images at FiO2 of 21% (i.e. prior to induction of hypoxia)
there were no differences in sO2 values at either GD18 or GD21, although at GD13, sO2 values obtained
from 2D mode were increased compared to those obtained in 3D mode (Ctl: +9.7%, P=0.01; ID: +8.2%,

P=0.001;), which may reflect increased sO2 levels within the central placenta compared to the peripheral

sections.

In the second protocol, a central plane of the fetoplacental unit was imaged continuously in real time.
Baseline images were taken at 21% FiO2 (normoxia), after which FiO2 was reduced to 4% for 40
seconds, and subsequently increased to 100%. After brief delay, changes in FiO2 were reflected in sO2
levels in the fetus and placenta (Figure 4.4). Despite the severity of the challenge, only minimal
differences between Ctl and IDA groups were evident. At GD13, sO2 in the whole placenta and fetal face
of IDA fetuses, though not statistically elevated, reached higher peak values during exposure to FiO2 of
100% (Figure 4.4a, b); a similar pattern was observed in the maternal face of the placenta at GD13
(Figure 4.4¢), but multiple comparisons did not reach significance. No other effects of IDA were evident

in any regions at any timepoints assessed.

Qualitatively, skin sO2 was lowest irrespective of Fi02, but tended to be the most responsive in terms of

timing and magnitude. At GD13, regional differences were evident; the whole placenta and fetal face
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tended to have higher sO2 levels than the maternal face of the placenta, the fetus, or the mesometrial
triangle, albeit responses to the acute hypoxic episode were similar. At GD18 and GD21, no regional
differences were evident. Finally, at GD13, during the acute hypoxic challenge, the maternal face of the
placenta exhibited a pronounced lag in the time it took to reach minimum sO2 levels (86+4s; n=14)
compared to all other regions analyzed (whole placenta: 74+6s; fetal face: 69+7s; mesometrial triangle:
70£2s; fetus: 70+1s; skin: 68+4s; n=13-14 for all measurements; P<0.001 for all pairwise comparisons by

Holm-Sidak test).
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Figure 4.4. 2D time intensity curves obtained over a baseline (21% oxygen), hypoxia (4% oxygen), and

hyperoxygenation (100% oxygen). Whole placenta (a), fetal face (b), maternal face (c), fetus (d),

mesometrial triangle (e), and maternal skin (f), in CTL and IDA groups. Top, middle, and bottom panels

depict gestational days 13, 18, 21 respectively. Results are expressed as mean + SEM. Comparisons

between groups were performed using two-way ANOVA.
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4.5 Discussion

The goal of this study was to determine whether maternal anemia affects placental and fetal oxygenation
throughout gestation, as assessed by PAIL. To summarize, maternal iron restriction caused: (1.)
progressively severe maternal anemia throughout pregnancy and severe anemia and growth restriction in
fetus by GD21; (2.) no effects on maternal, placental and fetal oxygenation throughout pregnancy when
dams were exposed to FiO2 21%; (3.) increased placental oxygenation (particularly on the fetal face)
when dams were exposed to Fi02 100% on GD21; (4.) minimal differences in tissue oxygenation when
dams underwent an acute hypoxic episode. These findings may suggest reduced oxygen extraction and

utilization by IDA fetuses in late gestation.

Outside of pregnancy, oxygen delivery to most tissues exceeds metabolic demands (344), and therefore
the reduced oxygen carrying capacity associated with mild anemia can be buffered by increased tissue
oxygen extraction (409, 410). However, there is a limit to this reserve; in cases of severe anemia, oxygen
extraction exceeds supply and results in impaired tissue oxygenation (411-413). During gestation,
physiological reserve is diminished, in part due to increased metabolic demands imposed by growth and
development of the fetus and placenta, as well as a reliance on the maternal circulation for oxygen and
nutrient supply. We therefore expected sO2 levels to decrease in IDA groups as maternal tissue,
placentas, and fetuses may already extract a large portion of delivered oxygen. Contrary to our
hypothesis, we found that tissue sO2 were largely unaffected by anemia at all gestational days. In fact,
sO2 were increased in the fetal face of the placenta in IDA at GD21 with exposure to FiO2 of 100%,
suggesting overall reduced oxygen extraction. This was surprising, because GD21 not only reflects the
period during which maternal and fetal anemia are most severe (i.e. low resources), but the last 3 days of
gestation also represents a period during which fetal weight increases 3-4-fold (i.e. high metabolic

demand) (380).
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This seemingly paradoxical finding could be explained in the context of fetal resource allocation in the
wake of a suboptimal uterine environment. We and others have shown that IDA results in maladaptive
changes in the placenta; despite being larger, IDA placentas have proportionally smaller labyrinth zones
(380) with reduced vascularization (414). The placentas are therefore less efficient, and unable to sustain
optimal growth and development, particularly as anemia worsens and metabolic demands of the fetus
increase throughout pregnancy (380). When faced with this suboptimal in utero environment, the fetus
may alter its developmental trajectories in an effort to reduce energy expenditure, and allocate the limited
resources available to essential processes that ensure survival (223, 380). In this way, the lower growth
rate of the IDA fetus is sustainable despite a less-efficient placenta and the relative hypoxemia induced by
maternal anemia, and the transient provision of excess oxygen (i.e., exposure to FiO2 100%) is not used
by the fetus. This could explain why sO2 levels in the fetal face of the placenta remain elevated in the
IDA group, but fetal values are unchanged. Similarly, the acute exposure to hypoxia had comparable
effects on sO2 levels in the IDA group as controls despite overall reduced fetal oxygen delivery (due by

anemia) (223) because of the proportionally smaller IDA fetus.

In addition to measuring differences between compartments (i.e. fetus, placenta), we also show that the
newest generation of PAI could clearly measure differences in sO2 between the maternal and fetal faces
of the placenta at GD13 in rats. Notably, these differences could not be detected using 2D imaging, but
only using the sensitive 3D imaging, which measures oxygenation over the whole region rather than a
single plane. This is perhaps not surprising because placental vascularization is not homogenous, and this
central planar image is unlikely to reflect oxygenation of the entire placenta. This finding is consistent
with a report by Arthuis et al. that showed 2D PAI could not detect placental regional differences in sO2
at GD14 in rats (404), whereas Yamaleyeva et al. could using 3D PAI at GD14 in mice (403); an
important caveat here is that GD14 represents a comparatively later developmental timepoint compared to
rats, since gestational length is 4 days shorter in mice (term=GD18). Despite the increased sensitivity of

the 3D imaging approach, we also show that a single plane (as assessed using 2D imaging) is sensitive to
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changes in inspired oxygen, and can be measured in real time. Therefore, PAI could be used to measure

oxygenation noninvasively in the context of acute fetal or maternal distress.

Although PAI has been used in the clinical setting, it has mostly been adopted as a research tool to
measure blood flow, oxygenation, or metabolite clearance in peripheral tissues (e.g., tumour, muscle) and
the vasculature (415-417). Feto-placental imaging by PAI could be useful for monitoring fetal well-being.
However, currently depth of penetration remains a limitation for its use in obstetrics, since imaging
tissues with a depth beyond 3.5 c¢m is not feasible. However, PAI may be a practical choice in many
cases, particularly in the third trimester of pregnancy, when the placenta is pressed closer to the surface
(418, 419). It is important to remember that PAI is a relatively new technology, with commercially
available lasers only recently entering the market. The development of powerful lasers which can quickly
switch between wavelengths, in this case to excite oxygenated and deoxygenated Hb; as well as
ultrasound transducers sensitive enough to measure these signals is currently underway, with these
advancements PAI's applications in obstetrics could be more widespread. there are other imaging
modalities that could be used to measure oxygen saturation and delivery (e.g., MRI (420)), PAI offers
advantages, including real-time imaging, portability, and cost-effectiveness. Most importantly, due to the
ubiquity of sonography use at the bedside, PAI could be easily integrated as a standard of care,
particularly with the ongoing developments of 3D photoacoustic tomography which will further improve

resolution.

In conclusion, photoacoustic imaging offers a method to measure fetal, placental, and maternal
oxygenation noninvasively. To our surprise these results show that IDA results in little or no differences
in tissue oxygenation as measured with the current system, which may reflect fetal and placental
adaptations to ensure fetal survival in a suboptimal gestational environment. This technology has the
potential to determine the role of placental and fetal hypoxia in several different disease models,

regardless of fetal or maternal hemoglobin.
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5.1 Abstract

Antioxidants and anti-inflammatory compounds are potential candidates to prevent age-related chronic
diseases. Broccoli sprouts (BrSp) are a rich source of sulforaphane—a bioactive metabolite known for its
antioxidant and anti-inflammatory properties. We tested the effect of chronic BrSp feeding on age-related
decline in cardiometabolic health and lifespan in rats. Male and female Long-Evans rats were fed a
control diet with or without dried BrSp (300 mg/kg body weight, 3 times per week) from 4 months of age
until death. Body weight, body composition, blood pressure, heart function, and glucose and insulin
tolerance were measured at 10, 16, 20, and 22 months of age. Behavioral traits were also examined at 18
months of age. BrSp feeding prolonged life span in females, whereas in males the positive effects on
longevity were more pronounced in a subgroup of males (last 25% of survivors). Despite having modest
effects on behavior, BrSp profoundly affected cardiometabolic parameters in a sex-dependent manner.
BrSp-fed females had a lower body weight and visceral adiposity while BrSp-fed males exhibited
improved glucose tolerance and reduced blood pressure when compared to their control counterparts.
These findings highlight the sex-dependent benefits of BrSp on improving longevity and delaying

cardiometabolic decline associated with aging in rats.
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5.2 Introduction

Aging is a complex biologic process associated with structural and biochemical changes that result in
progressive functional decline (171). Free radical and related oxidants are believed to be involved in this
process. Oxidative stress is thought to activate the immune system generating inflammatory responses
that further exacerbate oxidative stress; the resulting cyclic pattern leads to progressive physiological
decline, culminating into increased morbidity, and eventual mortality (421). Uncontrolled oxidative stress
has been suggested as one of the primary causes of cardiovascular disease and other major health
problems (422). Reduction of oxidative stress on the other hand, has the potential to reverse the age-
related functional deficits in rodents (423, 424). Antioxidant molecules, acting directly or indirectly to
protect cells against oxidative stress, have the potential to prevent age-related diseases. Direct
antioxidants, such as ascorbate and tocopherols (exogenous antioxidants) as well as glutathione, a-lipoic
acid, and ubiquinols (endogenous antioxidants), are redox active compounds able to scavenge reactive
oxygen species. Direct antioxidants are typically short-lived, requiring replenishment or regeneration as
they are consumed in mediating their antioxidant effects. In contrast, indirect antioxidants mediate their
effects by supporting endogenous antioxidant function and are more efficient in reducing oxidative stress
and its associated dysfunctions. Indirect antioxidants are able to activate the Kelch-like ECH-Associating
protein 1 nuclear factor erythroid 2 related factor 2-antioxidant response element (Keap1-Nrf2-ARE)
pathway, an important cellular defense mechanism. Keap1-Nrf2-ARE regulatory pathway activation
results in transcriptional induction of various cytoprotective proteins that play a role in the regeneration of
the direct antioxidant glutathione (425). Age-associated decline in Nrf2 signaling activity has been
suggested as an important factor in the development of age-related onset of neurodegenerative disorders
(171). Restoration of endogenous cytoprotective mechanisms through increased Nrf2 activity is believed

to be an effective strategy to protect against age-related physiological decline (171).

Many functional foods containing bioactive compounds with antioxidant and anti-inflammatory

properties are promising agents for the prevention of age-related chronic diseases (426). Sulforaphane is
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an aliphatic isothiocyanate and an Nrf2 activator with antioxidant properties (427). Broccoli sprouts
(BrSp) contain the highest concentration of glucoraphanin, a glucosinolate hydrolyzed by myrosinase to
sulforaphane. Crushing of the plant cells by chewing or food preparation releases myrosinase from
intracellular vesicles, after which glucoraphanin hydrolyze to yield sulforaphane. Young BrSp contain
higher amounts of glucosinolates (20-50 times more) than mature market-stage broccoli (264) and may
therefore be a better choice for its health-promoting properties. Indeed, we have shown that maternal
BrSp feeding during pregnancy confers protection and mitigates brain injury and neurodevelopmental
delays in a rat model of induced intra-uterine growth restriction and prenatal inflammation (428, 429). In
adult rodents, long-term consumption of BrSp promotes cardiovascular and metabolic health and
mitigates organ damage in diabetes and hypertension (430-432). Despite these well documented effects,
the long-term effects of BrSp feeding on age-related physiological decline has yet to be reported.
Therefore, the aim of this study was to determine the effects of long-term BrSp feeding on
cardiometabolic health, behavioral traits, and longevity in rats. Since age-related complications have

shown a sex-specific pattern (433), we studied both male and female rats.

5.3 Materials and Methods

5.3.1 Animals and Treatments

The experimental protocols described herein were approved by the University of Alberta Animal Care
and Use Committee in accordance with the guidelines established by the Canadian Council of Animal
Care. Twelve-week-old Long-Evans rats (bred in-house) and housed at the University of Alberta animal
care facility under a light/dark cycle of 12 h and an ambient temperature of 22 °C with 40—-60% relative
humidity. Fifty-six rats were bred in total. An estimated standard deviation of 20% of the mean, an overall
effect of 25% for cardiometabolic parameters with 80% power and an a of 0.05 meant a sample size of at
least 10 per group was required. All rats had ad libitum access to a standard rodent chow (5L0D; PicoLab,

St Louis, MO, USA) and water throughout the study. At 12 weeks of age, males and females were
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randomized to the control or BrSp groups. Body weight was monitored monthly for all animals starting at

4 months of age.

Broccoli seeds were purchased from Mumm’s Sprouting Seeds (Parkside, SK). Seeds were sprouted for 4
days and greened for 4 h before harvesting. The sprouts were then air dried for 7 days before use. Rats
were fed 300 mg/kg body weight BrSp 3 days per week (Monday, Wednesday, Friday, to limit rat
agitation) beginning at 4 months of age until death/euthanasia. A quantity of 300 mg/kg BrSp was the
maximum amount Long-Evans rats ate entirely in our pilot experiments and is consistent with amounts

used in other studies (432, 434).

5.3.2 Body Composition and Metabolic Parameters

Body composition as well as oral glucose tolerance tests (0GTT) and insulin tolerance tests (ITT) were
assessed in all rats after 0, 6, 12, 16, and 18 months of treatment (corresponding to 4, 10, 16, 20, and 22
months of age, respectively). Body composition was assessed in conscious rats using a whole-body
composition analyzer (EchoMRI 4-in-1/1000, Echo Medical Systems LLC, Houston, TX, USA)
throughout the study. For oGTT, rats were fasted overnight (16 h). Baseline blood glucose levels were
assessed using a glucometer (AccuChek Aviva Nano, Roche Diagnostics) from a saphenous venipuncture.
Rats were then administered a glucose solution (0.5 g D-glucose per mL water) by oral gavage at a dose
of 2 g/kg body weight. Blood glucose concentrations were assessed at 15, 30, 60, 90, and 120 min post-

glucose administration by saphenous venipuncture.

For the ITT, rats underwent a fast of 4 h prior to blood sampling. Baseline glucose levels were assessed
from a saphenous venipuncture using an AccuChek Aviva Nano blood glucometer (Roche Diagnostics).
Rats then received an intraperitoneal injection of insulin (1.0IU/kg body weight for males or 0.75 IU/kg
body weight for females). Blood glucose concentrations were then assessed at 15, 30, 60, 90, and 120 min

post-insulin injection by saphenous venipuncture.
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5.3.3 Tail-Cuff Plethysmography

Systolic blood pressure was measured non-invasively by tail-cuff plethysmography (CODA, Kent
Scientific, Torington, CT). Animals were lightly sedated (1% isoflurane, 1 L/min oxygen via nose-cone)
and maintained on a temperature-controlled platform (kept at 37 °C). After equilibrating to isoflurane for
10 min, a total of 20 separate BP recordings (cycles) were taken in a single session. Integrity of BP
measurements were evaluated based on whether meaningful diastolic BP and heart rate recordings could
be collected in tandem, though these parameters were not analyzed. Systolic BP data from any cycle

where heart rate or diastolic BP recordings could not be calculated were excluded from analysis.

5.3.4 Echocardiography

Rats were lightly anaesthetized (2.0% Isoflurane, 1 L/min oxygen via nose-cone), kept on a temperature-
controlled warming pad (kept at 37 °C), and imaged in the supine position using a high-resolution
imaging system and a 16-23 Mhz transducer (Vevo2100, VisualSonics Inc., Toronto, ON, Canada). A
single operator who was blinded to experimental groups performed all assessments. Parasternal short axis
M mode tracings of the left ventricle (LV) were recorded at the widest point of the heart, with the M
mode cursor placed perpendicular to the anterior and posterior wall of the left ventricle. LV end-diastolic
and end-systolic diameters (LVID), and septal (IVS) and posterior wall (LVPW) thicknesses were
measured. LV mass was calculated according to the troy formula (LV mass = 1.053 x 0.8 x ([LVIDd +
LVPWd + IVSd]® — [LVIDd}?)), where 1.053 is the specific gravity of the myocardium. Stroke volume
(SV) and cardiac output (CO) were calculated with ventricular end-systolic and end-diastolic volumes
obtained from M mode images. The trans mitral flow velocity was obtained from the apical four
chambers view. The ratio of peak early filling (E) and atrial velocity (A) was measured with pulse wave
Doppler imaging. E and A wave images were used to quantify isovolumic relaxation and contraction
time, as well as aortic ejection time, which were then combined to calculate a TEI index. All values were
measured under steady state conditions and averaged from three cardiac cycles taking care to exclude

cycles that took place during inhalation.
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5.3.5 Behavioral Tests

All behavioral tests were performed after 14 months of treatment (i.e., at 18 months of age). For the
tapered beam, hind limb function was determined using the raised tapered beam test (435). Tapered beam
test provides a sensitive measure of bilateral motor function based on foot faults (slips) made by a rodent
traversing a gradually narrowing beam (436). Briefly, animals walked the beam in two consecutive
recorded trials, albeit only the second trial was scored. Half faults (score = 1) were defined as an instance
in which a portion of the hind paw used the side or lower ledge for weight bearing. Full foot faults (score
= 2) were recorded when the full hind paw used the bottom ledge for support. Performance in the tapered

beam task was assessed by analyzing the sum of the foot faults during the second trial.

The elevated plus maze was used to assess anxiety-related behavior in rats, as well as measures of
locomotion (437). Rats were placed in an elevated structure with two opposing enclosed arms (15 cm
high walls) and two opposing open arms. Each arm was 10 cm wide and 50 cm long. Rats were placed in
the center of the apparatus, facing an open arm and behavior was recorded for 5 min. Recordings were

analyzed for entries and time spent in each arm type (open versus closed).

Finally, the open field test was used to assess exploratory activity in an unfamiliar environment; this test
also provides measures of anxiety-related behaviors (438), as well as locomotor activity. Rats were placed
in the center of an opaque box (60cm x 60cm x 60cm) and video recorded for 5 min to track exploratory
and thigmotactic behaviors (439). Time spent in the center region of the box (defined as an average body
length from the edge of the box) and total distance travelled were recorded and analyzed using tracking

software.

5.3.6 Lifespan Estimation

Animals were inspected twice weekly for general health status. Established criteria for humane endpoints

were used to estimate lifespan, and evaluations were performed by a clinical veterinarian. Criteria for
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humane endpoints included excessive loss of body weight (>20% of body weight from their top weight),
breathing abnormalities (respiratory distress, labored breathing, increased or decreased respiratory rate,
cyanosis), uncontrolled bleeding, presence of big (>3 c¢m) or ulcerated and necrotic tumors, limb
paralysis, dermatitis, malocclusion, or behavioral indicators of pain or severe distress (e.g., hunched
posture, extensive porphyrin staining, piloerection). Post-mortems were performed on euthanized rats, as

well as those found dead in their cages.

5.3.7 Statistical Analyses

Data are presented as mean + SEM. Outcomes were analyzed by two-way ANOVA for the effects of
intervention (BrSp-feeding) and time, followed with Holm—Sidak post hoc test where main effects were
found. Area under the curve (AUC) and behavioral data were analyzed either by Student’s t-test or
Mann—Whitney test as appropriate. Data were assessed for normality by the Shapiro—Wilk test prior to
analyses. All statistical analyses were conducted using Prism 9.0 (GraphPad Software Inc., San Diego,

US.A)).

5.4 Results

5.4.1 Survival and Mean Age at Death

Offspring lifespan, estimated based on established criteria for humane endpoints, are shown in Figure
5.1. Average age at the time of death in male rats was 648 + 25 days (Ctl), and 661 + 39 (BrSp), and in
female rats was 726 £+ 41 (Ctl) and 826 + 29 (BrSp). Log-rank analysis revealed no overall effect of BrSP-
feeding on lifespan in males (P=0.26, Figure 5.1a, left). However, survival curves of control and BrSp-
fed male rats tended to separate at older ages (beyond the point of 2 years), and while there were no
differences in lifespan in the oldest 50% of surviving rats (Figure 5.1a, middle), mean age at death for the
oldest 25% of rats was higher in BrSp-fed rats (838 + 18 days) than controls (754 + 17 days; P=0.01,
Figure 5.1a, right). In females, BrSp feeding improved survival, and the benefits were evident when

considering all rats (P=0.04, Figure 5.1b, left), as well as the oldest 50% of survivors (Figure 5.1b,
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middle), although differences in the oldest 25% of female survivors did not reach statistical significance

(p = 0.06; Figure 5.1b, right).
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Figure 5.1. Survival in male and female rats supplemented with or without broccoli sprouts (BrSp).
Kaplan—Meier curves showing survival in (a) males and (b) females. Middle panels depict mean age at
death of the oldest 50% survivors of male and female rats. Similarly, right panels depict mean age at

death of the oldest 25% survivors of male and female rats.
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5.4.2 Cause of Death

With the exception of 4 males (1 Ctl and 3 BrSp-fed) and 1 female (1 Ctl) found deceased, all rats were
euthanized based on criteria for humane endpoints. The criteria used to determine humane endpoints are
appended. Weight loss and presence of tumors were the predominant criteria for euthanasia. Cases of
malocclusion and severe dermatitis were also considered causes for euthanasia; however, since these
conditions would otherwise not be considered terminal, these subjects were censured, and therefore not
included in survival calculations show in Figure 5.1. Co-morbidities evident at postmortem are also
shown in Table 5.1. Evidence of cardiopulmonary disease and complications of the kidney, liver, and
brain function were present in all animals at the time of death, though it is unclear whether any or all of
these complications contributed to morbidity and mortality. Table 5.1 summarizes the data on the number
of rats with more than one morbidity (cardiopulmonary, kidney, liver, brain, or tumor) at the time of

death.
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Table 5.1. Number and % of rats with more than one health complication at the time of death.

Groups N Total %
Male-Ctl 11 13 84.6%
Male-BrSp 8 12 66.7%
Female-Ctl 8 11 72.7%
Female-BrSp 7 12 58.3%

* Rats found dead (n = 5) or euthanized prematurely solely due to malocclusion (n = 3) are excluded.
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5.4.3 Body Weight and Composition

Body weight in male offspring was not affected by BrSp feeding (Figure 5.2a). In contrast, BrSp-fed
females gained less weight compared to their control counterparts (Figure 5.2b). As expected, aging was
associated with changes in body composition (Figure 5.3). All rats, irrespective of sex or treatment,
tended to gain fat (Figure 5.3a,d) at the expense of lean mass (Figure 5.3b,e) as they aged. BrSp had no
effect on age-related changes in body composition in either sex. Interestingly, whereas abdominal
circumferences, a surrogate of abdominal adiposity, was unaffected by BrSp-feeding in males (P
Bisp—0.35, Figure 5.3¢), BrSp-feeding tended to mitigate this increase in females compared to their

control counterparts (P grs,=0.06, Figure 5.3f).

5.4.4 Glucose Homeostasis

BrSp modestly affected glucose handling parameters, albeit in a sex-dependent manner (Figure 5). BrSp-
feeding was associated with reduced fasting blood glucose levels in males (Pgs,=0.02, Figure 5.4a),
although no differences were apparent in glucose (Figure Sb) or insulin sensitivity (Figure 5.4¢). In
contrast, BrSp-feeding did not improve fasting glucose levels (Figure 5d), nor glucose or insulin

sensitivity (Figure 5.4d) in females.
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Figure 5.2. Body weight over time in male (a) and female (b) rats. Data is presented as Mean + SEM

for n = 614 offspring from separate litters in each group and analyzed by two-way ANOVA.
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Figure 5.3. Body composition and waist circumference. In (a—c) males and (d—f) females, including
(a,d) lean mass, (b,e) fat mass, and (c,f) abdominal girth. Data is presented as Mean + SEM for n = 6-14
rats in each group and analyzed by two-way ANOVA.
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Figure 5.4. Changes in fasting blood glucose and area under the curve for GTT, and ITT in male (a)

and female (b) rats over time. Data is presented as Mean + SEM for n = 6—14 offspring from separate

litters in each group and analyzed by two-way ANOVA.
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5.4.5 Blood Pressure and Cardiac Function

BrSp-feeding had a pronounced blood pressure lowering effect in males that was evident in all ages
(Figure 5.5a). Consistent with these data, echocardiographic measurements revealed reduced cardiac size
in BrSp-fed males compared to controls, reflected in left-ventricular internal diameter at end-diastole
(LVIDd), as well as in corrected left ventricular mass (Table 5.2). Cardiac output was also reduced in
BrSp-fed males compared to controls as indicated by a significant interaction between time and treatment
(P 1n=0.004, Table 5.3), whereas E/A ratio tended to increase upon BrSp feeding in males (P 1,=0.06,

Table 5.3).

BrSp-feeding was also associated with a blood pressure lowering effect in females, albeit this was largely
attributed to differences recorded after 18 months of treatment (Figure Sb). This effect could not be
attributed to attrition, since paired analysis of those female rats surviving at 16 and 18 months of age
yielded similar systolic blood pressure differences (Ctl-F (16 mo.): 132 + 3mmHg [n = 9]; BrSp-F (16
mo.): 128 £4 mmHg [n=11]; p = 0.57; Ctl-F (18 mo.): 142 + 4mmHg [n = 9]; BrSp-F (18 mo.): 124 +
SmmHg [n = 11]; p = 0.01). BrSp-feeding had modest effects on cardiac morphology and function in the
females, albeit an interaction was observed in corrected L'V mass, attributed to an un-sustained increase in
controls at the penultimate time point (16 months; Table 5.2). Finally, like males, cardiac output also

tended to be lower in BrSp-fed females (Table 5.3).
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Figure 5.5. Systolic blood pressure in (a) male and (b) female offspring over time. Data is presented
as Mean = SEM for n = 6—14 offspring from separate litters in each group and analyzed by two-way
ANOVA.
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Table 5.2. Echocardiographic measurements (cardiac morphometry) in rats fed a control or BrSp diet.

Ctl BrSp p-value

0 Months 6 Months 12 Months 16 Months 18 Months 0 Months 6 Months 12 Months 16 Months 18 Months Time BrSp Int
IVSd, mm 1.7+ 0.0 22+0.1 24+0.1 22+0.1 24+0.1 1.7+ 0.0 22+0.1 24+0.1 2.1+0.0 22+0.1 0.008 0.37  0.51
IVSs, mm 23+0.3 3.6+0.2 3.8+0.2 3.6+0.1 40+0.2 23+£0.3 3.6+0.1 4.0+0.1 35+0.1 3.8+0.2 0.02 0.85 0.40
Male LVIDd, mm 7.9+0.6 84+0.2 8.8+0.2 9.2+03 8.8+0.2 8.0+0.3 83+0.2 8.1+0.2 8.2+0.5 84+04 0.61 0.04 0.31
Offspring LVIDs, mm 3.7+0.6 42+03 4.4+0.3 45+0.3 40+04 3.7+0.6 3.8+0.3 35+0.1 39+04 3.7+0.3 0.75 0.18  0.60
LVPWd, mm 22+0.2 22+0.1 2.3+0.1 2.0+0.2 23+0.2 22+0.2 23+0.1 2.1+0.1 2.1+£0.2 22+0.1 0.72 0.88  0.78
LVPWs, mm 34+0.1 3.6+0.2 3.7+0.1 3.7+0.2 3.8+0.2 3.5+0.0 3.8+0.1 3.6+0.1 3.6+0.1 3.8+0.1 0.81 0.88  0.79
Corrected LV mass, g 1.0£0.1 1.3+£0.05 1.5+0.06 1.4+0.09 1.4+0.07 1.0£0.1 1.2+0.04 1.3+0.06 1.2+0.06 1.3+£0.07 0.03 0.04 0.17
IVSd, mm 1.9+ 0.1 1.9+0.1 1.8+0.0 1.9+0.1 1.9+0.1 1.9+0.1 1.9+0.1 1.8+0.0 1.9+ 0.1 1.9+0.0 0.32 0.60  0.95
IVSs, mm 32+0.2 32+0.1 34+0.1 34+0.1 33+0.1 32+0.2 32+0.1 33+0.1 32+0.1 33+0.1 0.69 049  0.99
Female LVIDd, mm 6.1+0.2 6.7+0.2 6.8+0.2 73+£0.2 74+02 6.1 £0.2 6.2+0.3 7.1+£0.1 7.1£0.3 7.0+£0.2 0.003 046 0.25
Offspring LVIDs, mm 2.8+0.1 3.0+£0.2 2.8+0.2 34+0.2 33+0.3 2.8+0.1 2.8+0.3 3.1+0.1 3.6+0.3 33+0.3 0.04 0.76  0.47
LVPWd, mm 23+0.2 1.7+0.1 2.1+0.1 2.1+£0.2 1.9+0.1 23+0.2 2.0+0.1 2.0+0.1 1.9+0.1 2.1+0.1 0.37 0.57 0.11
LVPWs, mm 3.8+0.1 3.1+0.1 3.5+0.1 3.6+0.2 3.6+0.2 3.8+0.1 32+0.1 3.5+0.1 32+0.1 3.5+0.2 0.08 0.50 0.33
Corrected LV mass, g 0.72+0.03 0.69+0.03 0.77+0.04 092+0.06 0.82+0.04 0.72+0.03 0.72+0.04 0.79+0.04 0.77+0.03 0.82+0.05 0.006 0.74  0.05

Times (in months) reflect duration of BrSp feeding. Values are expressed as means £ SEM; n = 614 animals/group. Male or female offspring in

control and BrSp supplemented groups were compared over time with a 2-way ANOVA. LV, left ventricular; IVSd and IVSs, interventricular

septum at diastole and systole, respectively; LVIDd and LVIDs, LV internal diameter at diastole and systole, respectively; LVPWd and LVPWs,

LV posterior wall at diastole and systole, respectively.
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Table 5.3. Systolic and diastolic function in rats fed a control or BrSp diet.

Ctl BrSp p-Value
0 Months 6 Months 12 Months 16 Months 18 Months 0 Months 6 Months 12 Months 16 Months 18 Months Time BrSp  Int

LV end-diastolic volume, ul 340.6 £25.9 389.6 £24.5 427.5+19.4  471.8+29.5 404.1 +32.1 340.6 £25.9 380.1£20.2 355.5+14.6 369.9 £44.5 412.2+41.8 0.51 0.14 0.11

LV end-systolic volume, pl 63.2+19.0 84.4+15.1 96.6 + 15.7 96.6 + 13.6 76.4+13.2 63.2+19.0 66.2+10.9 543+49 69.8+14.8 59.9+10.6 0.79 0.12 0.50

Hear rate (bpm) 3943+78 332.1+£14.6 333.6£12.6 3289+54 3258+17.7 426.2+0.7 351.1+9.8 315.8+12.1 2882+ 15.8 309.5+£17.7 0.06 0.30 0.14

Stroke volume, mL 277.4+10.2 3052+13.1 3309+ 14.8 375.2+28.0 327.6+21.6 277.4+10.2 313.9+£13.0 301.2+£10.8 300.1+33.7 328.4+£243 0.55 0.19 0.13

Male Cardiac output, mL/min 113.6+29 100.5 4.5 1104 +6.7 123.0+8.5 106.0 = 8.4 113.6+2.9 109.7+4.6 945+39 84.1+6.9" 102.9+8.4 0.92 0.08 0.003
Offspring Cardiac output, mL/min.g 0.18 +£0.00 0.13+0.01 0.14+0.01 0.15+0.01 0.14+0.01 0.19 +0.00 0.14+0.01 0.12+0.01 0.10 +0.00 0.15+0.02 0.17 0.34 0.004

Mitral Flow Doppler

E, mm/s 918.4+57.1 936.4 £49.7 886.2 £28.4 892.4+76.4 917.1+79.4 918.4+57.1 838.1£34.7 861.5+40.5 807.1£67.9 912.1+90.2 0.72 0.24 0.77

A, mm/s 998.1 £50.1 T474£722 7544+69.7  758.2+86.6 827.0 £ 81.7 964.4£0.0 718.9 £39.6 665.3 £51.7 485.4+345 714.5£72.8 0.18 0.10 048

E/A 0.93 £0.08 1.31+0.08 1.25+0.11 1.08 +0.06 1.06 = 0.06 0.93 £0.08 1.18 +0.05 1.32+0.08 1.57+0.13 1.28+0.11 0.46 0.12  0.03

TEI index 0.52+0.05 0.44 +0.03 0.57 +£0.04 0.46 +0.02 0.52+£0.04 0.52+0.05 0.46 +0.04 0.55+0.02 0.51 +0.06 0.57 £0.06 0.02 041 083

LV end-diastolic volume, ul 190.4+£9.2 240.9£16.6 2504+128  289.8+214 2948 £14.7 194.0 £29.9 220.0£17.5 258.8+10.8 279.2+20.8 2744146  <0.001 0.61 0.55

LV end-systolic volume, pl 20.0+4.0 33.9+49 292+5.6 47.1 +£6.6 402+94 17.3+4.8 284+54 329+3.8 55.8+12.8 449+93 0.007 0.62 0.62

Hear rate (bpm) 505.7+11.6 398.5+12.9 4033 +15.0 370.4 £21.1 3703+ 11.5 4843 +10.8 383.6+19.8 403.3+15.9 357.2+16.3 332.5+£26.7 0.004 0.29 0.76

Stroke volume, mL 1704 +5.2 207.0+12.7 221.2+8.7 242.6+17.4 2582 +13.8 176.7+25.0 191.6 £ 15.1 2259+8.6 213.3+123 229.5+9.3 0.002 0.17 0.42

Cardiac output, mL/min 86.2+£4.6 82.7£6.0 88.5+£3.4 89.3+£7.0 95.9+6.4 85.3+10.2 724£59 90.6 +4.4 76254 76.8+7.2 0.09 0.04 0.24

OFf:;ljilzg Cardiac output, mL/min.g 0.20 £0.02 0.17+0.1 0.16 £0.01 0.16 £ 0.01 0.18 +0.02 0.21+0.03 0.15+0.01 0.17+0.01 0.14+0.01 0.14+0.2 0.48 0.06 0.22
Mitral Flow Doppler

E, mm/s 824.2+0.0 837.1+£47.2 885.5+£56.3 827.1+£72.4 786.4+43.9 832.6 0.0 780.1 +44.6 889.0+42.9 902.5+53.7 797.9+61.1 0.13 0.99 0.77

A, mm/s 906.5+0.0 854.4£46.5 760.4 £ 60.2 661.4 £54.2 789.3+41.2 926.7+0.0 778.5+51.9 764.0 £ 60.7 660.0 +42.8 766.9 £ 83.4 0.12 0.58 0.91

E/A 0.91+0.00 0.96 +0.03 1.24+0.20 1.27+0.13 1.05+0.08 0.90 + 0.00 1.10+0.06 1.20+0.10 1.46+£0.11 1.30+0.20 0.10 0.28 0.75

TEI index 0.54+0.05 0.48 +£0.05 0.58 £0.04 0.55+0.07 0.54 +0.05 0.54 +0.05 0.44+0.03 0.50 +0.03 0.50 £0.07 0.50+0.03 0.11 0.22 0.96

Times (in months) reflect duration of BrSp feeding. Values are expressed as means + SEM; n = 6—14 animals/group. Male or female offspring in

control and BrSp supplemented groups were compared over time with a 2-way ANOVA.

153



5.4.6 Behavioral Analyses

Table 4.4 summarizes the parameters measured for activity and anxiety behavioral traits in rats. Male and
female rats in both treatment groups performed similarly in the open field maze when total time in center
and total distance was measured. In contrast, total mobile time was higher in BrSp-fed males (P=0.03) but
not females (P=0.13). No differences were observed in performance in the elevated plus maze parameters
between the control and BrSp groups in either sex. On the tapered beam test, BrSp-fed females tended to
have fewer left foot faults compared to their control counterparts (P=0.06), whereas no such differences

were evident between treatment groups in males.
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Table 5.4. Behavioral analysis of rats subjected to open field, elevated plus maze, and

tapered beam tests.

Male Female
Behavioral Test Parameters
Ctl BrSp p-Value Ctl BrSp p-Value
Total distance traveled (m) 13.6+1.9 16.2+29 0.44 20.1+£1.2 218+ 1.4 0.35
Open Field Test Time mobile (sec) 53+5 77+ 10 0.03 79.11 £4.46 88+ 4 0.13
Time in inner zone (sec) 37+ 10 48 +£12 0.49 27.69+3.16 32+5 0.48
Time in open arm (sec) 118 +£29 92 £26 0.41 125+ 20 150+ 21 0.41
Time in closed arm (sec) 125420 150 + 21 0.53 99 +19 100+ 19 0.98
Elevated Plus Maze Entries into open arm 64+0.8 7.0+1.1 0.66 94+0.8 11.3+1.6 0.35
Entries into closed arm 5.8+0.7 59+15 0.97 84+1.1 7.0+£0.8 0.30
Open arm avoidance Index 53.9+5.8 43.8+£8.2 0.31 52.1+54 43.6+5.7 0.30
Total foot faults 34+0.6 35+05 0.86 1.3+04 0.9+0.2 0.43
Tapered beam Right foot faults 1.9+04 2.1+0.6 0.80 0.5+0.2 0.3+0.1 0.39
Left foot faults 1.5+0.3 1.4+04 0.97 1.0+0.3 0.4+0.1 0.06
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5.5 Discussion

Aging is characterized by a decline of cellular, tissue, and organ function, and is typically
associated with a loss of homeostasis and decreased adaptability to stress. This loss of
functionality and diminished adaptability yields a greater vulnerability to disease and mortality
(440). Indeed, aging is the main risk factor for cardiovascular and metabolic diseases, which have
become particularly pressing issues as the global aging population continues to grow. Functional
foods contain bioactive compounds that, in many cases, promote health due to their pleiotropic
effects, and thus may mitigate age-related functional decline and improve longevity. The
objective of this study was to assess the effects of long-term BrSp feeding on longevity in rats, as
well as on cardiometabolic health parameters. To summarize the outcomes, BrSp feeding of
rodents, starting at 4 months of age caused (1) extended life span in rats, albeit this was observed
predominantly in females; (2) reduced body weight gain in females; (3) modest improvements in
glucose handling in males; (4) marked blood pressure reduction in males; and (5) modest changes

in behavioral traits in both sexes.

As expected, aging was associated with an increase in body weight in all rats, which was
accompanied by a decrease in lean mass and concomitant increase in fat mass. The increase in
abdominal girth, which has been reported to be a reliable surrogate of abdominal fat (441),
paralleled the increase fat mass, suggesting the age-related increase in fat is largely attributed to
accumulation of visceral fat. However, in BrSp-fed females, rise in abdominal girth tended to be
lower, which may indicate a propensity for more subcutaneous, and hence healthier, fat
accumulation compared to control females. Yet despite the tendency to reduced abdominal fat

accumulation, there were no apparent changes in glucose handling (i.e., fasting glucose or
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glucose tolerance) in females. In contrast, only male BrSp-fed rats exhibited improved fasting
glucose levels despite no differences in body composition, which is consistent with other reports
in male rats using sulforaphane (171), and underscores that body composition is by no means the
sole determinant of glucose homeostasis. This is perhaps best exemplified by the observation that
among all groups over time, fasting glucose levels as well as GTT and ITT AUCs remained
largely unchanged (or even decreased), despite increases in body weight and fat deposition,

which has been reported by others (442-444).

The pronounced sexually dimorphic effect of BrSp-feeding, aside from body weight gain
observed only in females, was on BP regulation in males. At all times assessed, BrSp feeding
caused a 10—15mmHg reduction in systolic BP, which coincided with lower LV mass (assessed
by echocardiography), reflecting a diminished cardiac afterload (445). The benefits of blood
pressure reduction on longevity are well documented (446), and studies indicate that even modest
reductions of 1-2mmHg can impart survival benefits (447). Although overall survival in males
was not affected by BrSp-feeding, the oldest surviving males were invariably BrSp-fed. In
contrast, BP profiles of control and BrSp-fed females were largely superimposable throughout the
experiments, and yet the latter group exhibited a clear survival advantage. The survival benefit
could be attributed, in part, to BrSp-feeding mitigating the marked rise in BP in control rats at 24
months of age (after 18 months of treatment)—a consistent finding among all control rats
assessed at that time (n = 9), suggesting this was not a spurious observation. Although the cause
of this BP rise is unclear, it may be attributed, in part, to hormonal changes. The increasing
incidence of hypertension occurring at older ages in women than in men (448), is attributed to

hormonal changes following menopause; hormonal changes accompanying reproductive
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senescence in rats may occur at even more advanced ages (449, 450). Therefore, it is not
altogether unexpected that marked BP rises occur beyond 18 months of age. Other potential
mechanistic effects may be attributed to the vascular inflammation seen in spontaneously
hypertensive rats. Wu et al. (451), found that feeding BrSp to spontaneously hypertensive rats
reduced the presence of intra-luminal inflammatory cells seen on pathologic examination, and
this coincided with a reduction in the onset of hypertension. However, the latter does not explain

the sex differences seen in our study, as the former did not compare the sexes.

Notwithstanding, how BrSp mitigates this late-stage BP rise remains unclear. Despite the overall
modest effects of BrSp on the measured cardiometabolic parameters in females, survival benefit
was quite compelling in all the females; BrSp-fed females lived longer than their control
counterparts. The small albeit significant reduction in cardiac output could indicate an overall
decrease in metabolic demands in females, which has been linked to longevity (452, 453).
However, cardiac output was sporadically reduced in BrSp-fed males as well, which may explain

the less robust survival advantage in this group.

Aging is associated with structural and biochemical changes that culminate in profound
functional changes over time; increased tendencies to anxiety and depression-like behaviors (454-
456) and impaired performance in tasks requiring coordinated control of motor and reflex
responses (457) have been described in aged rodents. To this end, control and BrSp-fed rats
underwent a series of behavioral tests, including the tapered beam test, which evaluates motor
coordination and balance, as well as elevated plus maze and open field tests, which evaluate

locomotor activities as well as anxiety-like behaviors, respectively (438). BrSp-fed females
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tended to have fewer foot faults than their control counterparts, which could reflect improved
neurological function with treatment in these animals. In contrast, no apparent improvements in
locomotor function were evident in males. However, BrSp-fed males exhibited increased time
active within the open field, which may reflect better exploratory activity compared to control
counterparts. Despite this benefit, though other well-documented outcomes reflecting anxiety
(e.g., time spent in the center of the open field and ventures into the open-arms of the elevated
plus maze) were not affected by BrSp in males or females. Notably, the outcomes of these tests
probe state-like anxiety, in which situations create anxiety (458), rather than trait anxiety, which
reflect fears that are not apparent to others (459). Therefore, it is possible that the beneficial
effects of BrSp on trait-anxiety may be more pronounced, and thus future studies investigating
whether this treatment may be useful in mitigating anxiety-like behaviors in other contexts

requires further investigation.

There are other limitations to this study that warrant discussion. First, because the primary
objective of this study was to assess longevity, post-mortem tissue collection invariably occurred
from previously moribund animals, thus precluding biochemical analyses. As such, measures of
oxidative stress and inflammation (such as reactive oxygen species and malondialdehyde) were
not measured in this study. Therefore, mechanisms by which long-term BrSp-consumption
promotes health and longevity remain unclear. However, the present study sets the stage for such
mechanistic studies, which in turn may provide insights into the sex-differences in beneficial
effects of BrSp reported herein. Similarly, variability from time of death to post-mortem tissue
collection introduces a large error in histological and immunohistochemical examination. It is

well known that small sample sizes decrease statistical power and decrease the flexibility of effect
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sizes. There is the potential that this study was underpowered and larger groups may have
resulted in significance (e.g., Figure 5.1). Finally, despite low calorie content of BrSp, it is
possible that BrSp feeding may have affected overall food consumption. Although intermittent
food intake assessments did not reveal differences between control and BrSp-fed rats in either sex
(data not shown), the use of non-purified rodent chow, which are less consistent in their
nutritional make-up and indeed less nutritive overall than purified diets, made food intake
parameter difficult to assess. Whether BrSp affects satiety is important because the effects of

reduced food consumption on longevity are well documented.

Overall, this study clearly demonstrated the positive effects of chronic BrSp consumption on
longevity in rats. Body weight, visceral adiposity, glucose handling, and blood pressure were
positively affected by BrSp consumption in rats throughout their life span in a sex-specific
manner. Rats fed with BrSp also exhibited improved activity and bilateral motor function when
older. This highlights the potential of chronic BrSp consumption on improving cardiometabolic
health and neurological dysfunctions associated with aging, which can eventually lead to

improved longevity in the aging population.
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Chapter 6

Summary and Conclusions

6.1 Perinatal Iron Deficiency and Cardiovascular Disease

Nutritional causes of non-communicable disease have likely been recognized for longer than
some may imagine. We do know for example, that gout has been liked to a diet of excess for over
2000 years (460). However, it was not until much more recently that we began to understand how

poor nutrition during development could shape an individual’s lifelong health.

In the 1900's several studies began to link conditions at birth with an increased probability of
cardiometabolic syndromes later in adulthood. James Neal first offered the "Thrifty Genotype"
hypothesis to attempt to explain this phenomenon, suggesting some humans evolved a state of
high insulin resistance to survive periods of nutrient scarcity (461). However, this claim came
with controversy. Early humans did not appear to put on fat in periods between nutrient scarcity
(462), furthermore present-day individuals who should have carried this evolutionary adaptation
did not experience an increased incidence of diabetes or glucose intolerance (463). Neal's work
did however set the stage for David Barker's "Thrifty Phenotype" hypothesis, which proposed an
association between poor fetal nutrition and a following development of type 2 diabetes. Here
relative scarcity was thought to alter development in utero causing a lasting change in glucose-
insulin metabolism. This initial work eventually led to the Developmental Origins of Heath and
Disease (DOHaD) hypothesis, which provides a framework to study how the environmental

factors during early life can permanently influence lifelong health.
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In this thesis, I first had the opportunity to investigate iron deficiency, which during pregnancy,
predispose offspring to chronic disease in later life. However, recognizing many who develop
under ideal circumstances will still experience chronic disease, I then investigated a broccoli
sprouts as a therapy to help mitigate the diseases associated with normal ageing. Collectively, the
focus of this thesis is therefore to evaluate the alterations in cardiovascular function due to

nutritional restriction or nutritional supplementation.

Anemia has been declared a global health priority by the WHO and represents a leading cause of
disability across all populations (234). ID is the chief cause of anemia and the most common
nutritional deficiency worldwide, conservatively ID affects 2 billion people per year (199).
Because of ID's tendency to affect pregnant women, women of childbearing age, and young
children, this disease therefore represents a highly relevant in the field of study. Perinatal ID is
associated with an increased prevalence of both maternal and neonatal mortality, as well as
morbidities such as pre-term birth and intrauterine growth restriction (214, 464, 465). By virtue of
ID's abilities to alter growth trajectories, it may come to no surprise that ID has implications in
the field of developmental programing. We and others have shown that perinatal ID increases the
risk of long term cardiovascular, metabolic, and cognitive dysfunction (225). Because ID impacts
the long-term health of offspring, the overall burden of disease due to ID is likely larger than
previously appreciated. Cardiovascular disease alone is the leading cause of death worldwide and
is responsible for roughly 30% of all deaths (466). If we can understand the mechanisms by
which ID programs cardiovascular disease, and find more effective treatments for perinatal ID,

we could substantially reduce the overall burden of disease across all peoples.
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6.2 Summary of Work

The mechanisms by which perinatal ID affects cardiovascular dysfunction are not presently clear.
Our laboratory has shown maternal ID causes sex- and organ-specific patterns of fetal hypoxia,
mitochondrial dysfunction, and increased ROS generation, collectively these result in reduced
nephron endowment in fetal kidneys (137, 223, 224). In Chapter 2 of this thesis, we extended
our investigation of perinatal ID to the offspring’s heart. We first showed that perinatal ID results
in offspring which are born small and exhibit organ specific growth restriction. Organs deemed
"vital" (i.e., the heart and brain) remained the same weight, at the expense of other organs (i.e.,
liver and kidney). This was likely driven at least partially, by impaired systemic oxygen delivery
in the neonatal hearts. The physiological response to anemia in an adult heart is an increased
cardiac output to compensate for the corresponding reduction in oxygen carrying capacity (467);
in fact, the lower hematocrit in cases of anemia results in reduced blood viscosity, which makes
increases in cardiac contractility less energetically demanding. However, even after adjusting to
the reduced bodyweight, the enlarged hearts of ID offspring did not increase cardiac output, in
part because of diminished cardiac contractility. This is, to my best knowledge, the first study to
show perinatal ID causes a decrease in neonatal ejection fraction. These finding presents an
important co-morbidity that leaves the perinatal ID infant at a greater risk for injury in its first
months of life. Interestingly these changes also occurred in a sex specific manner the extent of
systolic dysfunction for example appeared more severe in males than in females. This is not to
say females were protected however, as this phenomena appeared reversed in measures of

diastolic dysfunction where here the females were more effected.
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Because other forms of neonatal anemia (e.g., hemoglobin Barts disease) are associated with an
initial period of increased cardiac output, we speculated these changes were due to the
biochemical effect of ID. Further analysis showed a diminished expression of proteins associated
with cardiac contractility and structure. Finally, when the hearts were assessed by histology, the
approximation of cardiomyocyte number appeared reduced. This occurred at a time-point after
cardiomyocyte proliferation ended, indicating that offspring exposed to perinatal ID will enter
adulthood with less cardiomyocytes than control offspring. As previously discussed in Chapter
1, a reduced cardiomyocyte endowment could decrease the hearts resistance to injury as well as
accelerate age related cardiovascular decline. Collectively, these findings have important

implications for both the short- and long-term cardiac health of perinatal ID offspring.

The need for treatments of ID in pregnancy is perhaps not obvious given that iron
supplementation appears straightforward and easily accessible. Though iron supplementation is
currently recommended in anemic mothers, oral iron supplements, which are commonly used to
treat ID anemia in pregnancy, are associated with gastrointestinal discomfort which can affect
compliance. Furthermore, there are also circumstances in which iron supplementation is simply
not effective. For example, ID during pregnancy is sometimes caused by poor intestinal
absorption of iron, and in these cases, oral supplementation is of little benefit. To make matters
worse, iron supplementation can be deleterious, resulting in oxidative stress in the fetuses and
placenta, local inflammation in the placenta, and hepatic damage in the dams (255). In other
cases, iron supplementation improves anemia and iron status in the mothers, but has little effect
on the fetus (217, 242). Consequently, new interventions that can be used alone or in combination

with existing treatments to prevent the adverse effects of perinatal ID are needed.
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In Chapter 3, we explored a potential intervention to improve cardiac function in perinatal ID
offspring. Our findings suggest ketone supplementation could be an effective intervention (if
applied in the proper context and found to be safe during pregnancy). Our results first confirmed
the cardiac dysfunction in Chapter 2, and that ketone supplementation resulted in improved
cardiac contractility and total oxygen delivery. Furthermore, ketone supplementation reduced
markers of cardiac inflammation and heart injury in ID offspring. This is also one of the first
papers to test ketone supplementation during pregnancy. While further mechanistic work is
required, we saw no obvious signs of fetal or maternal injury due to ketone supplementation.
Elevated circulating ketones (e.g., ketogenic diet, DKA) are largely considered to be harmful to
both the mother and fetus. Because ketones have been shown to be protective in a number of
other diseases, our hope is this study will encourage more people to investigate ketones as a

supplement in other models of pathological pregnancies.

This also highlights one of the challenges regarding treatments during pregnancy. Due to a higher
degree of developmental plasticity earlier in life, these early interventions may have the largest
potential to alter developmental trajectories. However, this increased plasticity could also raise
the offspring's susceptibility to side effects, either within the target organ or in other organ
systems which fall beyond the scope of the study. Furthermore, while these changes may drive a
beneficial adaptation in the short term, the long-term effects (which may be either positive or
negative) must also be studied. This can be exemplified by the use of corticosteroids prior to
delivery, which are given prior to a preterm delivery to mature the fetal lung. This is common

practice to improve morbidity and mortality rates in preterm babies (468). Unfortunately, animal
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as well epidemiological studies indicate that this practice also is associated with alterations in
endocrine, renal, and brain development, which may eventually lead to increases in blood
pressure as well as mental and behavior disorders later in development (469, 470). When
investigating therapies during development the relative increase in sensitivity to perturbations
must be considered, and care must be taken to investigate the influences of varying organ systems
both in the short and long term. It is only then that the benefits and harms of these treatments can

be balanced to optimize the health of the mother and child.

In Chapter 4 we tested ultrasound guided photoacoustic imaging as a modality to measure
placental oxygenation both noninvasively and in real time. This technology could effectively
measure differences in oxygenation between distinct regions within the placenta with a resolution
on the scale of millimeters. Moreover, despite a severe anemia due to ID, there appears to be
minimal differences between ID and control placental percent oxygenation, indicating a fetal
adaption to the anemia; this may explain why the elevated cardiac output due to ketone
supplementation in Chapter 3 did not appear to improve organ specific growth restriction.
Further, photoacoustic imaging could prove a useful technique to look at hemodynamics as well
as placental oxygen delivery in several models of developmental programing. This study will
hopefully identify photoacoustic imaging as a potential technology to study placenta pathology

both in humans and in preclinical models.

However even if treatments during pregnancy or in early life have the potential to improve
growth trajectories and ultimately leave individuals healthier in adulthood, many will still

develop cardiovascular disease. In fact, as the global life expectancy increases so has the
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percentage of deaths from non-communicable diseases, including cardiometabolic syndrome and
cardiovascular disease (471, 472). In Chapter 5 we tested another nutritional compound, broccoli
sprouts, to see if chronic consumption would improve the cardiometabolic decline associated with
ageing. As previously discussed, broccoli sprouts act on the NRF2 pathway which causes an
inhibition of inflammation, as well as activate the antioxidant response element pathway which
causes an overall increase in endogenous antioxidant function. Previous epidemiological studies
have linked cruciferous vegetable consumption with reductions in all-cause mortality (257),
however the observational nature of this work increases the risk of residual confounders caused
by unmeasured covariates. Testing broccoli sprout’s role on longevity, in a prospective animal
model, was critical to validate the health effects of sulforaphane. In fact, our work represents the
first study to show broccoli sprouts have a direct improvement in lifespan. Additionally, the
treatment herein appeared to reduce visceral obesity in females as well as improve glucose
handling and blood pressure in males; again, highlighting the importance of studying both sexes.
Broccoli sprout consumption therefore has the potential to reduce incidence of cardiometabolic
diseases commonly associated with ageing, which could ultimately improve lifespan and the

quality of life of our population.

Because the programing of perinatal ID is also driven by both oxidative stress and inflammation,
it stands to reason that broccoli sprouts may demonstrate protective effects in our model. In fact,
our collaborators have shown broccoli sprouts are neuroprotective in rat models of both placental
insufficiency and fetal inflammation (428, 429). I originally hoped to build on the work of
Chapter 5 and test the protective effects of broccoli sprouts in maternal ID, however in the

interest of time I will instead leave this work in the capable hands of my peers.
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6.3 Limitations and Remaining Questions

While these four studies addressed the hypotheses we set out to test, there are several limitations
or future directions that should be discussed. The work from Chapter 2 brings several new
hypotheses to question. First, while we demonstrate alterations in protein expression as well as
reduction in cardiomyocyte endowment that persisted throughout the final timepoint of the study,
we can only assume that these changes could affect long term function in adulthood. I believe
these findings warrant a future study, where the long-term programing effects of perinatal ID on
adult cardiac function could be investigated. Currently, this is something on which we can only
speculate through observations of left ventricular hypertrophy, as well as several other
cardiovascular changes outside of the heart (140). Studies using prenatal hypoxia as a model of
developmental stress are associated with lasting cardiac dysfunction (473-476). However, while
we see evidence of hypoxia in our model of ID, current studies are underway to determine
whether the heart itself is hypoxic or not. Finally, it is interesting that male systolic function was
reduced to a larger extent than females, one potential cause of this could be the reduction in
calmodulin found in male but not female offspring. Within the heart calmodulin is responsible for
the regulation of action potential and is typically thought to control heartrate. While we observed
no differences in heartrate calmodulin may represent an interesting protein of future study which

could explain some of the sex specific differences in cardiac function observed.

The work in Chapter 2 is however not without limitations, there are a number of other
techniques and investigations which could further improve this study. First while the offspring
were born growth restricted, their size could have been better characterized. In future works care

will be taken to measure parameters such as abdominal circumference, body surface area, crown
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rump length and tibia length. This would also provide several different parameters which scale
differently to growth (linearly, quadratically) than bodyweight which could then be used to
normalize parameters of cardiac function. Furthermore, the limitations of the assessment of
cardiac function should also be addressed. It is worth noting that unlike human echocardiography,
rats are sedated in our case with isoflurane prior to imaging. Isoflurane is a volatile anesthetic
which lowers heart rate, ejection fraction (independent of preload and afterload), and tidal volume
while increasing stroke volume and respiratory rate; all of these parameters have the potential to
confound particular findings. While on the topic of echocardiography many of our measures of
systolic function were also measured based on geometric assumptions and therefore changes in
cardiac structure (namely aspect ratio) could alter estimated volumes. To name one example a
more spherical ventricle (which occurs in preterm infants) would cause ejection fraction and
fractional shortening to be underestimated. Other parameters such as an integral method of
cardiac output, or even a load independent measure such as a pressure volume loop (which is

admittedly far more invasive) would provide further clarity.

Much like Chapter 5, this may also pose an ideal opportunity to test whether perinatal ID
shortens lifespan, allowing a link to be established between the cardiovascular dysfunction
previously found, and an increase in mortality. Furthermore, perinatal ID did cause both systolic
and diastolic dysfunction in the offspring hearts (shown in Chapter 2 and again validated in
Chapter 3). It is my perspective that this is an important finding with major clinical implications.
A logical next step would be to validate that these changes exist in human neonates, as this could

have the potential to inform clinical management.
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While Chapter 3 suggested exogenous ketones are a promising supplement to alter the
deleterious effects of maternal iron deficiency, this project failed to illuminate the underlying
mechanisms which drove these changes. There are a number of different pathways which ketones
exhibit protective effects (outlined in Chapter 1), and it is likely several of these factors act on
the ID hearts studied in Chapter 3. Now that the ketone treatment has been shown to elicit
positive functional changes, I believe a future study is warranted to uncover the underlying
mechanisms as well as confirm ketones safety as a supplement during pregnancy. Indeed, a major
limitation of Chapter 3 is that (1.) ketones were not studied in control mothers to see how they
affected the physiology of normal animals, and (2.) that other organs were not studied both in the
short and long term to test the effects of maternal ketone supplementation other organ systems.
As discussed in Chapter 3 in some parameters the ketone treated offspring appeared sicker than
their controls, therefore ketones may represent a U-shaped curve by which high doses have the
potential to harm the offspring (something which was confirmed by early pilot studies). There are
a number of mechanisms by which ketones have could elicit cardioprotective effects (anti-
oxidant, anti-inflammatory, ATP production, mitochondrial quality control, epigenetic changes,
ect.) and therefore further work to understand the mechanisms by which ketones improved
cardiac function may help predict potential harmful effects of this therapy allowing this treatment

to be further studied in the context of maternal health.

On the same note, the nature of the longevity study which makes up Chapter 5 required animals
to be euthanized at the end of their life when they were already close to succumbing from
diseases associated with ageing. This precluded biochemical analyses, again leaving the

mechanism by which broccoli sprout supplementation improves the cardiometabolic health of
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these animals unclear. Again, further work would be required to uncover these changes. However
within Chapter 5 an obvious limitation is that other nutrients within the broccoli sprout
supplementation were not controlled for, therefore while sulforaphane may have been the primary
compound responsible for these findings there may be other molecules within broccoli sprouts
that also played a role. One example would be fibre which has been shown to reduce lipid uptake
and may have been partially responsible for the decrease in fat mass. In my opinion this just
further highlights the benefits of studying nutrient supplements instead of just individual

molecules, potential synergistic effects are always of interest and should be explored further.

Chapter 4 assessed photoacoustic imaging in healthy and anemic pregnancies. Because no
differences were seen between the two groups, this technology’s ability to distinguish placental
pathology remains unclear. An interesting area for future study would be to investigate
photoacoustic imagining in placentas with clear anatomical injuries such as placental infarcts.
One limitation was that fetal heart rate was not measured during photoacoustic imaging, this was
because the fetoplacental unit had to be carefully aligned with the imaging probe and then
enclosed in a box to prevent retinal injury of the operator. However, in the future investigators
could consider using a second probe to measure fetal heartrate immediately prior to an imaging
sequence and therefore more tightly control for fetal circulatory parameters during analysis as

opposed to only maintaining a consistent maternal heartrate.

6.4 Final Remarks

Perinatal ID undoubtably has a large impact on both the short and long term health of offspring.
Unlike many other developmental stressors, perinatal ID represents a deficiency which could be

almost entirely preventable; however, there are still several challenges which must be overcome.
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A common challenge in the field of DOHaD is that the mother will often preferentially take up
nutrients at the expense of the fetus, ID does not appear to be an exception. While iron
supplementation during pregnancy (particularly intravenous iron) does appear to improve some
measures of neonatal health (e.g., birthweight), hemoglobin (a direct measure of iron status)
improves in the mother but not the neonate indicating iron supplementation primarily benefits the
mother (246). This is supported by work from our group which shows there are minimal
correlations between neonatal and maternal hematologic indices and iron statuses (477); and
highlights the challenges associated with identifying which fetuses have become ID. One may
postulate that instead of treating ID during pregnancy, a superior option may be prevention. This
is supported by evidence that suggests optimization of iron status prior to pregnancy is the most
effective way to reduce the deleterious effects of ID (215, 216). Hopefully, further work to
identify the overall burden of disease caused by ID in pregnancy will draw attention to the

importance of this deficiency, particularly in women of reproductive age.

However, due to the sheer commonness of ID, as well as challenges with oral supplementation,
many women will still become ID during pregnancy. Fortunately, animal studies have shown
promising results by which therapies prevent dysfunction driven by developmental stressors
(370). A second challenge associated with treating ID lies in the sex specific programing effects.
Because the dysfunction found in our study was sex specific (highlighted in Chapters 2 and 3),
one may postulate that treatments may also affect these offspring differently. How each sex
responds to therapies should therefore be considered when devising future treatments. Further, it
is understandable that transitioning from animal models to humans is even more challenging

when the intended therapy is to be used in pregnancy. Naturally occurring compounds or
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nutritional supplements which have either already undergone FDA approval (such as broccoli
sprouts or ketones) may warrant particular attention, as less steps may be required to ultimately
bring these treatments to patients. Finally, it is important to remember that DOHaD is just one
driver of disease in adulthood; there are many genetic, environmental, and physiological causes
for disease. Prevention does not end after development, and therefore care should also be taken to

improve lifelong health in the decades following birth.
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Appendix

Table S1. Criteria used for humane endpoint and euthanasia in rats

Parameter Condition

Weight loss Body weight loss of more than 20% from their top weight

Breathing abnormalities Respiratory distress, labored breathing, increased or decreased respiratory rate, cyanosis

Bleeding/open sores When there is a prolapse of rectum/vagina/penis or rat cannot urinate
Tumor volume or burden Tumor(s) ulcerated, necrotic, exceeding 3 cm or impairing function (interfere with
quality of life)
Limb paralysis
Dermatitis
Malocclusion
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Table S2. Observed morbidities at the time of euthanasia in control and broccoli sprout- fed

rats

Rat Age Humane endpoint

Groups Cardiopulmonary Kidney Liver Brain Tumor Other conditions
ID (days) criteria
1 608 Weight Loss 1 1
2 570 Weight Loss 1 1
3 779 Breathing 1 1 1 Hemangiosarcoma
Problems/pain
4 779 Unknown (eaten)
5 752 Weight Loss 1
6 612 Weight Loss 1 1
Male- 7 617 Movement issues 1
Chow 8 672 Rear leg paralysis 1 1
9 706 Weight Loss 1 1 1 1
10 679 Tumor 1 1 1
11 540 Weight Loss 1 1 1
12 442 Weight loss 1 1
13 651 Weight Loss 1 1 1 1 Fast Clotting
blood
14 675 Weight Loss 1 1 1
Sum 11 11 3 4 3
1 501 Unknown (eaten)
Weight
2 559 Loss/problems 1
Breathing
3 452 Unknown (FD) 1
4 809 Weight Loss 1 1
5 849 Weight Loss 1 1 1 Hyperperfusion
Male- 6 884 Weight Loss 1 1 1
Broccoli 7 502 Unknown (eaten)
8 612 Weight Loss 1
Problems
9 812 Breathing/not 1 1
eating
10 801 Malocclusion 1 1 1 1
11 635 Weight Loss 1
12 545 Weight Loss 1 1
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13 619 Weight Loss 1
14 675 Weight Loss 1
Sum 10
1 641 Malocclusion
2 557 Malocclusion
3 793 Tumor
Porphyrin from
4 840 Weight Loss 1 R
nose
5 855 Tumor 1
6 612 Tumor 1
Female-
7 690 Weight Loss
Chow
8 576 Tumor 1
9 899 Malocclusion 1
10 476 Difficulty breathing 1
11 741 Weight Loss/pain 1
12 716 Unknown (FD)
13 892 Weight Loss 1
14 850 Weight Loss 1
Sum 9
1 826 Tumors 1
2 608 Malocclusion
3 638 Dermatitis 1 Dermatitis
4 872 Weight Loss
5 856 Tumor
Impaired hindlimb Loss of hindlimb
6 884
movement function
Impaired hindlimb
Female- 7 945
movement
Broccoli
8 956 Unknown
9 619 Tumor
10 866 Tumor 1
Abnormal
11 803 Weight Loss 1
stomach
12 721 Tumors
13 903 Malocclusion
14 850 Tumor 1
Sum 5
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