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Abstract

Stressors that occur in early development can affect long-term health and
resilience. Iron deficiency (ID) is one of the most common nutritional deficiencies
worldwide, and is an epidemic among pregnant women and young children. Perinatal ID
is associated with neonatal morbidity and mortality, but may also predisposing offspring
for cardiovascular dysfunction in later life. However, the mechanisms through which this
long-term programming of cardiovascular dysfunction occurs have not been fully
elucidated. Here, we interrogated the mechanisms through which perinatal ID affects
offspring cardiovascular development, and in turn affects long-term cardiovascular

health.

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 at the

end of gestation, in the neonatal period (postnatal days 1-28), or in adulthood.

At gestational day 21, maternal iron restriction resulted in fetal anemia and
asymmetric growth restriction, as well as organ-specific patterns of hypoxia, such that
kidneys and livers were affected, whereas the brains and placentae of offspring remained
normoxic. Prenatal ID caused mitochondrial dysfunction and increased reactive oxygen
species generation in the livers and kidneys, albeit the effects were much more

pronounced in the kidneys of male offspring, whereas females were largely spared.
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In neonates, perinatal ID reduced nephron endowment of male but not female
offspring. Perinatal ID caused dysregulated vitamin A metabolism, especially in male
offspring, along with other nephrogenic signaling pathways. Additionally, perinatal ID
resulted in alterations in cellular senescence, apoptosis, autophagy, and oxidative stress,

implicating these as potential mechanisms for impaired nephrogenesis.

In adult offspring, males exposed to perinatal ID exhibited salt sensitive
hypertension and vascular dysfunction, characterized by deficiencies in nitric oxide
bioavailability, likely secondary to enhanced oxidative stress. Indeed, adult male
perinatal ID offspring exhibit increased renal reactive oxygen species generation
concomitant with impaired mitochondrial respiration. A high salt diet in adulthood
exacerbated renal injury in male perinatal ID offspring, resulting in glomerular

hypertrophy and injury; these effects were not observed in adult females.

In summary, the studies herein provide mechanistic insights into how perinatal ID
affects long-term cardiovascular function. Given the high incidence of ID in pregnant
women, the developmental programming effects stemming from ID could have

substantial implications on the global burden of cardiovascular and kidney disease.
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Chapter 1

Introduction

1.1 Iron Status and Metabolism

1.1.1 Iron Metabolism & Markers of Iron Status

Iron is a trace element which is essential to several biological processes, including
oxygen transport, oxidation-reduction reactions, energy metabolism, and DNA synthesis
!, While iron is necessary to sustain all life, too much iron can be toxic to cells,
necessitating complex regulatory mechanisms that ensure homeostasis is maintained.
Whole-body iron distribution is summarized in Figure 1.1. Briefly, the majority of body
iron (i.e. >2 grams) is contained within hemoglobin (Hb) molecules in erythrocytes and
erythrocyte precursors in the bone marrow. Approximately 600mg is contained in the
reticuloendothelial system (e.g. macrophages), 300mg in myoglobin within muscle
tissues, and the remaining iron (~1g) is stored in the liver 2. Although virtually all tissues
within the body contain iron, their quantities are comparatively small in comparison to
those mentioned above. Notably, iron status is regulated at the level of uptake, meaning
that tight control of iron absorption is critical, as the body does not have regulated
mechanisms to actively expel excess iron when needed. Approximately 1-2mg of iron are
absorbed daily within the duodenum, which is equivalent to iron loss due to sloughing of
enterocytes and skin cells in healthy populations *. The primary mechanism through
which enhanced iron loss occurs is blood loss, often due to gastrointestinal bleeding,
hemorrhage from either trauma or a medical procedure, or menorrhagia (in reproductive
age women) >3, In the face of high iron demands (or excessive loss), iron uptake is often
slow to increase to compensate for diminishing iron stores, resulting in a propensity to

experience iron deficiency (ID) *.
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Figure 1.1: Overview of iron distribution and control. Estimated amounts of iron within each
tissue are presented in parentheses. The central regulator of iron status, hepcidin, is primarily
produced in the liver and is increased by high levels of iron or inflammation. The primary action of
hepcidin is to inhibit and trigger internalization and degradation of ferroportin (FPN) which is
primarily expressed in enterocytes, hepatocytes, and macrophages. As a result, iron absorption is
reduced in the duodenum and remaining iron is sequestered within the liver and macrophages.
Alternatively, hepcidin expression can be inhibited by stimuli such as iron deficiency, resulting in
enhanced uptake and delivery of iron to target tissues. Created under licence with

BioRender.com. Adapted from Sebastiani et al. 2016 °.

Sufficient dietary iron intake is necessary to maintain life. Both recycling of iron
from red blood cells and dietary intake of new iron contribute to the daily iron needs of
individuals. In adults, approximately 5% of daily iron needs are met through dietary

intake, albeit infants and children derive 30% of their daily needs through dietary intake
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alone due to muscle growth and erythrocyte production ®. The majority of absorbed
dietary iron is contained within heme complexes, most commonly from hemoglobin and
myoglobin proteins found in meat 7. Additionally, non-heme iron salts can be found in
vegetable and dairy food sources. The recommended daily allowance (RDA) for men and
postmenopausal women is 8 mg of iron per day, whereas premenopausal women have an
RDA of 18mg/day 7. Reported median dietary intake of iron is 16-18mg/day in men,
whereas the median in women in 12mg/day, despite premenopausal women having
greater daily requirements ’. Differences in dietary intake of iron, which may be tied to

higher meat consumption in men versus women ®

, may in part contribute to patterns of
iron deficiency.

Mobilization and storage of iron within the body is controlled primarily via the
actions of hepcidin °. Hepcidin is a peptide hormone, of which several isoforms exist with
varying levels of activity '°. Hepatocytes are responsible for the majority of hepcidin
production within the body, which is then released into circulation to exert its biological
effects °. Hepcidin regulates systemic iron status via its actions on ferroportin, which is
the only known exporter of cellular iron °. Binding of hepcidin to ferroportin results in its
internalization and degradation, thereby diminishing intestinal iron absorption by
preventing its transfer through the basolateral membrane in the enterocyte. Moreover,
hepcidin controls recycling and storage by modulating ferroportin expression in
macrophages and hepatocytes >!!. When this occurs, availability of iron circulating to
peripheral tissues is diminished !'. Several known factors which induce and repress
expression of hepcidin are summarized in Figure 1.1 '>!3. For instance, expression of
hepcidin is suppressed by conditions associated with poor tissue oxygenation (i.e.
erythropoiesis, hypoxia) to allow for increased iron mobilization in support of erythrocyte
production '*. Alternatively, hepcidin expression is induced by inflammation, infection,
or by increased levels of circulating or intracellular iron ',

Absorption of iron occurs primarily within the duodenum and proximal jejunum
of the small intestine, albeit with markedly low efficiency compared to other nutrients '°.

Iron is most readily taken up by enterocytes in the form of heme (i.e. from meat, poultry,
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or fish), where approximately 15-35% of ingested iron is absorbed. In contrast, less than

15,16’ is

10% of non-heme iron, derived largely from plants or iron-fortified food sources
absorbed. Lower uptake efficiency of non-heme iron is due to reliance on ferric reductase
enzymes within the luminal brush border, required to convert insoluble Fe*" to Fe?",
which allows for uptake into enterocytes across the apical membrane via the divalent
metal cation transporter 1 (DMT1) !. The efficiency of this process can be further
reduced by ingestion of phytates, polyphenols, and the use of proton pump inhibitor
medications, whereas ascorbic acid is known to increase iron absorption '>. Currently, the
mechanism and regulation of uptake of the heme form of iron remains poorly understood
%. Once inside the enterocytes, iron is bound to ferritin, which is an iron storage protein
with intrinsic catalytic activity allowing it to store iron in the Fe*" form, and then convert
it back to the Fe** form for transport through the basolateral membrane via ferroportin !.
Ferritin is composed of 24 light and heavy chain monomers, and is capable of binding up
to 4500 iron atoms, making it highly effective for storage '.

When hepcidin levels are low, iron is exported via ferroportin into the circulation.
Transferrin is the primary iron transport protein in the body and can bind to two Fe*
molecules, requiring the serum enzyme ceruloplasmin to oxidize the iron to facilitate
binding . The vast majority of serum iron is bound to transferrin in an inert form, which
is then taken up into target cells expressing transferrin receptors '3, Notably, ferritin is
also highly prevalent in the serum, although its function in circulation remains unclear.
Serum ferritin is largely released into circulation by dying cells and arguably plays a
negligible role in iron transport, with low levels of ferritin receptor expression on target
cells being attributed to scavenger functions !’. Consistent with this, serum ferritin is
poorly saturated with iron !”. Alternatively, some cells (i.e. hepatocytes, macrophages)
actively secrete ferritin in the face of inflammation, potentially delineating a role of
ferritin in mopping up any unbound iron in circulation to further limit oxidative stress *!".
Indeed, this is a principal mechanism through which ferritin acts as a positive acute phase
reactant, meaning that serum levels rise in concert with inflammation and infection due to

enhanced secretion from cells '*. Notwithstanding, in the absence of systemic
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inflammation, serum ferritin levels correlate with overall iron status within the body, and
is one of the most utilized clinical tests to assess iron status '®!°. As such, serum ferritin
is regarded as a crucially important marker of iron status, despite its physiologic role
remaining contentious *!”.

Beyond central regulation of iron status via hepcidin, target tissues utilize post-
transcriptional regulation of proteins involved in iron homeostasis to maintain local iron
levels. This mechanism occurs primarily through the iron responsive elements (IRE) and
iron regulatory proteins (IRP) '*. IREs are DNA sequences within the untranslated
regions (UTR) of numerous mRNA transcripts involved in iron status regulation,
including the transferrin receptor and ferritin, which are bound by IRPs in response to
cellular signals '. When tissue iron levels are low, IRPs bind to IREs (located in the 3°
UTR of transferrin, or the 5° UTR of ferritin), thereby stabilizing transferrin receptor

' In

mRNA while simultaneously preventing translation of ferritin via steric hinderance
contrast, when tissue iron stores exceed cellular requirements, IRPs are unable to bind to
IREs, which results in ferritin translation and degradation of transferrin receptor mRNA !
In the event of cellular damage due to iron overload, resident tissue macrophages play a
role in recycling iron 2°. Thus, tissues can modulate their uptake and storage of iron to

maintain cellular function, while also avoiding toxic accumulation of iron via these fine-

tuning mechanisms, in concert with the central control mechanisms of hepcidin.

1.1.2 Clinical Characterization of Iron Deficiency (ID)

ID is defined by an inadequate level of iron stores to meet demand. ID is the most
common nutritional deficiency worldwide, estimated to affect between 1-3 billion people
21 Moreover, ID is the most common cause of anemia and anemia-related disability
worldwide 2. Common underlying mechanisms of ID include decreased iron absorption
(i.e. celiac disease, bariatric surgery, drugs [i.e. proton pump inhibitors]), reduced iron
intake (i.e. vegan/vegetarian diets, undernutrition), chronic blood loss (i.e.

gastrointestinal bleeding, anticoagulant use, abnormal menstruation), multifactorial

causes (i.e. chronic kidney disease, inflammatory bowel disease, peri-operative bleeding,

5



heart failure, etc.), or increased requirements (i.e. growth, pregnancy) >. As such,
identification of ID in a patient requires a clinician to identify the underlying cause of
deficiency, which is most often inadequate intake or blood loss (i.e. heavy menstruation,

gastrointestinal bleeding) in adults, or increased demand in pregnant women and children
23

The gold standard for diagnosis of ID is an absence of iron staining in bone
marrow aspirates, though this procedure is too invasive for routine clinical practice '®.
Therefore, diagnosis of ID relies on surrogate markers of iron status, which can be
assessed within the peripheral blood. In practice, serum ferritin levels are the first-line
test to diagnose ID 2*. However, the degree to which serum ferritin correlates with
depletion of iron within bone marrow is complicated by numerous factors, including but
not limited to inflammation, infection, liver disease, and obesity !8. For instance, a recent
systematic review and meta-analysis showed that ferritin cut-offs for defining ID should
be adjusted to account for the patient comorbidities outlined above, in order to accurately
reflect depletion of bone marrow iron »°. However, no current methodologies have been
identified through which adequate correction of serum ferritin can be obtained on an
individual patient basis, albeit research is ongoing to account for factors such as

inflammation 2?7,

In addition to ferritin, many other peripheral blood markers for iron status are
used clinically '°. For example, serum iron is routinely used in clinical practice, and is
almost exclusively bound to transferrin °. Direct quantification of total transferrin levels
in the blood informs the total iron binding capacity (TIBC), with which transferrin
saturation can be determined through the use of serum iron levels '!. In contrast to
ferritin, transferrin (and therefore serum iron) is a negative acute phase reactant, meaning
that in the event of infection or inflammation the serum levels of iron and transferrin
decrease °. Erythrocyte protoporphyrin is another peripheral blood marker of iron status.
Erythrocyte protoporphyrin is a heme precursor which increases in abundance due to

insufficient iron levels required for heme synthesis, which often complexes with other
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divalent metal ion such as zinc in the setting of ID '°. Finally, assays for additional
markers such as soluble transferrin receptor and hepcidin are becoming more widely
available, although their use is not currently widespread clinically '*?%. While novel
markers, such as the soluble transferrin receptor, appear to be quite promising in regards
to their accurate reflection of iron status, no cut-off values have yet been validated for

their use in identifying ID in patients >,

If negative iron balance progresses sufficiently, alterations in functional iron (i.e.
Hb levels) will be observed (Figure 1.2). Should ID progress to the extent that stored
iron in the liver is diminished and no iron can be detected in the bone marrow, a
condition described as microcytic anemia will result *3°. ID anemia manifests only with
significant negative iron balance, as erythropoiesis is maintained at the expense of iron
delivery to other tissues, despite the crucial role that iron plays in various processes
within all cells 133!, Heme biosynthesis during the production of Hb requires the
integration of adequate amounts of iron as a cofactor, without which increasing levels of
non-functional precursors build up (i.e. erythrocyte protoporphyrin) °. As a result, fewer
and smaller (microcytic) erythrocytes remain in circulation, as limited iron availability
constrains production °. Anemia is defined as a circulating Hb level below a clinically
determined threshold, which varies based on patient population *2. Hematocrit, which
reflects the ratio of erythrocyte volume to total blood volume, exhibits similar reductions
in concert with Hb in the context of ID anemia °. Notably, although ID is the most
common cause of anemia, several other conditions may result in reductions in circulating
Hb ¥. As such, clinicians routinely investigate both Hb and serum ferritin levels to assess

both iron and hematologic status simultaneously **.
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Figure 1.2: Iron status indicator levels over the spectrum of iron availability. Line A
demarcates the point at which stored iron is no longer detectable, which is the definition of iron
deficiency. Line B denotes the point at which hemoglobin levels reach a critical level, defined
clinically as anemia. The general progression of iron deficiency is first depletion of stored iron
(also reflected in serum ferritin levels), followed by reductions in iron transport (decreased serum
iron; decreased transferrin saturation), and finally by reductions in functional iron (decreased

hemoglobin). Figure adapted from Suominen et al. 3.

Clinically, it can often be challenging to identify either ID or ID anemia. Both ID
and ID anemia cause similar non-specific symptoms, due to a lack of tissue-level
functional iron, as well as reduced Hb. Weakness, fatigue, difficulty concentrating, and
poor productivity at work can all be caused by either ID anemia or ID alone (insufficient
functional iron; i.e. decreased enzymatic activity of iron-containing enzymes), or a
combination of both factors 2%, As such, clinicians rely on biochemical assessments for
iron status and hematologic indices to diagnose ID and anemia, respectively. While
anemia may be a straightforward diagnosis based on hematologic indices with well-

defined thresholds, assessment of iron status (and the ability to attribute anemia to ID) in
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patients is often complicated by a variety of other factors. In healthy adults with no
known co-morbidities which would alter iron status markers, a ferritin value of 15ug/L
has been shown to correlate well with the depletion of iron in bone marrow 2.
Unfortunately, as previously mentioned above, several highly prevalent conditions
impact the accuracy of serum ferritin as a measure of iron status (i.e. obesity,
inflammation, infection, liver disease, etc.) *°. For instance, ID may be masked by
elevated ferritin levels due to chronic inflammation from a comorbid condition, which
may or may not be identified by the clinician. Highlighting this issue, a recent Cochrane
systematic review reported that use of 30pg/L ferritin as a cut-off for ID, elevated from
15 pg/L to account for artificial elevations of ferritin due to the reasons above, is
prevalent despite the evidence supporting this practice being poor *¢. Current serum
ferritin thresholds used for defining ID vary widely, emphasizing the need for
establishing evidence-based cut-offs in a variety of patient sub-populations '*!°.
Furthermore, this point emphasizes the need for clinicians to order comprehensive iron
status panels when assessing iron status in patients with comorbidities, not serum ferritin

alone, as is currently common practice 4%,

In pregnancy, considerable variation exists in the literature with respect to how ID
and anemia are defined. For instance, a recent systematic review and meta-analysis
highlighted that serum ferritin thresholds used in clinical studies varied from less than
6pg/L to less than 60ug/L; the most commonly used values were 12-15 pg/L, which are
largely based on expert consensus guidelines rather than published evidence %°. Similarly,
anemia thresholds in pregnancy are lower than in non-pregnant women (12 g/dL) and
vary based on trimester to account for physiological hemodilution and blood volume
expansion. The World Health Organization (WHO) defines anemia as a Hb <11 g/dL (or
hematocrit of <33%) at any time in pregnancy >4, whereas the Centers for Disease
Control and Prevention (CDC) lowers this threshold to <10.5 g/dL (or hematocrit of
<32%) in the second trimester *’. Importantly, recent publications by our research group
and others have shown that maternal iron and hematological status correlates poorly with

19,38

fetal and neonatal iron status , suggesting more research is needed for evidence-based
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ID thresholds in pregnancy which take into account both the mother and fetus. The
importance of iron status optimization in pregnancy and early development will be

highlighted within the following section.

1.1.3 ID & Pregnancy

The populations at the highest risk for developing ID are young children (under
age 5) and pregnant women, largely due to increased iron demands *. ID is the chief
cause of anemia in pregnant women, accounting for more than half of the 38% of women
that become anemic over the course of their pregnancy worldwide *'. However, the true
rate of ID, which may not progress to overt anemia, is undoubtedly higher *. Indeed, up
to 90% of women have sub-optimal iron stores prior to pregnancy (i.e. stores <500mg;
serum ferritin <70ug/L) and 40% of women have low or absent iron stores *°, suggesting
ID is likely to manifest in many pregnant women. Infant iron status is largely dependent
on iron stores accumulated during gestation, their growth rate, and postnatal dietary iron
intake *°. Therefore, for the sake of brevity, this thesis will focus on the maternal factors
associated with perinatal ID. Pregnant women are afflicted by ID at high rates in both
developing and developed nations, albeit rates are far higher in developing nations 2.
Moreover, low socioeconomic status in developed nations has also been identified as a
risk factor for developing ID in pregnant women *>*°, Indeed, ID occurs in approximately
80% of infants in low income countries, and as many as 45% of infants in developed
nations, reflecting in part that poor maternal iron status is widespread globally *!.

Insufficient iron status during pregnancy has numerous considerations beyond
that of ID within non-pregnant individuals. First, one must consider the placenta both in
terms of its own iron requirements and its capacity to transport iron to the fetus in the
face of ID. The placenta regulates iron transport to the fetus, and responds robustly to ID,
as reviewed by Roberts et al. **. ID alters placental structure, iron transporter expression,
and iron metabolism within the placenta. However, the extent to which these mechanisms
compensate to improve iron delivery to the fetus, versus acting as pathological changes

triggered by hypoxia, oxidative stress, and inflammation remains unclear *>. In mild ID,
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studies suggest that delivery of iron to the fetus is maintained, supporting the notion that
placental adaptations are beneficial to fetal iron delivery and development *!. On the
other hand, moderate to severe ID results in diminished iron status within the fetus, and
several changes in placental structure may diminish placental functional capacity, such as
the emergence of placental infarcts, syncytial knots, and fibrinoid necrosis *'**. As such,
placental structure and functional changes in ID are thought to contribute, in part, to the
pathogenesis of ID within the fetus.

There are several well-characterized acute impacts of ID on offspring health, such
as reductions in offspring birth weight. Indeed, numerous studies have confirmed the
association between maternal ID anemia and being born pre-term, small for gestational
age, or having low birth weight 323414746 Moreover, perinatal ID has been associated
with increased risk of neonatal mortality %46, Various factors are known to contribute
to these effects, including altered placental function and structure, as described above.
Furthermore, clear associations between the degree of growth restriction of the fetus and
iron status exist, suggesting lack of functional iron itself may be a limiting factor for
growth 474 Physiologic adaptations to ID anemia made by the fetus may further
predispose offspring to poorer growth, such as prioritization of blood flow to the brain,
adrenals, and heart at the expense of other developing organs (i.e. liver, kidneys) in the
face of presumed chronic hypoxemia >°*. As a result, this phenomenon known as
asymmetric growth restriction may occur with increasing severity of ID anemia, likely
contributing to long-term alterations in organ function **. Further discussion of perinatal
outcomes and their relation to long-term health can be found in Section 1.3.

Iron demands over the course of gestation are estimated to be approximately
1200mg *. These increased demands are related to increased blood volume, placental and
fetal development, and potential blood loss during delivery *°. Approximately half of the
iron required in pregnancy will be taken up by the fetus, which sequesters iron over the
course of gestation to allow for continued growth and development postnatally *!.
Without sufficient iron stores prior to conception, most women are unable to meet their

daily iron requirements through dietary intake, which increase from 0.8 mg/day in the
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first trimester to 7.5 mg/day by the third trimester !>*°. Enteral iron uptake of iron is
slow to compensate for deficiency, such that enteral absorption of dietary iron is unlikely
to achieve iron balance in this context, likely as a protective evolutionary mechanism to
avoid iron overload 3!. Therefore, it is recognized that pre-conceptional iron status is
critically important for the prevention of ID in pregnancy, albeit pre-pregnancy iron
optimization is not always feasible. For instance, 45% of all pregnancies in the United

States were unplanned in 2011°°

. Furthermore, even if pregnancies are planned, access to
adequate pre-conception care, including screening for ID, may be difficult for many
women worldwide 222*°°, As a result, In an effort to minimize poor birth outcomes due to
perinatal ID, health agencies such as the WHO and Health Canada recommend daily oral
iron supplementation in pregnancy to limit the risk of developing ID 337,

Iron supplementation in pregnancy has been shown to have substantial benefits,
albeit drawbacks do exist. Iron supplementation improves maternal hematologic and iron
indices **. However, without sufficient pre-conceptional iron stores, the prenatal
vitamins routinely taken by pregnant women containing an average dose of 15-30 mg of
iron may not be insufficient to meet iron demands due to poor absorption efficiency
152428 ° As such, higher dose oral supplementation may be warranted, albeit they stimulate
hepcidin expression, thereby limiting iron of absorption for several days ?*. In addition,
oral iron supplementation has several side effects. Iron supplements are associated with
significant gastrointestinal discomfort, thereby limiting patient adherence **. Moreover,
rare side effects associated with iron-overload have been reported, such as increased risk
of glucose intolerance when supplementing in iron sufficient women *!. As such, some
controversy regarding adoption of universal iron supplementation in pregnancy exists,
though it is viewed as beneficial to the vast majority of women %,

Another potential issue with iron supplementation during pregnancy, in the
context of perinatal ID, is limited efficacy in improving offspring outcomes. Recent
Cochrane meta-analyses have shown that daily iron supplementation in pregnancy
improves maternal hematologic indices and iron status, although no statistically

significant reductions in premature birth or low birth weight were observed **. Similarly,
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intermittent iron supplementation in pregnancy only improves maternal indices, albeit to
a lesser extent than daily supplementation, with a notable benefit of reduced
gastrointestinal discomfort versus daily supplementation #°. In line with these findings, a
recent study in Chinese mothers showed that anemia in the first trimester was associated
with low birth weight, regardless of whether the anemia was subsequently corrected or
not *°. Together, these data demonstrate that oral iron supplementation during pregnancy
after ID has developed may be sufficient to normalize maternal hematologic indices, but
does not improve outcomes in offspring. Notably, treatment of ID in pregnancy with
intravenous iron is highly effective in improving maternal indices and appears to have a
favorable safety profile, albeit it remains unclear whether it improves offspring outcomes
60 As such, prevention of ID in pregnancy remains paramount to minimize adverse

offspring outcomes.

1.1.4 Cellular Pathophysiology of ID

Iron metabolism is regulated in part by oxidant status within cells. Cellular
oxidant status describes the balance between reactive oxygen species (ROS), which are
highly reactive molecules derived from oxygen produced through aerobic respiration or
oxidation reactions within the cell that cause damage to cellular components ®!, and
antioxidant defenses. As a transition metal, Fe readily participates in reduction and
oxidation reactions, implicating it in the formation of free radicals within the cell. When
in excess, iron readily catalyzes the formation of hydroxyl and perhydroxyl radicals via
Haber-Weiss and Fenton reactions ®. However, intracellular iron pools must remain
available to sustain biological functions, including synthesis of heme and Fe-S clusters,
despite the potential for ROS generation. As such, it is unsurprising that IRPs are
regulated in part by redox signaling itself, wherein Fe-S cluster oxidation and
decomposition due to pro-oxidant conditions in IRP-1 promote its binding to IREs as an
iron status independent “emergency brake” °'. Nitric oxide (NO) levels, which depend on
nitric oxide synthase (NOS) activity and reactivity of NO with ROS to form reactive

nitrogen species such as peroxynitrite, are also known to modulate expression of ferritin
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and transferrin receptors ®'. Together, these data suggest that changes in iron metabolism
occur in concert with changes in cellular oxidant status. Furthermore, in conditions of
overwhelming oxidant stress, intracellular iron stored in an ‘inert’ form bound to ferritin
may become accessible to ROS and cause further damage ¢!. Consistent with this,
macrophages secrete ferritin when overwhelmed with oxidant stress, likely as a
mechanism to limit the potential reactivity of stored intracellular iron °'. In summary,
iron metabolism is modulated by oxidant status, reflecting the role of iron in ROS
generating processes within cells.

Iron status within a cell is critical for the regulation of several key functional
processes necessary for life, such as energy production. Aerobic metabolism, the chief
source of energy within most of our cells, is dependent on and regulated by iron status.
Oxygen is delivered to tissues via hemoglobin. Inside the cell, oxygen is then utilized by
mitochondria to produce ATP, where it acts as the final electron acceptor of the electron
transport system. Interestingly, while glycolytic and anaerobic respiration are largely
iron-independent, all components of the electron transport chain and many enzymes
within the tricarboxylic acid (TCA) cycle (i.e. aconitase, succinate dehydrogenase)
contain either Fe-S clusters or heme functional groups, or both . Consequently, aerobic
respiration is regulated in part by iron status through IRP/IRE mechanisms. For instance,
succinate dehydrogenase and NADH dehydrogenase both have an IRE in their 5 UTR
6485 meaning post-transcriptional regulation of their expression is linked directly to iron
availability. Not surprisingly, energy demanding processes, such as tissue growth and
repair, can be impaired by ID ¢,

Both ID and excess iron are known to influence mitochondrial function. For
instance, both insufficient and excess iron intake impair mitochondrial function in the
livers of rats ¢7. Similarly, ID in the absence of anemia impairs exercise performance via
decreased electron transport chain complex I activity within skeletal muscle in mice 3.
Additionally, systemic perturbations in iron metabolism can alter local iron status,
producing mitochondrial dysfunction. Exposure of cardiomyocytes to Ang-II or

norepinephrine alters expression of IRPs, thereby decreasing intracellular iron stores,
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resulting in impaired mitochondrial membrane potential and ATP production .
Similarly, infections and conditions which result in systemic inflammation may induce
tissue-level ID due to activation of hepcidin, which may also predispose tissues to
mitochondrial dysfunction #1?3!. Alternatively, diabetes mellitus, which has a complex
association with iron dysmetabolism 7°, has been shown to result in iron accumulation
and subsequent mitochondrial dysfunction within the kidney; Interestingly, dietary iron
restriction was shown to attenuate mitochondrial dysfunction within the kidney of
streptozotocin induced diabetic rats 7. As such, iron availability for mitochondrial
respiration is critical for optimal function and energy production, regardless of the cause
of local iron status changes.

The consequences of mitochondrial dysfunction secondary to ID can be profound.
Beyond reductions in cellular energy production, mitochondrial dysfunction is of great
concern due to potential for enhanced ROS generation. Even under optimal conditions,
the reduction and oxidation reactions occurring within the mitochondria generate cellular
ROS; in fact, it is estimated that~2% of total oxygen consumption by mitochondria
contributes to ROS production ">7*. Mitochondrial dysfunction is known to increase the
proportion of ROS produced by mitochondria, thereby enhancing ROS generation .
Indeed, ID-induced mitochondrial dysfunction is associated with increased ROS
generation and subsequent cellular damage to mtDNA, DNA, and lipids 7%, The extent
to which this dysfunction is a direct reflection of a deficiency of iron-containing
functional groups, versus the systemic and regulatory effects of iron status on
mitochondrial function, remains unclear. However, each of the aforementioned
mechanisms are likely to play a role. Importantly, ROS generation should not be viewed
as strictly pathological, as ROS serve important cellular functions, including cell
signaling 7. Thus, while excess ROS can damage macromolecules and trigger cell death,
too little ROS can result in reduced pro-survival signaling mechanisms, also resulting in
cell death .

ID can also enhance ROS production through non-mitochondrial-dependent

mechanisms. [ron is necessary for the function of certain antioxidant enzymes, and its
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deficiency can impair cellular detoxification mechanisms. For instance, catalase requires
iron as a cofactor for function . Moreover, the iron-handling protein ferritin has intrinsic
antioxidant properties, largely attributed to the ferroxidase activity of the heavy chain
subunit ¢!, Indeed, ferritin heavy chain has been shown to supress iron-mediated lipid
peroxidation and is cytoprotective against oxidative stress >’°. Importantly, in addition to
regulation of expression by IRPs, ferritin heavy chain expression is independently
modulated by inflammatory cytokines (i.e. IFNy, IL-1p, IL-6, TNF-a) and oxygen status,
highlighting its role in modulating a variety of cellular stresses '’ 2. Ferritin secreted into
circulation stimulated by increased inflammation has a higher than average proportion of
heavy chains, consistent with its potential role as an antioxidant !”. However, numerous
studies have shown that the activities or levels of other antioxidant enzymes, such as
superoxide dismutase (SOD) or glutathione peroxidase, are decreased by ID anemia 743~
88 Moreover, both glutathione depletion or overexpression trigger iron starvation-like
responses, which highlights glutathione’s important roles in regulating iron status and Fe-
S cluster biogenesis %°. Decreased activities of key antioxidant enzymes in the face of
ID may reflect cellular damage overwhelming antioxidant defenses, thereby worsening
the oxidative damage.

Oxygen levels are also known to modulate iron metabolism, likely due in part to
the role of iron in transporting oxygen throughout the body. Indeed, hypoxia is known to
reduce hepcidin expression via the actions of hypoxia inducible factor (HIF)-1a and HIF-
20, thereby increasing enteric iron uptake to support erythropoiesis ®'. Additionally, HIF-
2a stimulates several genes involved in iron metabolism directly, including DMT1 and
duodenal cytochrome b (DcytB; which reduces luminal Fe** to Fe?" for transport) in
enterocytes, transferrin expression in the liver, and transferrin receptor expression in
target tissues (i.e. bone marrow) °!. Interestingly, HIF expression itself is iron regulated,
as low levels of iron stimulate binding of IRPs to the IRE located in the 5° UTR of HIF-
20, a mechanism crucial for coordinating erythropoiesis with iron availability °!. IRP-2
binding to IREs is stabilized by hypoxia, and acts as the predominant IRP responsible for

iron regulation at low oxygen tensions, further supporting the critical role of oxygen
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tension in the regulation of iron metabolism within cells ®!. Alternatively, high oxygen
tension acts to limit iron availability. Cells exposed to supraphysiologic levels of oxygen
exhibit enhanced binding of IRP-1 to IREs, thereby limiting the labile cellular iron pool
which could react with oxygen to produce ROS °!. Furthermore, iron-dependent prolyl
hydroxylases act to target constitutively expressed HIF proteins for degradation in the
presence of oxygen, suggesting a lack of functional iron may induce downstream HIF
signaling °*2. The complex interplay between oxygen and iron status serves to provide
tissue oxygenation, while simultaneously limiting potential ROS generation through

reactions between iron and oxygen.

1.2 Cardiovascular Function & Disease

Cardiovascular disease is the leading cause of death worldwide °*. Hypertension is
a primary risk factor for ischemic heart disease and stroke, responsible for the majority of
deaths from cardiovascular disease *°. Moreover, hypertension is also an important risk
factor for chronic kidney disease, which is the 12" leading cause of death worldwide as
of 2017 **+_ Traditional risk factors for the development of cardiovascular disease are
well-established, and include genetic (i.e. family history, ethnic background) and lifestyle
factors (i.e. smoking, inactivity, obesity, high salt diets etc.) **. However, exposure to
developmental stressors has been implicated in the dysregulation blood pressure control
(see Section 1.3), thereby increasing offspring susceptibility for developing
cardiovascular disease later in life.

A variety of factors contribute to blood pressure regulation, including alterations
in genetics, epigenetics, endocrine function, and the structure and function of key organs
(i.e. kidney, heart, vasculature) °. This introduction will focus primarily on the
contributions of the vasculature and kidney, albeit the heart plays a critical role in the
pathogenesis of cardiovascular disease, to which developmental programming likely also
contributes *’~%°. The following sections will provide a brief overview of several systems
that regulate blood pressure, which operate over a broad temporal spectrum ranging from

acute (i.e. seconds) to chronic (i.e. days to years) effects.
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1.2.1 Role of the Pressure Natriuresis in Blood Pressure Regulation

The most important determinant of long-term blood pressure is the kidney. The
work of Guyton et al. has established that the kidney controls the long-term blood
pressure set point through modulation of salt and water homeostasis '°°. Pressure
natriuresis and diuresis describe the processes through which increased arterial pressure
result in elevated renal output of salt and water in the urine, respectively. For instance,
increased blood pressure will cause the kidneys to excrete more sodium and water,
thereby reducing blood volume and lowering arterial pressure. Alternatively, low arterial
pressure will cause the kidney to retain sodium and water, increasing blood volume and
raising arterial pressure. Acutely, this process is constrained by the tubular capacity to
reabsorb or excrete sodium; however, over a longer time-course the mechanism is
considered to have infinite gain, such that sodium and water excretion will remain altered
until arterial pressure has normalized '°%!°!, Under this so-called ‘Guytonian” view of
hypertension, the capacity of a kidney to excrete sodium dictates long-term changes in
blood pressure primarily through pressure natriuresis. As such, an abnormal pressure
natriuresis relationship underlies chronic hypertension, wherein greater than normal
elevations in arterial pressure are necessary to maintain sodium excretion and prevent
extracellular fluid volume expansion !°%1%2 Notably, several other physiologic factors
alter the pressure natriuresis relationship. For example, NO promotes pressure natriuresis,
through the mechanisms of blunting tubuloglomerular feedback, inhibiting tubular
sodium reabsorption, and altering sympathetic input %1%, As such, pressure natriuresis
must be viewed in light of the numerous integrated regulatory processes in the body, as
highlighted by several recent publications 102105106,

Furthermore, the Guytonian view of hypertension has great utility for describing
the pathogenesis of salt sensitivity of blood pressure. Salt sensitivity is characterized by
an exaggerated change in blood pressure in response to alterations in dietary salt intake
107 Salt sensitivity is estimated to occur in approximately one in four normotensive
people, and half of those with hypertension 7. Salt sensitivity is caused by abnormal

pressure natriuresis, as well as alterations in the relationship between renal arterial
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pressure and renal interstitial hydrostatic pressure (RIHP) %1% RIHP is crucial for the
urine concentrating abilities of the kidney, and is altered by changes in perfusion pressure
108110 This occurs via a small portion of renal medullary blood flow, which is poorly
autoregulated, such that alterations in arterial pressure will alter medullary perfusion, and
therefore RIHP 19119 Consequently, if medullary blood flow increases, enhanced RIHP
will decrease tubular sodium reabsorption, facilitating enhanced sodium excretion ', As
such, a blunted relationship between renal arterial pressure and RIHP will contribute to
abnormal pressure natriuresis and salt sensitive hypertension, albeit vascular factors may

also play a role '!!,

1.2.2 Blood Pressure Regulation by the Sympathetic Nervous System

The sympathetic nervous system plays a prominent role in acute and long-term
blood pressure regulation 2. Sympathetic control of blood pressure occurs over the
course of seconds, primarily acting through the arterial baroreceptors in the carotid sinus
and aortic arch ''2. Increased blood pressure distends the vasculature and stretches the
baroreceptors, causing a decrease in sympathetic neural outflow, thereby decreasing
vasoconstrictor tone, myocardial contractility, and heart rate ''2. These reductions are
achieved through the actions of decreased sympathetic input to vascular sympathetic
nerves, the adrenal medulla (thereby decreasing epinephrine and norepinephrine release
into circulation), and decreased stimulation of juxtaglomerular cells in the kidney which
activate the renin angiotensin system (RAS) 2. Indeed, the effects of the sympathetic
nervous system also impact long-term blood pressure through reciprocal modulation of
longer acting systems, such as the RAS ''?. Chronic changes in sympathetic activity may
also be mediated in part by alterations in the set-point of the arterial baroreflex, albeit this
process may be self-correcting over the course of days to weeks !'?. Moreover, chronic
changes in sympathetic activity lead to structural remodelling of the heart and
vasculature, such as hyperinnervation ''3.As such, sympathetic nervous activity plays a

role in both short and long-term blood pressure regulation.
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1.2.3 Blood Pressure Regulation by the Renin Angiotensin System (RAS)

The systemic effects of the RAS play a central role in blood pressure and fluid
regulation. The RAS regulates blood pressure through acting on the kidney, vasculature,
and modulating the effects other regulatory mechanisms. In response to decreased blood
pressure, renin is produced by the kidney and acts to convert circulating angiotensinogen,
produced by the liver, into angiotensin-1 ''*. Consequently, angiotensin-1 is converted to
angiotensin-II by angiotensin converting enzyme (primarily found in the lungs). The
direct actions of angiotensin-II include mediating systemic vasoconstriction through AT1
receptors, and acting on the renal vasculature to mediate increased salt and water
retention ''*. Additionally, angiotensin-II stimulates production of aldosterone in the
adrenal gland, thereby further increasing salt and water retention ''*. Moreover,
angiotensin-II has been shown to influence activity of the sympathetic nervous system
15 The RAS is critically important to maintain normal arterial pressures despite
variations in salt intake and hydration status, and has the potential to modulate long-term
blood pressure through altering pressure natriuresis curve with chronic changes in

activation 100-105.114

1.2.4 Vascular Control of TPR and Blood Flow

The role of vasculature in the control of blood pressure is highlighted through its
role in modulating total peripheral resistance (TPR). Resistance within a given vessel is
related to the viscosity of blood, the length of the vessel, and the radius of the vessel
lumen '8, TPR describes the combined contributions to resistance of all vessels within
the systemic vasculature. Mean arterial pressure can be calculated by multiplying cardiac
output, or the product of stroke volume and heart rate, by TPR 16, Elevations in TPR
have been observed in idiopathic (also known as essential) hypertension, and in various
preclinical models of hypertension, implicating the vasculature as a contributor to the
pathogenesis of hypertension '°2!16-118 'Moreover, local control of vascular resistance is
critical to the regulation of organ perfusion, through a process known as autoregulation.

Autoregulation describes the process through which alterations in vascular resistance
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maintain tissue blood flow over a range of arterial pressures. Autoregulation occurs
through several mechanisms, including sympathetic modulation, myogenic vascular
responses, metabolic control, and vasoactive factors !'°. As such, changes in vascular
resistance play a role in modulating blood flow and altering systemic blood pressure
102,105

Acute blood flow regulation is achieved in part through myogenic vascular
responses. Myogenic vascular responses are most pronounced in arterioles and other
highly muscular blood vessels, which act to maintain tissue blood flow by altering
vascular resistance '?°. Importantly, alterations in myogenic tone may contribute to the
development of hypertension, due to their role in modulating total peripheral resistance
18 Myogenic responses originate from the stretching and depolarization of vascular
smooth muscle cells, thereby triggering constriction to counter high pressure within the
lumen. Conversely, if blood pressure is low, vascular smooth muscle will relax, resulting
in vasodilation and increased blood flow. Because myogenic responses are triggered
through the stretch-mediated effects on vascular smooth muscle ion channels, this
mechanism may act independently of, or in concert with, both neural and hormonal
influences '%°. Should this mechanism be altered in vascular beds which contribute
greatly to TPR, such as the mesenteric arteries, it may contribute to the pathogenesis of
hypertension 21122,
Numerous vasoactive substances acutely impact blood pressure and blood flow

through modulation of vascular tone '2*

. Many mediators cause vasoconstriction and raise
TPR, including norepinephrine and epinephrine, angiotensin-II, vasopressin (anti-diuretic
hormone), endothelin-1, and thromboxane '?*. Examples of physiologically important
vasodilators, which contribute to decreased TPR, include bradykinin, histamine,
prostacyclin (PGI), endothelial derived hyperpolarizing factor (EDHF), and NO ',
Although alterations in these vasoactive mediators alone are often not sufficient to raise
long-term blood pressure, they often precede the establishment of hypertension 26127,
Importantly, many of these mediators act in concert with, or in opposition of one another.

For instance, endothelin-1 production is stimulated by shear stress within vessels, and is

21



decreased by NO and PGI, '?*. In hypertension, an imbalance favoring the action of
vasoconstrictors versus vasodilators is often observed, as reviewed elsewhere 12128, As
such, the relative contributions of these mediators within the vasculature may be
informative for vascular health. Since this thesis interrogates the role of NO signaling, the
role of NO in this process is expanded upon below.

NO is viewed as being a critically important mediator of vascular function.
Indeed, a deficiency of NO can be viewed as a biomarker of endothelial dysfunction, and
for the subsequent development of hypertension 6. Endothelial dysfunction is
characterized by a pro-oxidant and pro-inflammatory state within the vasculature,
corresponding to reductions in vasodilatory function '%°. In healthy vasculature, NO is
produced primarily within the endothelium and causes relaxation of smooth muscle,
thereby mediating vasodilation '%. Increased vascular ROS are a primary cause of
reduced NO bioavailability, either due to direct reaction of NO with ROS, or the
uncoupling of endothelial NOS activity '*. Moreover, loss of NO will reduce constraints
on production of vasoconstrictors such as endothelin-1, which may further exacerbate
production of ROS through stimulation of nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase '?°. Thus, NO bioavailability within the vasculature can have a

profound impact on vascular tone and is implicated in the development of hypertension.

1.2.5 Vascular Remodelling

Long-term regulation of blood flow to maintain organ perfusion is largely dictated
by organ-level structural and functional changes. For instance, a key mechanism through
which long-term changes in organ perfusion occur is angiogenesis, the process of
forming new blood vessels. Of particular importance in the context of development,
formation of new blood vessels in neonates occurs within days, whereas angiogenesis in
older animals where tissue structure is well-established is much slower '*°. Angiogenesis
is stimulated through a variety of factors, the most important of which appear to be peak
oxygen demands, wherein insufficient oxygen delivery to tissues stimulates the actions of

vascular endothelial growth factor (VEGF) and platelet derived growth factor (PDGF)
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BLI32 The formation of new blood vessels helps to achieve chronic changes in organ
perfusion, beyond the more acute processes involved in autoregulation.

Furthermore, vascular remodelling is an important mechanism contributing to
long-term blood pressure alterations. Over time, transient-on-chronic increases in blood
pressure will result in hypertrophy of vascular smooth muscle, wherein small resistance
arteries and arterioles often exhibit inward eutrophic remodelling, whereas larger conduit
vessels exhibit outward hypertrophic remodelling '3*. As a result, TPR will increase over
time, contributing to the pathogenesis of hypertension'*. In addition to changes in
vascular smooth muscle, long-term alterations in vascular structure may also include
altered sympathetic innervation, endothelial cell dysfunction, arterial calcification, and
fibrosis!3*. As such, vascular remodelling is a mechanism through which acute alterations

in vascular tone ‘convert’ to chronic changes over time.
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1.3 The Developmental Origins of Health and Disease (DOHaD)

1.3.1 General Introduction to DOHaD

It has been long recognized in the scientific community that stressors encountered
during early development can contribute to long-term susceptibility to chronic disease.
The early works which helped to establish DOHaD as a field of study were epidemiologic
studies utilizing birth records in the United Kingdom, published by Dr. David Barker and
colleagues in the 1980s '3°. The early works of Barker and colleagues demonstrated that
low birth weight and/or high rates of perinatal mortality were associated with increased
risk of high blood pressure and mortality from ischemic heart disease later in life 26138,
Initially, this phenomenon was referred to as fetal programming, and focused largely on
the effects of the intrauterine environment on long-term outcomes. However, both
epidemiologic and animal model studies have since shown that the early postnatal period
is also critically important, resulting in a reframing from fetal programming to the
DOHaD hypothesis **!3°. The DOHaD hypothesis, perhaps known more colloquially as
developmental programming, posits that both intrauterine and early postnatal exposure to
stressors contribute to long-term disease susceptibility **!3. Following these landmark
studies, numerous preclinical and clinical studies have provided further evidence in
support of the DOHaD hypothesis, firmly establishing a link between early
developmental stressors and long-term risk for cardiometabolic dysfunction, cognitive
and behavioural deficits, reproductive dysfunction, and cancer in offspring 89%:133:139-142

To account for the long-term impacts of perinatal stressors on offspring health,
numerous hypotheses have been proposed. Initially, the field of DOHaD reshaped the
predominant notion that adult diseases were a result of genes and their interactions with
an adverse environment in adulthood '*. Instead, DOHaD emphasizes that a stressor
encountered during development results in adaptations by the developing offspring to
cope with their suboptimal environment, leading to permanent changes to offspring

physiology and structure '*. Indeed, this is the basis of developmental plasticity, which is

the process through which one genotype can result in a large range of physiological states
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in response to the differing stimuli and environmental conditions encountered '**. It is
recognized that developmental plasticity is highest in utero, and that while many
adaptations provide a survival (and therefore evolutionary) advantage to the offspring in
early life, it may come at the expense of disease susceptibility later in life '**. Although
developmental stressors may cause a clinically unambiguous phenotype in some cases
(i.e. the more severe the stressor, the more obvious the adaptive response or phenotype),
identification of many at risk offspring remains a great challenge.

Prematurity is an example of an unambiguous phenotype known to contribute to
developmental programming. Prematurity, defined as being born prior to 37 weeks
gestation, is a leading cause of perinatal morbidity and mortality, and also confers risk of
long-term morbidity whose severity correlates with the degree of prematurity 414,
Rapid growth and development occur in the third trimester of pregnancy, and
transitioning to the ex utero environment while this growth and development are actively
occurring has long-term implications for function %%, Moreover, with increasing
degrees of prematurity, many offspring organs will not have the functional capacity to
support life ex utero, leading to significant need for medical intervention '*>146. As such,
it is unsurprising that pre-term birth is a reliable marker for offspring likely to experience
programming effects from a developmental stressor.

Similar to pre-term birth, significant attention has been paid to birth weight and
intrauterine growth restriction (IUGR) and their usefulness in identifying at-risk
offspring. Fetal growth restriction is a leading cause of perinatal morbidity and mortality
and is estimated to occur in 5% of all pregnancies '*’. However, unlike pre-term birth,
birth weight and IUGR share a more complicated relationship with long-term
programming effects. Low birth weight can be categorized in absolute terms (i.e. any
birth weight below 2500g) or as being small for gestational age (SGA), defined as weight
<10 percentile of predicted when accounting for fetal sex and gestational age '*%. In
contrast, [IUGR is diagnosed via ultrasonography and is defined as being <10 percentile
of predicted weight for gestational age, albeit significant variability in this definition may

exist due to error associated with estimations of fetal size and the standard growth curve
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utilized '¥7. While growth restriction and low birth weight are indeed strongly associated

with perinatal morbidity and mortality 471497151

, and potentially to long-term
programming effects, two important caveats must be considered. First, constitutional
smallness, or small stature constrained by genetic factors rather than developmental
stressors, must be considered. Second, long-term programming can occur in offspring
where no overt growth restriction or reductions in birth weight are observed 13152,
Together, this suggests that although growth restriction and birth weight are helpful for
identifying offspring at risk of programming effects, they can result in false positives (i.e.
constitutional smallness) and negatives (i.e. programming despite no change in birth
weight). These factors, among others, contribute to the issues pertaining to identifying
which offspring have been exposed to developmental stressors.

Furthermore, patterns of fetal growth restriction can be broken down into two
broad categories, either asymmetric or symmetric. Asymmetric growth restriction refers
to a condition in which some organs (i.e. heart, brain, adrenals) become proportionally
larger, while other organs (i.e. kidneys, liver) are proportionally smaller 4. This growth
pattern is often caused by extrinsic developmental stressors (i.e. nutritional deficiencies,
placental insufficiency), and reflects a diversion of resources to ensure function of
“critical” organs at the expense of “dispensable” ones. This phenomenon has also been
described as the fetal brain sparing effect in the context of chronic prenatal hypoxia
exposure >, These processes are thought to enhance survival acutely, albeit contributing
to long-term detrimental programming phenotypes 149133154 In contrast, symmetric
growth restriction, where fetal organs are all reduced in size in proportion to body size, is
most commonly associated with intrinsic fetal issues (i.e. chromosomal abnormalities) or
congenital infections in early pregnancy '*’. As such, the pattern of growth in offspring
may help clinicians identify offspring exposed to extrinsic developmental stressors.

In addition to intrauterine growth, postnatal growth trajectories are also critically
important for the long-term programming effects of developmental stressors. A
phenomenon known as postnatal catch-up growth, which is characterized by abnormal

growth and/or weight gain secondary to being born growth restricted, is a mechanism
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through which developmental stressors contribute to long-term programming. For
instance, several animal models of developmental programming have shown that [UGR
offspring grow more rapidly than their control counterparts in the postnatal period when
placed on a nutrient-replete diet. These accelerated postnatal growth trajectories are
associated with enhanced adiposity and increased risk for development of
cardiometabolic dysfunction 1*>'%7. The role of catch up growth, independent of a
prenatal insult per se, has been demonstrated in studies wherein IUGR offspring
maintained on nutrient restricted diets postnatally had improved long-term outcomes '%.
Therefore, it is recognized that all neonates, and especially those with [IUGR, must be
monitored closely in the postnatal environment to ensure optimal growth and
development, and to avoid growth patterns that promote future cardiometabolic risk 1%,
Moreover, body composition, and not just overall size, must be considered. In the context
of perinatal ID, postnatal catch up growth may not be overt in perinatal ID, given that the
low iron content in breast milk would continue to limit iron available for neonatal
growth, until such a time that additional iron is provided in solid foods or supplemented
formula 3!, As such, other metrics such as increased susceptibility for adiposity itself
may be a useful indicator for postnatal catch-up growth !0,

To date, a variety of perinatal stressors have been linked with chronic disease. For
instance, both clinical and mechanistic animal model studies have shown that a myriad of
developmental stressors (i.e. micronutrient deficiencies, macronutrient restriction,
maternal obesity, gestational diabetes, prenatal hypoxia, reduced uteroplacental
perfusion, etc.) predispose offspring for increased risk of cardiovascular, metabolic, and
cognitive dysfunction later in life 14131617170 Degpite large differences in the nature of
the various developmental stressors studied, many reviews highlight that offspring
exhibit similar phenotypes in later life. Moreover, the mechanisms underlying the
propensity for disease also show considerable overlap between models of developmental
stress 139153171 Therefore, treatment strategies which could be developed to prevent
developmental programming of cardiovascular dysfunction may be applicable to a variety

of stressors !"17173, Notwithstanding, further mechanistic understanding of individual
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developmental stressors, and how offspring respond to them, is necessary before perinatal
therapeutics are a viable treatment option.

In cases where prevention of a developmental stressor may not be viable, it is
temping to speculate that early interventions could be most effective '3%!43, Indeed, with
higher developmental plasticity in early life, therapeutic interventions instituted during
this time could be more effective by altering growth and developmental trajectories in
such a way as to reduce the burden of chronic disease. Theoretically, this treatment
paradigm could be more efficacious than treatments instituted once disease as manifest
193 However, developing treatments for use during pregnancy or early postnatal life is
fraught with challenges. In the same way that developmental plasticity confers greater
potential efficacy for therapeutic interventions in this period, so too can the side effects of
drugs be exacerbated. Moreover, the potential for long-term side effects in the various
organ systems which are still developing would require substantial surveillance efforts.
That said, the merits of early intervention cannot be understated, and early childhood or
adolescence may be a more suitable time for therapeutics. Indeed, findings from the
Pathobiological Determinants of Atherosclerosis in Youth (PDAY) study suggest that
90% of myocardial infarctions could be prevented through identifying and mitigating the
progression of risk factors for atherosclerosis before age 15 '7*. Indeed, this viewpoint is
in line with mitigating future cardiovascular disease through the lens of DOHaD, which
stresses the importance of early detection and intervention. As medicine continues to
progress, and we uncover new biomarkers which denote risk of future disease earlier, it is
foreseeable that health optimization during early development will become a priority in

treating a large variety of chronic health conditions.
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1.3.2 Overview of Renal Development

The developing kidney is particularly susceptible to insults. To understand how
stressors can influence long-term kidney structure and function, and brief description of
kidney organogenesis is warranted. Nephrogenesis, the process through which nephrons
are formed, begins early in gestation in humans and is complete by approximately
gestational weeks 36-37 75176, Notably, this is distinct from rats, wherein nephrogenesis
ceases approximately 2 weeks postnatally '7°. The metanephric kidney, which gives rise
to the permanent kidney, develops through the ureteric bud growing from the caudal
region of the fetus into a loose grouping of nearby cells known as the metanephric
mesenchyme. The ureteric bud, which will eventually form the collecting ducts, renal

177 Meanwhile,

pelvis, and ureters, develops through elongation and branching processes
complex signaling interactions are occurring between the ureteric bud and the
metanephric mesenchyme. The metanephric mesenchyme consists of many different cell
types which ultimately form the vasculature, tubular structures, glomeruli, among other
components of the kidney !”’. Numerous signaling pathways which are known to regulate

the interactions between the ureteric bud and metanephric mesenchyme, thereby dictating

congenital nephron number; these are summarized in Figure 1.3.
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A Retinoic Acid (RA) Signaling B WNT Pathway C BMP Pathway

Retinol
/ Retinyl Esters \ / \ / Tef21 \
Tef21 (Wntll) Wil (Wntd) Wntd Greml
I Wil (Wint9b) Bmpd (Wntll) Wl
BMP4
Retinaldehyde MM.: Wnt4, Wnt5a, Wnt7a
CM: Wnt9b
lRALDH UB: Wnt9b, Wntll BMPRIA
MS: Wntd l,
RA Signal Transduction &
/\ Transcriptional Regulation
‘/\C"YP26 Gdnf/Ret/Wntll
o LRP/FZD FZD - /
RAR/RXR  Inactive cis-RA B-Cateni Function: Prevents ureteric
-Latenu PCP stalk budding and promotes
Induces GDNF (canonical CaZt \ elong P /
. gation
transeription / pathway)
RET Signal Transduction & D FGF Pathway
Transcriptional Regulation / FGF \
f-Catenin J,
c};;t FGFR
Signal Transduction & ng (FGFRI in MM; FGFR2 in UB)
Transcriptional Regulation F
of8 . .
Wntd Slgna_l T_ransductlon &
Ret Bmpd (via Ward only) Transeriptional Regulation
Wntll
Salll, Pax2?
gz Function: Control of UB g dn} ;; Bmp4
development and induction of W,t 7
pro-nephrogenic factors within
Function: Stimulates growth and mesenchymal cells Function: Control of growth and

branching morphogenesis of UB maturation of the MM, and
K / \ / K regulation of UB branching /

Figure 1.3: A simplified overview of nephrogenic signaling pathways. These pathways

mediate the interactions between the ureteric bud and surrounding mesenchymal cells. (A) all-
trans retinoic acid is generated through the action of retinaldehyde dehydrogenase (RALDH)
activity, which can bind to nuclear retinoic acid receptor (RAR)/ retinoid X receptor (RXR)
heterodimers leading to the transcription of receptor tyrosine kinase (RET). Glial derived
neurotropic factor (GDNF) is the ligand for RET, leading to activation of downstream signaling
mediated in part by B-catenin, thereby enhancing (green box) transcription of downstream
mediators. (B) Wingless-related integration site (WNT) pathway signaling is enhanced (green
box) and repressed (red box) by various factors. Several known WNT ligands and their regions of
expression (metanephric mesenchyme, MM; cap mesenchyme, CM; ureteric bud, UB; medullary
stroma, MS) may act through frizzled (FZD) receptors and downstream non-canonical WNT/Ca2*
or WNT/Planar Cell Polarity (PCP) pathways. Alternatively, low-density lipoprotein receptor
(LRP)/FZD complexes and downstream (-catenin mediate canonical WNT signaling. (C) Bone
morphogenic protein (BMP) pathway acts within the ureteric stalk via bmp-receptor 1a (BMPR1A,;

also known as ALK3) to antagonize pro-budding/branching signaling. (D) Fibroblast growth factor
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(FGF) pathway functions via FGF-receptors (FGFR) in a similar fashion to the WNT pathway and
the GDNF/RET axis, thereby stimulating coordinated growth, budding, and maturation of the
ureteric bud through interactions with the MM. Each major pathway has been reviewed in-depth

elsewhere in detail 178-184,

Regulation of cellular proliferation and death within the kidney is crucial, and has
been shown to rely in part on the triggering of developmental senescence and apoptosis
185,186 Tndeed, developmental senescence and resultant senescence associated secretory
phenotype (SASP) signaling, as well as apoptosis, are known to influence the signaling
pathways described in Figure 1.3 7187, Best characterized in the mesonephros, genetic
knockouts of developmental senescence induce abnormalities in kidney structure, which
are partially abrogated by the enhanced induction of apoptosis '3%!%_ In contrast to the
stress-associated triggers of both apoptosis and cellular senescence in aging and disease
(i.e. oncogenic DNA mutations, ROS-induced damage to the cell, etc.), the signaling

pathways which underlie these developmental processes are distinct !33:1%;

as such, it
remains an open question how developmental stressors impact the balance of these
reciprocally inhibited processes %5,

Over the course of development, large changes in oxygen availability and energy
metabolism can impact levels of ROS within the kidney. Renal development in utero
occurs in relative hypoxia, meaning that early growth is sustained largely through
anaerobic respiration, in addition to low levels of aerobic respiration'®-1!, Over the
course of gestation oxygen delivery to the fetus increases, leading to increases in aerobic
respiration '°2. The most precipitous shift towards aerobic metabolism follows the
transition to the extra-uterine environment, which is hyperoxic relative to the intrauterine
environment 2. As such, increased levels of lipid peroxidation, serum malondialdehyde,
and lipoperoxide levels are observed in neonates '>1%°, though these levels decrease to
adult levels 10-20 days after birth 1°>!%. While oxygen availability itself can increase
197

formation of ROS through interactions with non-mitochondrial cellular components *’,

mitochondria are implicated as a large source of the ROS in this transitional period, as
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mitochondrial superoxide and H>O; production is known to increase proportionally with

p()2 198,199.

To compensate for the increased oxidative stress, numerous components of the
antioxidant system are upregulated to prevent damage in neonates 2°°%. The rise in
neonatal ROS also serves as a signal for growth and developmental processes, such that
increases in antioxidant capacity must be tightly regulated in concert with changing levels
of ROS "', Moreover, mitochondria increase in number substantially during development
to meet the metabolic demands of the growing offspring. The heart and kidney have the
highest energy demands and resting metabolic rates of all organs in adults?**,
Consequently, the heart has the highest oxygen consumption and mitochondrial content
of any organ, followed closely by the kidney?*>*%. To limit oxidative damage in the
kidney during the transition to the postnatal environment, commensurate rises in
antioxidant defenses within these organs must occur 2°’. Under this paradigm, stressors
during development can disturb the finely tuned intracellular ROS levels, thereby altering
development and causing damage to cells. Further, if the balance between mitochondrial

content and antioxidant defense is perturbed, tissues may not be able to provide the

energy to meet the metabolic demand of the growing tissues.

1.3.3 Developmental Programming of Cardiovascular & Renal Dysfunction

The impact of developmental stressors on the kidney has largely focused on
congenital anomalies and alterations in nephron endowment. Additionally, abnormalities
in tubular function and renal hemodynamics have also been reported due to
developmental stressors such as gestational hypoxia and perinatal ID 7%2%%; albeit these
mechanisms are not within the focus of the work presented herein. Low birth weight and
decreased kidney volume at birth, which are common effects of developmental stressors
209 have been identified as risk factors for developing hypertension and chronic kidney
disease later in life '*°. Importantly, overall nephron endowment is associated with renal

volume at birth 176219211 Stemming from these observations, the Brenner hypothesis has
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been proposed as a mechanistic explanation linking developmental stressors with long-
term chronic kidney disease and hypertension.

The Brenner hypothesis posits that a congenital reduction in nephrons is a risk
factor for hypertension and chronic kidney disease later in life !> Since being proposed
in 1988 2!2, numerous studies have substantiated the link between reductions in nephron
endowment and hypertension and chronic kidney disease later in life 13%151:171213,
Reductions in nephron complement reduce functional reserve, such that when secondary
lifestyle stressors necessitate an increase in filtration (i.e. a high-salt diet), remaining
nephrons must functionally adapt to a higher demand 3. As a result, glomerular
hypertrophy occurs to accommodate hyperfiltration, albeit over long periods of time this
may result in glomerular sclerosis and accelerated loss of functional nephrons due to
injury !33. Therefore, developmental stressors which cause large reductions in congenital
nephron numbers result in a feed-forward loop, wherein accelerated loss of nephrons due
to lifestyle or other comorbidities result in the precipitation of hypertension and overt
renal dysfunction in later life.

Perinatal ID has been shown to alter kidney development. Both gestational and
postnatal iron restriction have been shown to decrease nephron endowment in rat
offspring 2!*?!°>. Additionally, recent studies have shown that perinatal ID results in
delayed renal maturation, albeit ID-induced reductions in glomerular density were not
observed in this study 2'°. Similarly, gestational hypoxia, vitamin A deficiency, maternal
protein restriction, and global maternal nutrient restriction have also been shown to
reduce nephron endowment in offspring 2!"2%*, Although the mechanisms underlying
altered nephrogenesis in perinatal ID remain unknown, models of similar etiology may
offer some clues. For instance, gestational hypoxia causes dysregulation of both
wingless-related integration site (WNT) and retinoic acid (RA) nephrogenic signaling
pathways, suggesting they may contribute to in alterations in renal structure and
associated long-term cardiovascular outcomes 2°%218224 Moreover, ID is known to

225-227

modify vitamin A metabolism , creating a strong impetus to assess vitamin A

metabolism and nephrogenic signaling in long-term kidney dysfunction due to perinatal
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ID. Furthermore, patterns of developmental senescence and apoptosis, and their
interactions with cellular stress induced by perinatal ID, may alter nephrogenesis. Indeed,
a variety of developmental stressors (i.e. ID, prenatal hypoxia, maternal protein

restriction, etc.) have been shown to induce renal cellular stress 208-214.215.218,228,229

, and as
such it would be reasonable to postulate that they may patterns of developmental
senescence and apoptosis.

Perinatal ID and developmental programming models of similar etiology provide
evidence of long-term renal dysfunction in offspring. For instance, perinatal ID results in
blunting of the relationship between renal arterial pressure and RIHP in adult male
offspring, contributing to salt sensitivity of blood pressure '’°. Moreover, numerous
studies report elevations in perinatal ID offspring blood pressures 1°%:160:170.215.230-232.
further implicating the presence of kidney dysfunction due to its role in the regulation of
long-term blood pressure set point 1%, Offspring exposed to prenatal hypoxia also exhibit
hypertension and renal dysfunction, characterized by tubular dysfunction and abnormal
collecting duct structure 2%!8, Given that antioxidant treatments improve cardiovascular
outcomes in models of prenatal hypoxia, this may also suggest ROS underlie long-term
renal dysfunction 2**2*°, Indeed, mitochondrial dysfunction and enhanced ROS underlie
renal dysfunction in a variety of experimental models, such as Dahl salt-sensitive rats and
spontaneously hypertensive rats 2*%?37. As such, it is possible that perinatal ID impacts
long term renal function through impaired mitochondrial function bioenergetics and
enhanced ROS generation.

In addition to long-term changes in renal function, developmental stressors such
as prenatal hypoxia and perinatal ID also likely impact vascular function. Previous
studies in adult offspring exposed to prenatal hypoxia show reduced vascular NO
bioavailability, which be due in part to enhanced oxidative stress 2*>23°. Prenatal hypoxia

also results in long-term alterations in vascular myogenic tone 122

, in addition to
decreased responses to vasodilators and enhanced vasoconstrictor responses
121,162:233.238.239 ‘Moreover, sympathetic hyperinnervation and enhanced vascular smooth

muscle sympathetic nerve activity have been observed in the vasculature of young adult
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rat offspring exposed to prenatal hypoxia '?’. Given these data, an impetus exists to assess
how perinatal ID impacts long-term vascular function.

Taken together, there are numerous mechanisms through which perinatal ID may
alter vascular and renal function, thereby resulting in chronic elevations in offspring
blood pressure. Importantly, hypertension is one of the most important risk factors for the
development of cardiovascular disease, which is the number one cause of death globally

%3, Moreover, perinatal ID increases susceptibility for enhanced adiposity 3%,

an
independent risk factor for the development of cardiovascular disease ', Finally,
perinatal ID has been linked to altered renal development, which likely contributes to

1702142216 ‘1dentification of mechanisms

chronic elevations in offspring blood pressure
which contribute to cardiovascular dysfunction in perinatal ID offspring is critical for

development of therapeutic strategies to ameliorate long-term detrimental outcomes.

1.3.4 Sex-Dependence of Developmental Programming

Interestingly, male and female offspring appear to exhibit markedly different
outcomes when exposed to a variety of developmental stressors. As reviewed by Loria et
al.”’, both short- and long-term cardiovascular outcomes in models of developmental
programming differ between male and female offspring. Overall, the literature 1s
suggestive that male offspring exhibit an increased propensity for development of
cardiovascular dysfunction secondary to developmental stressors versus females +'¢7,
Numerous mechanisms have been proposed to account for such differences, albeit no
definitive answers have yet been found. Potential mechanisms include genetics (i.e. X-
and Y-linked traits), epigenetics, and the actions of sex hormones. Each of the above
factors may play a role in both modulating the degree of fetal exposure to a stressor, as
well as the degree to which it causes dysfunction.

Despite similar maternal insults theoretically impacting male and female fetuses
similarly, sexually dimorphic outcomes suggest this may not be the case. For instance,

female fetuses invest more resources in placental development versus males 2*°. As a

result, female offspring likely have greater physiologic reserve when faced with maternal
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stressors that impact the availability of nutrients or oxygen which must be efficiently
transported to the fetus through the placenta. Additionally, male and female fetuses
impact maternal physiology differently, which may place male fetuses at greater risk. For
example, women pregnant with male fetuses are more likely to develop gestational
diabetes mellitus, have poorer beta cell function, and have lower pregnancy-sustaining
human chorionic gonadotropin (hCG) levels 2*!. As such, poorer maternal health in
pregnancies carrying male fetuses may place females at relatively lower risk.
Furthermore, genetic, epigenetic, and hormonal differences within the fetuses may
explain why responses to similar exposures to developmental stressors may lead to
divergent offspring phenotypes. For instance, the presence of higher levels of estrogen in

females during development 2#?

, or perhaps a less favorable ratio of testosterone to
estrogen in males, may portend a protective effect during critical windows of
development. Estrogen is known to transcriptionally control genes involved in
mitochondrial function, antioxidant function, and cellular survival, the effects of which
may reduce immediate cellular stresses thereby preventing long-term dysfunction 24324
Moreover, mitochondrial function may be a factor through which female offspring
respond differentially to stressors, as mitochondria have evolved exclusively through
maternal lineages, thereby optimizing their function in females 4624,

Identification of mechanisms accounting for long-term dysfunction secondary to
developmental stressors is critically important to development of treatment or
preventative paradigms. For instance, preclinical studies utilizing antioxidant therapies in
hopes of preventing cardiovascular dysfunction secondary to developmental stressors
have showed that these may be detrimental to unaffected offspring 24*>**. As such,
ascertaining the extent to which male and female offspring are exposed to developmental
stressors, in addition to how they respond, is critical for the reduction of life-long
cardiovascular disease risk. The mechanisms through which sex-dependent outcomes in
DOHabD occur remains an open question, underscoring the necessity of studying both

male and female offspring for all relevant outcomes.
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1.4 Statement of Hypotheses and Aims

Iron deficiency is the most common nutritional deficiency worldwide, and
pregnant women and infants are the most affected groups “*!*!. Gestational iron
deficiency is associated a host of pregnancy complications, including increased risk of
pre-term birth and intrauterine growth restriction “*!. Long-term, perinatal ID has been
shown to cause hypertension, reduced nephron endowment, and altered renal function in

170.215216.230 " a]beit the mechanisms through which this occur remain

adult offspring
unclear. Furthermore, whether these effects are present in both male and female
offspring, and whether mechanisms through which dysfunction may occur in each sex,
remains unclear. The overarching hypotheses to be tested are as follows:

1. Perinatal ID will result in organ-specific patterns of hypoxia, mitochondrial
dysfunction, and oxidative stress during gestation (Chapters 2 & 3).

2. Perinatal ID will alter cellular health within the developing kidney, leading to
altered nephrogenic signaling and ultimately a reduction in nephron
endowment (Chapters 4 & 5).

3. Perinatal ID will result in increased risk for development of hypertension,

vascular dysfunction, and renal injury; effects which can be exacerbated by

consumption of a high-salt diet in adulthood (Chapters 6 & 7).

The specific aims of each study, which address specific portions of one or more of the

above hypotheses, are listed below by chapter:

Chapter 2: Modest and severe maternal iron deficiency in pregnancy are associated with
fetal anemia and organ-specific hypoxia in rats.
1. To determine which (if any) fetal or maternal organs are hypoxic due to
differential severities of prenatal ID at the end of gestation.
2. Examine the extent of changes in uterine and umbilical artery blood flow due

to differential severities of prenatal ID at the end of gestation.
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3. Examine how different severities of prenatal ID impact patterns of growth

restriction in fetuses at the end of gestation.

Chapter 3: Prenatal iron-deficiency causes sex-dependent mitochondrial dysfunction and
oxidative stress in fetal rat kidneys and liver.

1. To determine how severe and moderate prenatal ID impact patterns of fetal
growth restriction.

2. To determine if moderate and severe prenatal ID result in enhanced generation
of superoxide concomitant with reductions in nitric oxide in the fetal liver and
kidney.

3. To determine if moderate and severe prenatal ID cause mitochondrial
dysfunction in the fetal liver and kidney.

4. To determine the impact of moderate and prenatal ID on mitochondrial

biogenic factors in the liver and kidney.

Chapter 4: Perinatal iron deficiency causes sex-dependent changes in kidney oxidative
stress, cellular senescence, and apoptosis during postnatal renal development.
1. To determine how perinatal ID impacts patterns of apoptosis and senescence
over the course of postnatal renal development
2. To assess the impact of perinatal ID on antioxidant enzyme expression and
levels of oxidative damage within the kidney throughout postnatal renal

development

Chapter 5: Perinatal iron deficiency causes sex-dependent alterations in renal retinoic
acid signaling and nephrogenesis.
1. To determine how perinatal ID impacts offspring renal vitamin A metabolism.
2. To determine if perinatal ID results in reduced nephron endowment in
offspring following postnatal renal maturation.
3. To determine if alterations in nephrogenic signaling cascades following birth

contribute to alterations in offspring nephron endowment.
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Chapter 6: Perinatal iron deficiency and a high salt diet cause long-term kidney

mitochondrial dysfunction and oxidative stress.

1.

To determine how alterations in NO signaling contribute to hypertension in
adult offspring born with perinatal ID.

To determine if perinatal ID results in chronic elevations in renal oxidative
stress and mitochondrial dysfunction.

To determine if perinatal ID results in increased susceptibility to renal injury
in adulthood.

To determine if the above effects of perinatal ID are exacerbated by

introduction of a high-salt diet in adulthood.

Chapter 7: Perinatal iron deficiency combined with a high salt diet in adulthood causes

sex-dependent vascular dysfunction.

1.

To determine if perinatal ID results in resistance artery oxidative stress and a
reduction in NO signaling.

To determine if perinatal ID results in impaired endothelial dependent and
independent vasodilation.

To determine if perinatal ID results in hypersensitivity to vasoconstrictors,
such as endothelin-1 and phenylephrine.

To determine if the above effects of perinatal ID are exacerbated by

introduction of a high-salt diet in adulthood.
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2.1 Abstract

Prenatal iron-deficiency (ID) is known to alter fetal developmental trajectories, which
predisposes the offspring to chronic disease in later life, although the underlying
mechanisms remain unclear. Here, we sought to determine whether varying degrees of
maternal anaemia could induce organ-specific patterns of hypoxia in the fetuses.
Pregnant female Sprague Dawley rats were fed iron-restricted or iron-replete diets to
induce a state of moderate (M-ID) or severe ID (S-ID) alongside respective controls.
Ultrasound biomicroscopy was performed on gestational day (GD)20 to assess uterine
and umbilical artery blood flow patterns. On GD21, tissues were collected and assessed
for hypoxia using pimonidazole staining. Compared to controls, maternal haemoglobin
(Hb) in M- and S-ID were reduced 17% (P<0.01) and 48% (P<0.001), corresponding to
39% (P<0.001) and 65% (P<0.001) decreases in fetal Hb. Prenatal ID caused asymmetric
fetal growth restriction, which was most pronounced in S-ID. In both severities of ID,
umbilical artery resistive index was increased (P<0.01), while pulsatility index only
increased in S-ID (P<0.05). In both M-and S-ID, fetal kidneys and livers showed
evidence of hypoxia (P<0.01 vs. controls), whereas fetal brains and placentae remained
normoxic. These findings indicate prenatal ID causes organ-specific fetal hypoxia, even

in the absence of severe maternal anaemia.
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2.2 Introduction

Iron-deficiency (ID) is the most common nutritional deficiency worldwide**. ID
anaemia, a condition in which circulating haemoglobin (Hb) levels are reduced, is
estimated to affect 1.2 billion people globally®*!; the prevalence of latent ID, in which no
overt signs of anaemia exist, is undoubtedly higher. One of the populations most at risk
for ID and resultant anaemia is pregnant women, due blood volume expansion and
demands from the fetal-placental unit!!*°, Global rates of anaemia in pregnant women are
estimated to be 38%!!, with 22% of pregnant women in developed nations affected?!,
emphasizing the importance of iron status assessments in vulnerable groups regardless of
geographical location.

ID during fetal and postnatal development is an important health concern that can
have lasting effects on the offspring. ID during pregnancy and the postnatal

developmental period causes altered growth trajectories, and is associated with long-term

252,253 170,230,231,254,255

cognitive deficits , cardiovascular perturbations , and metabolic
dysfunction!>*10:25¢ Interestingly, iron supplementation and repletion of iron stores in
children whose mothers had ID during pregnancy does not appear to alleviate the
persistent health complications®’, suggesting adequate iron supply to the fetus
throughout gestation is critical. Despite its well-described programming effects, the
mechanisms by which ID during pregnancy alters fetal growth trajectories are unknown.
Hb is the molecular vehicle responsible for carrying atmospheric oxygen from the
lungs to the tissues. Under normal circumstances (i.e. a non-pregnant state), the amount
of oxygen delivered to tissues exceeds demands by a factor of approximately 4, with the
notable exception of the heart, which extracts approximately 50% of its delivered
oxygen®>®. This physiological reserve, coupled with cardiovascular compensatory
mechanisms that alter blood flow and increase cardiac output, maintain adequate tissue

2% During pregnancy, oxygen demands in

oxygenation even in cases of severe anaemia
the fetus are undoubtedly high, corresponding to a lower physiological reserve of oxygen
delivery to tissues. In the case of anaemia during pregnancys, it is not presently clear

whether adaptive increases in cardiac output and changes in blood flow?® are capable of
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mitigating hypoxia caused by decreased arterial oxygen delivery to the fetus®!-?!,

Although hypoxia inducible factor-1a (HIF-1a) protein has been shown to accumulate in

placentae and hearts of anemic fetuses®>54262

, it is noteworthy that prolyl hydroxylase-
activity is dependent on iron®®*, and as such increased HIF-1a expression may be caused
by ID per se, rather than hypoxia. Despite this, no other studies have explored organ-
specific patterns of hypoxia in the fetuses of ID mothers.

Together, these studies provide a rationale for investigating the relationship of
prenatal ID and oxygen status within the fetus during gestation. In this study, we utilized
two groups of rats at different ages to induce different degrees of maternal anaemia, to
assess the relationships between maternal and fetal iron status and oxygen tension; these
groups are designated moderate (M-ID) and severe (S-ID) iron deficient groups on the
basis of maternal iron status at the end of gestation. Using these models, we sought to
determine: (1) whether maternal and fetal blood flow patterns are altered by prenatal ID

using ultrasound biomicroscopy; and (2) the organ specific patterns of hypoxia in dams

and fetuses.

2.3 Methods

2.3.1 Animals and Treatments

The experimental protocols described herein were approved by the University of
Alberta Animal Care Committee in accordance with the guidelines established by the
Canadian Council for Animal Care. Thirty-two female Sprague Dawley rats (16 at 12
weeks old, and 16 at 6 weeks old) were purchased from Charles River (Saint-Constant,
Quebec, Canada) and housed in the University of Alberta Animal Care Facility. Dams
had ad libitum access to food and water throughout the study. The animal care facility
maintained a 12-hour light/dark cycle and an ambient temperature of 23°C.

Two weeks prior to mating, dams from both age groups were randomly assigned
to receive either a control or an iron-restricted diet ; the two diets, based on the AIN-93G

)264

formula (Research Diets Inc.)™”, were identical in composition with the exception that

control diets (D10012G) contained 35 mg/kg iron (in the form of ferric citrate), whereas
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the ID diet (D15092501) had no added ferric citrate and contained only trace amounts of
iron (3 mg/kg). This approach allowed us to feed dams an identical diet, but generate
different degrees of ID anaemia in the dams, such that feeding the 6 week old female rats
fed an iron-restricted diet generates a phenotype far more severe than that which occurs
in 12 week old female rats fed the same iron-restricted diet. After two weeks on their
respective diets, females were naturally bred (i.e. without synchronization of estrus) to
age-matched males fed a standard iron-replete rodent chow (PicoLab 5L.OD) by housing 1
male with 2 dams each night. Pregnancy was confirmed by the presence of sperm in a
vaginal smear the following morning; this was considered gestational day(GD)0. Dams
were housed individually starting on GDO, and food consumption, body weight, and Hb
were assessed weekly. Maternal Hb levels was assessed using a HemoCue 201+ system

from blood (~10 pL) collected via saphenous venipuncture.

2.3.2 Ultrasound Biomicroscopy

On GD20, ultrasound biomicroscopy was performed to assess uterine artery and
fetal umbilical artery haemodynamic parameters, as previously described 2%°. Rats were
anaesthetized with isoflurane (5% induction, 2.5% maintenance in 100% O3). The
abdomen was shaved and pre-warmed gel was used as an ultrasound coupling medium.
Rats were imaged transcutaneously using an ultrasound biomicroscope (model Vevo
2100, VisualSonics, Toronto, ON, Canada) with a 16-21 MHz MicroScan array
transducer probe. A 0.2 to 0.5 mm pulsed Doppler gate was used, and the angle between
the Doppler beam and the vessel was <45°. Doppler waveforms were obtained from
uterine arteries near the lateral-inferior margin of the utero-cervical junction close to the
iliac artery on each side, as well as from the umbilical artery from three fetuses per dam.
Peak systolic velocity (PSV) and end diastolic velocity (EDV) averages were obtained
from a minimum of three consecutive cardiac cycles. Both resistive index (RI=[PSV-
EDV]/PSV) and pulsatility index (PI=[PSV-EDV]/time averaged velocity [TAV]) were

calculated.
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2.3.3 Tissue Collection and Analysis

After a minimum of 4 hours of recovery from anesthesia from ultrasound
biomicroscopy assessments, rats were administered pimonidazole (60 mg/kg) by oral
gavage. The next morning (GD21; term=GD22) dams were anesthetized (isoflurane, 5%
induction, 3% maintenance in 100% O) and blood was collected from the inferior vena
cava into EDTA coated tubes, and centrifuged at 1500 x g to isolate plasma. Rats were
then euthanized by exsanguination and subsequent excision of the heart. Fetuses and their
placentae were quickly removed, cleaned and weighed. Fetuses were decapitated and
blood was collected for blood Hb assessments (HemoCue 201+ system). Fetal tissues
were excised into ice-cold saline, cleaned, blotted dry and weighed; tissues were then
fixed in 4% neutral-buffered formalin for 24 hours and subsequently embedded for
histology as described 2. Plasma transferrin and ferritin were assessed using kits
(ab137993 and ab157732, Abcam), in duplicate for each dam, according to the
manufacturer’s instructions.

For hypoxyprobe analysis, embedded tissues from dams and male fetal offspring
were sectioned at 6 um. Maternal brain and kidneys were sampled from the cortical
regions, whereas the entire cross-sections of fetal tissues were used (due to their small
size). Following rehydration and antigen retrieval in sodium citrate buffer (10 mM
sodium citrate, 0.05 % Tween-20, pH 6.0) for 20 min at 90°C, tissues were blocked using
1% bovine serum albumin in tris-buffered saline (50 mM Tris, 150 mM NaCl, 0.1%
tween 20, pH 9.0). Sections were then probed with FITC-preconjugated hypoxyprobe
mouse monoclonal antibodies (HP61000 Kit, Hypoxyprobe Inc.) in blocking buffer at a
dilution of 1:50 (0.01 mg/mL) and incubated overnight at 4°C. After washing in tris-
buffered saline, sections were mounted in DAPI-containing medium (Vectashield H-
1200). Fluorescence intensities were measured using an Olympus IX81 fluorescent
microscope. For each sample analyzed, mean fluorescence intensity was calculated from
6 separate fields of view. Thresholds of fluorescence images were normalized to average
intensity of control group fluorescence (low threshold) and maximal fluorescence

intensity of all samples (high threshold).
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2.3.4 Statistical Analyses

In all cases, the n values reflect the number of litters (or dams) used, and not the
number of fetuses. When multiple pups were sampled from the same litter, mean values
were calculated and considered n=1; this corresponds to 1 pup per n in Hypoxyprobe data
sets, and 2-6 pups for all other data sets presented. Parametric data (i.e. food intake, body
weight gain, organ weights, and haemodynamic variables) were analyzed by unpaired
Student’s ¢ test, or two-way analysis of variance with Bonferroni post-hoc tests; these
data are presented as scatter plots with mean =SEM. Non-parametric data (i.e.
pimonidazole staining) were analyzed by Mann-Whitney U-test; these data are presented
as bar and whisker plots showing as median, 25% and 75% quartiles, and range.
Hypoxyprobe analyses were conducted in male fetal tissues, however trends were
confirmed in select female tissues. All statistical analyses were conducted using Prism

5.0 (GraphPad Software, Inc.). P<0.05 was considered statistically significant.

2.4 Results

2.4.1 Maternal and Fetal Outcomes

Maternal iron restriction had no impact on total food consumption in M-ID and S-
ID groups (M-ID: 709.4 + 13.3g, controls: 698.1 = 15.9 g, n=5, P=0.56; S-ID: 803.2
+29.2 g, controls: 840.4 + 13.1 g, n=8, P=0.19), nor did it affect maternal cumulative
weight gain or litter sizes (Figure 2.1). Iron restriction in the M-ID group caused a 17%
reduction in maternal Hb compared to controls by GD21 (Figure 2.2A), with no apparent
changes in maternal plasma ferritin (Figure 2.2B) or transferrin (Figure 2.2C). In
contrast, maternal Hb in the S-ID group was 48 % lower compared to controls (Figure
2.2A), plasma ferritin levels were 75 % lower than controls (Figure 2.2B), and
transferrin levels were 25% higher than controls (Figure 2.2C). Fetuses in the M-ID
group had Hb levels reduced by 39% compared to controls, whereas S-ID fetuses had Hb
levels reduced by 65% (Figure 2.2D).
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M-ID and S-ID resulted in 14% and 26% decreases in fetal bodyweight compared
to controls, respectively (Figure 2.3A). M-ID caused modest changes in fetal growth
trajectories with increased relative placental size (Figure 2.3B) and trends for increased
brain (Figure 2.3C) and heart weight (Figure 2.3D), albeit no differences in liver or
kidney weights were observed (Figure 2.3E-F). The S-ID group was characterized by
more pronounced alterations in fetal organs weight at the end of gestation, including
increased relative placental (Figure 2.3B), brain (Figure 2.3C), and heart weight (Figure
2.3D) which was accompanied by decreases in relative liver (Figure 2.3E) and kidney

weight (Figure 2.3F).
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Figure 2.1: Maternal weight gain and litter outcomes. (A) Maternal cumulative weight gain
over initial body weight and (B) litter sizes in moderate ID (M-ID) and severe ID (S-ID) groups.
Top and bottom panels depict M-ID and S-ID data sets, respectively. Data is presented as mean
+SEM, and n=7-8. In panel A, P values reflect 2-way ANOVA outcomes; in panel B, P values

reflect Student’s t-test outcomes.
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Figure 2.2: Maternal hematologic outcomes. (A) Dam Hb, (B) dam plasma ferritin on GD21,
(C) dam plasma transferrin on GD21, and (D) fetal Hb on GD21 in M-ID and S-ID groups. Top
and bottom panels depict M-ID and S-ID data sets, respectively. Data is presented as mean
+SEM, and n=6-8. In panel A, P values reflect 2-way ANOVA outcomes; in panels B-D, P values

reflect Student’s t-test outcomes.
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Figure 2.3: Fetal growth outcomes. (A) Fetal body weights, (B) relative placental weights, (C) relative brain weights, (D) relative heart weights,
(E) relative liver weights, and (F) relative kidney weights in M-ID and S-ID groups. Top and bottom panels depict M-ID and S-ID data sets,

respectively. Data is presented as mean +SEM, and n=6-8. P values reflect Student’s t-test outcomes.
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2.4.2 Maternal and Fetal Haemodynamics

Neither M-ID nor S-ID dams exhibited alterations in uterine artery resistive index
(0.60 £0.04 M-ID vs. 0.62 +£0.03 controls, n=7-8, P=0.68; 0.62 +0.04 S-ID vs. 0.63 +0.02
controls, n=8, P=0.80) or pulsatility index (0.87 £0.08 M-ID vs. 0.91 £0.07 controls,
n=7-8, P=0.69; 0.93 £0.04 S-ID vs. 0.91 £0.09 controls, n=8, P=0.88). However, fetal
umbilical artery RI was increased in both groups (Figure 2.4B) compared to respective
controls, with no change in fetal heart rates (Figure 2.4D). Umbilical artery PI was not
changed in M-ID dams, whereas it increased in S-ID dams with respect to controls
(Figure 2.4C). Underlying these changes, umbilical artery PSV was elevated by more
than 35% in both the M- and S-ID groups with respect to controls (270.3 £26.7 mm/s M-
ID vs. 164.1 £12.3 mm/s controls, n=7-8, P=0.002; 287.0 +£13.2 mm/s S-ID vs 216.4
+15.3 mm/s controls, n=8, P=0.004). The S-ID group also has a trend for decreased EDV
versus controls (9.9 +1.4 mm/s S-ID vs. 13.1 £1.0 mm/s controls, n=8, P=0.08), whereas
the M-ID group did not (10.3 +2.0 mm/s M-ID vs. 10.5 +1.0 mm/s controls, n=7-8,
P=0.96). Core body temperature, measured during ultrasound assessments, was not
different between groups (35.1£0.3 °C M-ID vs. 35.3+0.3 °C controls, n=7-8, P=0.72;
35.0+0.3 °C S-1D vs 34.7£0.3 °C controls n=7-8, P=0.44).
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Figure 2.4: Umbilical Doppler outcomes. (A) Representative image of an umbilical artery

Doppler from a moderate group control, (B) umbilical artery RI, (C) umbilical artery PI, and (D)

fetal heart rate in M-ID and S-ID groups. Top and bottom panels in B-D depict M-ID and S-ID data

sets, respectively. Data is presented as mean +SEM, and n=7-8. P values reflect Student’s t-test

outcomes.
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2.4.3 Hypoxyprobe Staining

Evidence of fetal hypoxia, as assessed by pimonidazole staining, was similar in both M-
ID and S-ID groups. Pimonidazole staining was more pronounced in kidneys and livers
of both M-ID and S-ID fetuses, relative to their respective controls (Figure 2.5). No
pimonidazole staining was observed in fetal brain or in placentae of either group (Figure
2.6). Finally, increased levels of staining were observed in dam liver tissues in the S-ID
group, which was not evident in the M-ID group (Figure 2.7A & B). No staining was
observed in S-ID dam kidneys (Figure 2.7C) or brains (Figure 2.7D), and therefore these

analyses were not performed in M-ID dams.
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Figure 2.5: Fetal kidney and liver Hypoxyprobe staining. (A) moderate group kidney, (B)
severe group kidney, (C) moderate group liver, and (D) severe group liver. Top and bottom
panels depict representative staining and quantification, respectively. The white scale bar
represents 75 pym of tissue. Data are presented as median, quartiles, and range. P values reflect

Mann-Whitney U test outcomes, n=7-8.
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Figure 2.6: Placenta and brain Hypoxyprobe staining. (A) moderate group placentae, (B)
severe group placentae, (C) moderate group brain, and (D) severe group brain. Data are
presented as median, quartiles, and range. P values reflect Mann-Whitney U test outcomes, n=7-
8.
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Figure 2.7: Maternal Hypoxyprobe staining. (A) M-ID liver, (B) S-ID liver, (C) S-ID kidney, and
(D) S-ID brain. Top and bottom panels depict representative staining and quantification,
respectively. The white scale bar represents 75 uym of tissue. Data are presented as median,

quartiles, and range. P values reflect Mann-Whitney U test outcomes, n=7-8.
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2.5 Discussion

In this study, we investigated the effects of maternal iron restriction during
pregnancy to assess the impact on growth, iron status, and hypoxia in the developing
fetus. To summarize, we report that prenatal ID caused: (1) asymmetric fetal growth
restriction, which was dependent on the severity of fetal anaemia; (2) no changes in
uterine artery blood flow patterns, but altered umbilical artery blood flow patterns; (3)
hypoxia in fetal livers and kidneys, but not in the brain or placenta. Taken together these
findings suggest that ID, which may or may not manifest as overt maternal anaemia by
the end of gestation, causes fetal anaemia and tissue-specific patterns of hypoxia, which
may have important implications in the programming of long-term health in the
offspring.

The M-ID rat model used in this study is one in which ID develops in the dam
over the course of gestation, and only begins to show signs of anaemia at the end of
pregnancy. In contrast, reductions in maternal Hb are observed throughout gestation in
the S-ID group, which caused more pronounced fetal growth asymmetry. The M-ID
group is intended to mimic a common clinical scenario in which the increased demands
of pregnancy coupled with insufficient iron intake or poor gastrointestinal

absorption?%7-268

causes the gradual depletion of iron stores, which can proceed without
clinical manifestations until the end of gestation. As blood volume expansion continues
and iron demands from the fetal-placental unit increase throughout gestation, reduced
maternal Hb levels become apparent. The M-ID group models this clinical scenario well,
as maternal Hb levels reside within the range considered normal in non-pregnant women
(12-16 g/dL*"), and only reach a modest degree of anaemia in the last week of gestation
(<11 g/dL*). In the M-ID dams, we observed no changes in plasma ferritin or transferrin
levels, which is in contrast to the S-ID model, further demonstrating that this treatment
regimen produces a modest insult more likely to be overlooked in the clinical setting.
Whereas the S-ID fetuses exhibited severe growth restriction and marked changes in
organ grown patterns, the M-ID fetuses group exhibited lesser growth restriction, and no

marked alterations in certain organ weights. However, we did observe subtle alterations
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in brain and heart weights (relative to body weight; Figure 3), which likely reflects
cardiovascular adaptations contributing to a brain-sparing effect (see below), suggesting
this moderate anaemia does in fact cause iron depletion in the developing fetus by the end
of pregnancy. Moreover, Mihaila et al. reported differences in embryo iron content as
early as embryonic day 15 using a rat model of iron deficiency of similar severity as the
M-ID group used herein®®, suggesting that the fetus is exposed to a prolonged period of
stress in the absence of maternal anaemia.

As noted above, ID per se can upregulate endogenous markers generally

associated with hypoxia, such as HIF-1q°%2%3

and can therefore confound hypoxia
assessments. The present study therefore relies on the suitability of exogenous
pimonidazole as a more accurate marker of hypoxia. In non-ID contexts, pimonidazole
staining correlates well with HIF-1a and other endogenous markers of hypoxia?’%2"!,
suggesting it is well-suited to detect physiologically relevant degrees of hypoxia (~10
mmHg)?71272,
The majority of oxygen transported in the blood is bound to Hb, and consequently
anaemia has a direct and profound impact on oxygen carrying capacity'*”*. S-ID dams,
unlike M-ID dams, exhibited signs of liver hypoxia at the end of pregnancy, indicating
compromised oxygen transport and an inability to fully compensate via increases in blood
flow. In the case of S-ID fetuses, concomitant reductions in both maternal and fetal Hb
predictably resulted in hypoxia in certain tissues (e.g. kidneys, liver) but not in others (i.e.
brain). Although blood gas parameters were not assessed in the present study owing to
technical limitations, Darby et al. previously showed in an ovine model that a similar
degree of fetal anaemia as seen in the present study causes reduced fetal blood O»
content, with changes in fetal blood pH and pCO»?%'. These hypoxia patterns are
consistent with altered organ growth patterns, which may be indicative of fetal
cardiovascular compensatory mechanisms. Indeed, coronary and cerebral blood flow in
ovine fetuses tend to increase disproportionally in chronic anaemia®’* suggesting a

redistribution of blood flow towards the brain and heart at the expense of other organs

(e.g. liver and kidney). Bastian ef al. also reported increased blood vessel branching and
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elevated expression of angiogenic and vasculogenic genes in various brain regions>’,

suggesting other compensatory mechanisms are involved in the mitigating the hypoxia
induced by anaemia.
Interestingly, in contrast with previous reports in ovine models of fetal

260273 'no compensatory increases in fetal heart rate were observed in either the

anaemia
M or S-ID group. Although this could be attributed to the use of isoflurane anesthesia
(the studies by Mostello et al. and Davis et al. were done in non-anesthetized sheep), it is
noteworthy that anaemia-induced increases in cardiac output are thought to stem largely
from decreases in blood viscosity (resulting primarily in reduced afterload) and increased

260 rather than autonomic nervous system-driven changes in cardiac

contractility
function®’®. In this regard, it is not surprising that fetal heart rates were not affected.
However, whether fetal cardiac responses to anaemia differ from adults, and whether
there are developmental differences between rats and sheep in heart rate regulation®’*?”’
may provide some insights into the mechanisms of fetal cardiovascular compensation to
anaemia.

The marked increase in placental size in both the M-ID and S-ID groups suggest
that the placenta is sensitive to oxygen (or iron) deficiencies, despite no increases in
blood flow with anaemia?**?7*. Although the consequences of this excessive placental
growth are not clear, this may reflect a compensatory mechanism to increase oxygen and
nutrient exchange and therefore offset the reduced oxygen delivery caused by lower
maternal and fetal Hb levels and mitigate a hypoxic insult to the fetus. However, Lewis et
al. reported that prenatal ID is associated with reduced vascularity and capillary volume

in the placenta®’®

, and the authors speculate that the alterations in placental morphology
(and possibly abnormal vascular structure/function) may be a cause of altered fetal
growth trajectories in this model. As such, increased umbilical artery resistive index in
both M-ID and S-ID groups may reflect an abnormal placental vascular development, and
may be a cause of altered fetal growth trajectories, rather than a beneficial adaptive
mechanism. Moreover, our results showing that S-ID, but not M-ID, contributes to an

elevated PI may indicate of a greater level of pathology with increasing severity of ID.
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Our study implicates fetal hypoxia as a possible mechanism that contributes to the
programming of chronic diseases in later life. We have previously shown that perinatal
ID can induce long-term health complications, ranging from cardiovascular
perturbations!”?, to increased propensity for obesity and metabolic dysfunction'>*!%, to
cognitive deficits?>>. These effects are said to be ‘programmed’ because the phenotypic
and functional consequences persist long after the stressor is removed. The observation
that fetal kidneys become hypoxic may be a contributing factor to the cardiovascular
dysfunction seen in adult PID offspring, which is characterized by reduced nephron

230,231,254

endowment?!>, hypertension , and alterations in the intrarenal haemodynamics

associated with salt sensitivity!’’. Consistent with this hypothesis, prenatal hypoxia has

163 "and result in

also been shown to cause reduced nephron endowment in rats
hypertension in adult offspring?*° .

Although prenatal hypoxia has been shown to induce similar programming effects
on cardiovascular and metabolic function as prenatal ID, the precise role of hypoxia per
se in our M-ID and S-ID models requires further investigation. Persistent neurological
deficits, including long-term changes in neurotransmitter function, cognition and
behaviour?”*% are well described in models of perinatal ID anaemia, yet no evidence of
brain hypoxia was observed in the present study. Thus alternative mechanisms (e.g.
changes in functional iron levels, alterations in inflammatory and oxidant status,
perturbations in energy metabolism®#+281282) may also be implicated in the
pathophysiology of prenatal ID. Given the intimate relationships between iron, oxygen
transport, energy, and inflammation, it is likely that the multiple mechanisms are
involved. Moreover, we cannot discount the possibility that the compensatory
mechanisms that mitigate the development of hypoxia are implicated in the programming
of altered nervous system function. For example, hypoxia-induced increases in cerebral
blood flow can result in blood brain barrier leakiness that accompanies accelerated
vasculogenesis/angiogenesis®®*. In prenatal ID fetal rats, vasculogenic and angiogenic

mediators implicated in this process are shown to be upregulated®’®, potentially

60



implicated compromised integrity of the fetal blood brain barrier— a condition associated
with a numerous of brain pathophysiologies?®*.

In summary, we have demonstrated that ID results in an organ-specific pattern of
fetal hypoxia, and this can even occur in the absence of marked changes in maternal iron
status. While it is well-established that prenatal ID is linked to long-term health
outcomes, our results suggest the mechanisms underlying the programming of
cardiovascular, metabolic, and neurological function in the offspring may be different
based on the heterogeneous patterns of hypoxia within the fetus. Indeed, longstanding
assumptions regarding the patterns of organ injury/dysfunction in the context of prenatal
ID may be incorrect in the case of the fetal brain, in which no evidence of hypoxia
observed, but may be warranted in the case of other organs (e.g. liver and kidney).
Although we recognize that there are inherent limitations to the applicability of these
results to human pregnancies, our findings nevertheless emphasize the potential pitfalls of
relying exclusively on maternal iron status as a predictor of fetal pathology, given that
maternal anaemia can occur at the end of gestation, or may not appear at all.
Consequently, alternative diagnostic markers of fetal ID and anaemia are needed so
interventions can be instituted before these fetal complications alter developmental

trajectories and cause long-term health consequences in the offspring.
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3.1 Abstract

Prenatal iron-deficiency alters fetal developmental trajectories, resulting in
persistent changes in organ function. Here we studied the effects of prenatal iron-
deficiency on fetal kidney and liver mitochondrial function. Pregnant Sprague Dawley
rats were fed partially or fully iron-restricted diets to induce a state of moderate or severe
iron-deficiency alongside iron-replete controls. We assessed mitochondrial function via
high-resolution respirometry and reactive oxygen species generation via fluorescence
microscopy on gestational day 21. Hemoglobin levels were reduced in dams in the
moderate moderate (-31%) and severe groups (-54%) compared with controls, which was
accompanied by 55% reductions in fetal hemoglobin in both moderate and severe groups
versus controls. Male iron-deficient kidneys exhibited globally reduced mitochondrial
content and respiration, as well as increased cytosolic superoxide and decreased nitric
oxide. Female iron-deficient kidneys exhibit complex II downregulation and increased
mitochondrial oxidative stress. Male iron-deficient livers exhibit reduced complex IV
respiration and increased cytosolic superoxide, whereas female liver tissues exhibit no
alterations in oxidant levels or mitochondrial function. These findings indicate prenatal
iron deficiency causes changes in mitochondrial content and function as well as oxidant
status in a sex and organ-dependent manner, which may be an important mechanism

underlying the programming of cardiovascular disease.
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3.2 Introduction

Iron deficiency (ID) occurs when iron demands chronically exceed intake and
stores. A negative iron balance can progress to anemia, its most severe form, when
circulating hemoglobin (Hb) levels fall below clinical thresholds®. ID is the most
common nutritional deficiency worldwide*, and pregnant women are most at risk due to
increased iron demands stemming from maternal blood volume expansion and growth of
the fetal placental unit that exceed reduced losses 3°. Despite widespread iron
supplementation efforts, ID remains a global health burden, with 38% of women
worldwide developing ID anemia at some point in pregnancy?!. Even in higher-income
countries, ID anemia during pregnancy affects 1 in 5 women?'.

ID during pregnancy has important health implications for the growing fetus. In

addition to increasing the risk of perinatal mortality, ID has been shown to affect fetal

253,280 159,160

developmental trajectories, resulting in neurocognitive , metabolic and

170,215,254

cardiovascular consequences which persist long after iron repletion'!. The long-

term cardiovascular perturbations include hypertension!’%15-234

, and alterations in kidney
structure and function!’*?!> Although the long-term effects of prenatal ID are known, the
mechanisms underlying these changes remain poorly understood. Interestingly, sex
differences have been reported with respect to the programming of renal function and co-
morbid illness, such that males are at a higher risk of developing kidney dysfunction than
females®%2%. As such, prenatal ID may affect male and female kidney development
differently?!>.

Prenatal ID has been shown to impair oxygen delivery to the fetus, resulting in

tissue-specific patterns of hypoxia!®*

. As iron is critical for oxygen transport and is a
component of numerous hemoproteins and metalloproteins containing iron-sulfur
clusters, including those within the electron transport chain, ID can impact mitochondrial
function®®’. Studies in adult rats indicate tissues types respond differently to ID; for
instance, skeletal muscle mitochondrial function is markedly disrupted by ID, whereas

liver mitochondrial function is relatively spared?®®. In this regard, the relative
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susceptibility to mitochondrial dysfunction may provide insights as to why certain
developing organs are more prone to long-term dysfunction than others.

On the basis of these studies, we sought to investigate whether prenatal ID results
in organ- and sex-specific patterns of mitochondrial dysfunction and oxidative stress.
Using high-resolution respirometry, we assessed mitochondrial function in fetal kidneys
and livers—organs prone to hypoxia secondary to fetal ID—in models of moderate and

severe maternal iron restriction.

3.3 Methods

All reagents described herein were purchased from Sigma-Aldrich (St. Louis,

MO, USA) unless otherwise stated.

3.3.1 Animals and Treatments

The protocols described here were approved by the University of Alberta Animal
Care Committee in accordance with the guidelines established by the Canadian Council
for Animal Care. Twenty-five female Sprague Dawley rats (6wk of age) were purchased
from Charles River (Saint-Constant, QC, Canada) and housed at the University of
Alberta. The animal care facility maintained a 12h light/dark cycle and an ambient
temperature of 23°C. Dams had ad /libitum access to food and water throughout the study.

All purified diets used in this study are based on the AIN-93G formula (Research
Diets Inc., New Brunswick, NJ, USA), which contained varying amounts of iron in the
form of ferric citrate. Two weeks prior to mating, 8 dams were randomly assigned to a
control diet group (37mg/kg iron diet, D10012G), and 17 dams to the iron-restricted diet
group (3mg/kg iron diet, D03072501). After two weeks on their respective diets, females
were bred to age-matched males fed a standard rodent chow (5LOD; PicoLab, St. Louis,
MO, USA). Pregnancy was confirmed by the presence of sperm in a vaginal smear the
following morning (GDO), and dams were singly housed thereafter. Dams in the control
group were maintained on the same control diet throughout pregnancy (n=8); dams fed
the iron-restricted diet prior to pregnancy were further divided into the M-ID group, fed a

diet containing 10mg/kg iron (D15092501; n=8), or the S-ID group, continuing on the
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3mg/kg iron diet (n=9). Throughout pregnancy, food consumption, body weight, and Hb
were assessed weekly. Maternal Hb levels were assessed using a HemoCue 201+ system
(HemoCue, Angelholm, Sweden) from blood (~10uL) collected via saphenous
venipuncture.

On GD21 (term=GD22), dams were anesthetized with isoflurane (5% induction,
3% maintenance in pure Oz), and then euthanized by exsanguination and subsequent
excision of the heart. Fetuses and their placentaec were removed, weighed, and euthanized
by decapitation. Sex of fetuses was determined by anogenital distance, which was
confirmed by at least two researchers. A core blood sample was used to assess fetal Hb
levels, and organs were collected and weighed; tissues used for mitochondrial function
experiments were processed immediately without freezing. Tissues collected for Western
blotting were frozen in liquid nitrogen, whereas those used for fluorescence microscopy
were embedded in Tissue-Tek optimal cutting media (Sakura, Torrance CA) and then

frozen in liquid nitrogen; all frozen tissues were stored at -80°C until processing.

3.3.2 High-Resolution Respirometry

Respirometry measurements were performed using the Oroboros system
(Oxygraph-2k, Innsbruck, Austria). Tissues from one male and female pup from each
litter (~20mg of kidney or ~40mg of liver) were gently homogenized in 2mL of MiR05
buffer (110mM sucrose, 60mM K-lactobionate, 0.5mM EGTA, 1g/L bovine serum
albumin (fatty acid free), 3 mM MgClz, 20mM taurine, 10mM KH>PO4, and 20mM K-N-
2-hydroxyethylpiperazine-Nz-ethanesulphonate, pH 7.1) and 150uL of homogenate was
added to each chamber. The remaining homogenate was frozen at -80°C for measurement
of citrate synthase (CS) activity (see mitochondrial content). The mitochondrial titration
protocol used allowed for evaluation of mitochondrial function at three different
respiratory states®®: 1) LEAK is the respiration in the presence of substrate but in the
absence of ADP; 2) Oxidative phosphorylation (OXPHOS) is coupled oxidative
phosphorylation with saturating ADP; and 3) Electron transport system (ETS) capacity is
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the noncoupled state of maximum oxygen flux after titration up to an optimal uncoupler
concentration.

OXPHOS (coupled, with saturating ADP) and ETS capacities were measured in
the presence of substrates feeding electron in different pathways or steps: NADH-linked
substrates (N-pathway; pyruvate and malate, feeding electrons into complex 1), NADH &
succinate-linked substrates (NS-pathway; pyruvate, malate, and succinate, feeding
electrons into complexes I and II simultaneously), succinate and rotenone (S-pathway,
feeding electrons into complex II), and complex IV substrates (ascorbate and tetramethyl-
p-phenylenediamine [TMPD]). The single titration protocol included sequential addition
of the following substrates, uncoupler, and inhibitors (final concentration): pyruvate
(5mM) and malate (SmM), ADP (2.5mM), cytochrome ¢ (10uM), dinitrophenol (10uM
steps, up to 30uM), rotenone (0.5uM), antimycin A (2.5uM), ascorbate (0.5mM) and
TMPD (2mM), and sodium azide (15mM). Mitochondrial respiration was corrected for
oxygen flux due to instrumental background noise and residual oxygen consumption after
inhibition of complexes I and III with rotenone and antimycin A, respectively. For
complex IV respiration (ascorbate and TMPD), the chemical background measured in the
presence of sodium azide was substracted. Flux control ratio (FCR) was normalized for
maximal ETS capacity with substrates feeding electrons into NADH and succinate

pathways (complexes I and IT) simultaneously.

3.3.3 Mitochondrial Content

CS activity was measured at 37°C using a UV/Vis spectrophotometer (Ultrospec
2100 pro; Biochrom, Cambridge, USA) equipped with a heated cell holder and a

circulating water bath?*°

. After thawing the tissue homogenates, an additional cycle of
homogenization with a conical glass homogenizer was performed on ice for 10 sec. to
ensure complete homogeneity of the sample. The absorbance was measured for 5 min at
412 nm following the reduction of 0.1mM 5,5’ dithiobis-2-nitrobenzoic acid (DTNB, e:

13.6 mL/cm.pumol) in the presence of 0.25% triton X-100, 0.5mM oxaloacetatic acid,
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0.31mM acetyl-coenzyme A, 100mM Tris-HCI and triethanolamine-HCI buffer, pH
8.0%%°,

3.3.4 Fluorescence microscopy

Tissues from one male and female pup from each litter were sectioned (8um
thickness) by cryostat at -20°C onto SuperFrost Plus microscope slides and then stored at
-80°C. Dihydroethidium (DHE; ThermoFisher Scientific, Waltham, MA, USA) was used
to assess cytosolic superoxide anion levels; DAF-FM Diacetate (4-Amino-5-
Methylamino-2",7"-Difluorofluorescein Diacetate; ThermoFisher Scientific) was used to
assess nitric oxide (NO) levels; and MitoSOX Red (ThermoFisher Scientific) was used to
assess mitochondrial superoxide levels. Sections were thawed, washed three times with
Hank’s balanced salt solution (HBSS), and warmed to 37°C in a humidified chamber for
10 minutes. Slides were then washed and incubated with either DHE (20uM, 30min),
DAF-FM (20uM, 30min), or MitoSOX (5uM, 10min). Following incubation, slides were
washed 3 times with HBSS and mounted in either HBSS (for DHE) or Vectashield
Antifade Mounting Medium with DAPI (Vector Laboratories) to provide a nuclear
counterstain (for DAF-FM and MitoSOX). Fluorescence was visualized on an Olympus

IX81 fluorescent microscope.

3.3.5 Western Blotting

Livers and kidneys from one male and female pup from each litter were
homogenized in lysis buffer at 0.1mg tissue per mL (20mM Tris pH 7.4, 5mM EDTA,
10mM Na4P>07, 100mM NaF, 1% NP-40) containing sodium orthovanadate (2mM),
phosphatase inhibitor (20pug/mL, Calbio catalogue #524628) and protease inhibitor
(10uL/mL, Sigma Aldrich catalogue #P8340). Total protein concentration of the lysate
was determined by BCA assay (Pierce, Rockford IL, USA). Total protein (100pug/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) for 1 hour at room

temperature. After washing with PBS solution, membranes were incubated overnight at
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4°C in 5% blocking buffer and 0.05% tween PBS with primary antibodies for AMPK
(1pg/mL, Abcam ab3759), p-AMPK (56ng/mL, ThermoFisher PA5-35573), PGCla
(0.75pg/mL, Abcam ab54481), SIRT1 (0.2png/mL, Santa Cruz sc-15404), SIRT3
(1.31png/mL, Abcam ab189860), B-actin (0.5ug I[gG/mL, Abcam ab6276), and COX IV
(0.5pg/mL, Abcam ab16056). Donkey anbti-rabbit I[gG H&L (Alexa Fluor 680; Abcam
ab175772) and donkey anti-mouse IgG H&L (Alexa Fluor 790; Abcam ab175782)
secondary antibodies (both 0.2pg/mL) were incubated with 25% blocking buffer in
0.05% tween PBS for one hour at room temperature, and blots were visualized with an
Odyssey near-infrared fluorescence Imager and quantified by densitometry with Odyssey

V3.0 software (Li-Cor Biosciences).

3.3.6 Statistical Analyses

All statistical analyses were performed on GraphPad (La Jolla, CA, USA) Prism
7.0 software. An alpha value of 0.05 was used for the threshold for significance.

3.4 Results

3.4.1 Pregnancy Outcomes

Two-week pre-treatment with a fully iron-depleted diet resulted in a reduction in
maternal hemoglobin (Hb) at gestational day (GD)0 (Figure 3.1A). Continued treatment
with the moderate and severe iron-restricted diets resulted in a differential degree of
anemia, which was evident by GD14, and culminated in 31% and 54% reductions in
maternal Hb by GD21 in moderate-ID (M-ID) and severe-ID (S-ID), respectively. While
both M-ID and S-ID fetuses exhibited an approximate 55% decrease in Hb compared to
controls (CTL) (Figure 3.1B), these treatments resulted in 22% and 33% reductions in
fetal bodyweight, respectively (Table 3.1). M-ID and S-ID fetuses displayed asymmetric
growth restriction, characterized by increased relative placental, brain, and heart weights,
with reduced kidney and liver weights (Table 1). In accordance with these results, S-ID

dams had more resorptions than controls and exhibited reduced litter sizes with respect to
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the CTL and M-ID groups (Table 3.2). As expected, on the basis of these results, S-ID

dams had reduced food intake compared to their M-ID and CTL counterparts (Table 3.2).
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Figure 3.1: Maternal and fetal hemoglobin. (A) Maternal and (B) fetal hemoglobin (Hb) in
control (CTL), moderate iron-deficient (M-ID), and severe iron-deficient (S-1D) groups. Data were
analyzed by two-way ANOVA and Tukey’s post hoc tests, where * denotes P<0.05 vs. CTL and #
denotes P<0.05 vs. M-ID. Error bars indicate SEM. N=7-8 litters per group.
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Table 3.1. Fetal growth parameters.

Parameter Sex CTL M-ID S-ID P Value

(n=7) (n=8) (n=8) Sex ID Int.
Body Weight (® 1 S0t 050 4412020 3sesoige 01 0001 091
M e E Ea3iea IaAsea  aaioe 02 <0001 01
Voth e ¥ as0f o520 4verre 018 002 073
Woihi(m F =37 eorea0 saesgr 010 0m o
e Sai0y Siiow rriew 00 <000 og
Ve saion  yrrow  Jsioe 0% 004 07

Data are presented as mean + SEM. P values denote two-way ANOVA outcomes and different superscript letters denote P<0.05 by

Tukey post-hoc test. Control, CTL; moderate iron-deficient, M-ID; severe iron-deficient, S-ID; male, M; female, F; interaction, int.
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Table 3.2. Pregnancy outcomes.

Parameter CTL M-ID S-ID P Value
(n=7) (n=8) (n=8)
a 2742 + 296.7 +
GDO 313.3+7.9 1532 1202
Maternal GD7 363 .Zaﬂ: 31 9.4:: 342.6ai
Bod 10.4 15.6 114 <0.001
Weiyht( ) GD14 423.8 + 380.7 + 391.7 + :
sht(g 10.5° 13.5° 11.12
532.7 + 468.2 + 448.3 +
GD21 12.10 16.2° 12.6°
564.3 + 519.1 &+ 4935+
Total Food Intake (g) 2102 13.0° 15.9b 0.02
Litter Size (No.) 16.0 +£0.92 14.0 + 1.0? 87+13b 0.01
Resorptions (No.) 0.0 £0.0? 0.6 +£0.3% 6.8+ 1.2° 0.007

Data are presented as mean = SEM, where P value represents the outcome of the overall

treatment effect as indicated by ANOVA. Superscript letters indicate whether column

means are significantly different by Tukey post-hoc test. Control, CTL; moderate iron-

deficient, M-ID; severe iron-deficient, S-ID; gestational day, GD.
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3.4.2 Mitochondrial Content and Function

Citrate synthase (CS) activity was used as a marker of mitochondrial content. In
kidney homogenates, CS activity was associated with fetal Hb in males (P=0.009), but
not females (P=0.26; Figure 3.2A). In contrast, in liver homogenates, there was no
change in CS activity associated with prenatal ID in either male or female fetuses (Figure
3.2B).

Mitochondrial function data are expressed as flux per unit tissue mass or as FCR
(see methods). The FCR is indicative of qualitative changes in mitochondrial respiratory
control, independent of mitochondrial density*®*!. LEAK respiration is the oxygen flux
compensating mainly for proton leak, and not available for performing biochemical

work289-292

- it is used as an indicator of coupling in the oxidative phosphorylation
(OXPHOS) process. LEAK respiration was measured in the presence of NADH-linked
substrates-- pyruvate and malate-- and did not vary as a function of fetal Hb in either the

kidney or liver tissues (Figures 3.3 and 3.4).
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Figure 3.2: Citrate synthase (CS) activities. (A) fetal kidney and (B) fetal liver homogenates
versus hemoglobin (Hb) levels from the same fetus. Linear regression with 95% confidence

intervals are shown where significant. Each point represents a separate litter.
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Figure 3.3: Kidney LEAK respiration. (A) oxygen flux per unit of tissue mass and (B) Flux
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Figure 3.4: Liver LEAK respiration. (A) oxygen flux per unit of tissue mass and (B) Flux Control

Ratio (FCR) versus fetal Hemoglobin (Hb). Linear regression with 95% confidence intervals are

shown where significant. Each point represents a separate litter.

77



In male fetal kidneys, N-pathway OXPHOS capacity, NS- and S-pathway ETS
capacities, as well as complex IV activity were positively correlated with fetal Hb (all
P<0.05, Figure 3.5), albeit no changes in FCR were apparent for any of the above
parameters (Figure 3.6). In the female fetal kidney, no changes in oxygen flux per tissue
mass were observed (Figure 3.5), albeit a trend for a positive correlation between S-
pathway ETS capacity and Hb level was noted (p=0.07). Female fetal kidney NS-
pathway FCR was found to be negatively associated with fetal Hb (Figure 3.6B),
however a positive association was observed for S-pathway FCR (Figure 3.6C). In the
liver, none of the pathway capacities, expressed in flux per tissue mass (Figure 3.7A-D)
or in FCR (Figure 3.8A-C), were found to correlate with fetal Hb in male or female
fetuses. Complex IV activity in the male liver, however, exhibited a positive correlation
with fetal Hb both when expressed in flux per tissue mass and as a FCR (both P<0.05,
Figures 3.7E & 8D). By virtue of the fact that fetal Hb levels were not different between
the M-ID and S-ID groups, we also performed correlation analysis between
mitochondrial respiration parameters with fetal body weights, which reflected the
severity of maternal iron restriction (Table 3.1). Results from this analysis were
consistent with correlations between fetal Hb levels and mitochondrial respiration
parameters (Tables 3.3 & 3.4).

Addition of cytochrome c after pyruvate, malate, and ADP was used as an
indicator of mitochondrial outer membrane damage. A zero percent increase in
respiration following addition of cytochrome c indicates full integrity of the outer
mitochondrial membrane®®. A slight and equivalent increase in respiration was indicative
of good mitochondrial membrane integrity in all male kidney groups (CTL: 6.9+£1.2%,
M-ID: 5.0£2.2%, and S-ID: 7.1+1.3%, one-way ANOV A P=0.60). In the female kidneys,
however, there was a slight increase in membrane fragility in the control group (CTL:
12.5+1.2%, M-ID: 8.3+1.7%, and S-ID: 5.9+£1.3%, one-way ANOVA P=0.006). In the
liver, there were no changes in membrane fragility with ID in both males (CTL:
12.5+2.1%, M-ID: 13.1£2.3%, S-ID: 14.1+2.6%, one-way ANOVA P=0.89) and females
(CTL: 15.0£1.9%, M-ID: 18.0+2.2%, S-ID: 16.7+3.6%, one-way ANOVA P=0.75). All
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OXPHOS and ETS capacities were presented with exogenous cytochrome ¢ added,
avoiding any possible bias between groups induced by limitation of cytochrome ¢

availability resulting from damage to mitochondrial outer membrane.
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Figure 3.5: Kidney mitochondrial respiration (expressed as oxygen flux per unit of tissue
mass) versus hemoglobin (Hb) from the same fetus. Two states were measured, oxidative
phosphorylation (OXPHOS) with saturating ADP (A & B) and electron transport system (ETS)
after addition of an optimal concentration of uncoupler (C-E). (A) OXPHOS capacity was
measured for the NADH pathway (N-pathway, NADH-linked substrates pyruvate and malate
entering through complex 1); (B) NADH and succinate pathways simultaneously (NS-pathway;
pyruvate, malate, and succinate feeding electrons into complex | and Il simultaneously); (C) ETS
capacity was measured with NS-pathway (after uncoupling); (D) succinate pathway (S-pathway,
after addition of rotenone; and (E) complex IV activity (ascorbate and TMPD). Linear regression
and dotted 95% confidence intervals are shown where significant. Each point represents a

separate litter.
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Figure 3.6: Kidney mitochondrial respiration (expressed as flux control ratio [FCR]) versus
hemoglobin (Hb) from the same fetus. Two states were measured, oxidative phosphorylation
(OXPHOS) with saturating ADP (A & B) and electron transport system (ETS) after addition of an
optimal concentration of uncoupler (C & D). OXPHOS capacity was measured with (A) NADH-
linked substrates (N-pathway; pyruvate and malate), and (B) NADH and succinate pathways
simultaneously (NS-pathway; pyruvate, malate, and succinate); ETS capacity was measured in
the NS-pathway (not shown, 1.00 by definition), (C) succinate pathway (S-pathway; after addition
of rotenone), and for (D) complex IV (ascorbate and TMPD). Linear regression and dotted 95%

confidence intervals are shown where significant. Each point represents a separate litter.
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Figure 3.7: Liver mitochondrial respiration (expressed as oxygen flux per unit of tissue
mass) versus fetal hemoglobin (Hb) in the same fetus. Two states were measured, oxidative
phosphorylation (OXPHOS) with saturating ADP (A & B) and electron transport system (ETS)
after addition of an optimal concentration of uncoupler (C-E). (A) OXPHOS capacity was
measured for the NADH pathway (N-pathway, NADH-linked substrates pyruvate and malate
entering through complex 1); (B) NADH and succinate pathways simultaneously (NS-pathway;
pyruvate, malate, and succinate feeding electrons into complex | and Il simultaneously); (C) ETS
capacity was measured with NS-pathway (after uncoupling); (D) succinate pathway (S-pathway,
after addition of rotenone; and (E) complex IV activity (ascorbate and TMPD). Linear regression
and dotted 95% confidence intervals are shown where significant. Each point represents a

separate litter.
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Figure 3.8: Liver mitochondrial respiration (expressed as flux control ratio [FCR]) versus

hemoglobin (Hb) from the same fetus. Two states were measured, oxidative phosphorylation
(OXPHOS) with saturating ADP (A & B) and electron transport system (ETS) after addition of an
optimal concentration of uncoupler ( & D). OXPHOS capacity was measured with (A) NADH-

linked substrates (N-pathway; pyruvate and malate), and (B) NADH and succinate pathways

simultaneously (NS-pathway; pyruvate, malate, and succinate); ETS capacity was measured in

the NS-pathway (not shown, 1.00 by definition), (C) succinate pathway (S-pathway; after addition

of rotenone), and for (D) complex IV (ascorbate and TMPD). Linear regression and dotted 95%

confidence intervals are shown where significant. Each point represents a separate litter.
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Table 3.3. Kidney mitochondrial flux per mass and flux control ratio correlated with

fetal bodyweight in male and female offspring.

Sex Flux Per Mass FCR
Slope P R? Slope P R?

L M i 0.65 0.0l i 0.65 0.0l
F i 092 <0.01 i 092  <0.01
N- M 28%08 0003 039 3 081  <0.01
OXPHOS . hway ~ F i 0.13 0.3 B 048  0.03
NS- M 46413 0002 04l i 015 0.11
Pathway  F i 019 010 75533 004 023

NS- M 5313 0001 043 i i i

Pathway F - 0.15 0.12 - - -
TS S- M 38=1.1 0002 041 i 0.74  <0.01
Pathway  F i 007 018 99442 003 025
Complex M 5820 0009 031 i 035  0.05
v F i 0.19  0.10 i 0.88  >0.01

Linear regressions were performed, where slope is the flux per mass (units: pmol
O2/s*mgtissue ™ Zoodyweight) and FCR (units: FCR/ mgpodyweight) as a function of fetal
bodyweight. The FCR for NS-pathway ETS is 1.00 by definition (see methods). Non-
significant slope values were omitted. ETS, electron transport system; F, female; FCR,
flux control ratio; M, male; N- pathway, NADH dependent pathway; OXPHOS, oxidative
phosphorylation; S-pathway, succinate dependent pathway.
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Table 3.4. Liver mitochondrial flux per mass and flux control ratio correlated with

fetal bodyweight in male and female offspring.

Sex Flux Per Mass FCR
Slope P R? Slope P R?

Lk M ; 078 <0.01 ) 078 <001
4 F ] 006 0.17 -34+1.6 0047 0.18
N- M ; 072 <001 ) 067 <001
OXPHOS  © hway ~ F S 045 0.03 B 048  0.03
NS- M ; 077 <0.01 - 024  0.07
Pathway  F - 041 003 -7.0+23 0006 0.32

NS- M ] 0.89 <0.01 ) _ ;

Pathway F - 0.56 0.02 - - -
S- M ] 070  0.01 - 030  0.05
ETS Pathway F - 0.99 <0.01 - 0.14 0.11
Complex M 52'07 002 026 97.1£29.0 0.003  0.36
v F ] 065 0.01 ) 020  0.08

Linear regressions were performed, where slope is the flux per mass (units: pmol
O2/s*mgiissue ™ Zbodyweight) and FCR (units: FCR/ mgpodyweight) @s a function of fetal
bodyweight. The FCR for NS-pathway ETS is 1.00 by definition (see methods). Non-
significant slope values were omitted. ETS, electron transport system; F, female; FCR,
flux control ratio; M, male; N- pathway, NADH dependent pathway; OXPHOS, oxidative
phosphorylation; S-pathway, succinate dependent pathway.
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3.4.3 Reactive Species Quantification

Quantities of mitochondrial and cytosolic superoxide, in addition to nitric oxide
were measured in the fetal tissues. Mitochondrial superoxide was quantified by MitoSOX
fluorescence. In the kidney, MitoSOX staining was negatively associated with fetal Hb in
female (P=0.01), but not male fetuses (P=0.39; Figure 3.9A). Dihydroethidium (DHE)
fluorescent intensity, a marker of cytosolic superoxide, was inversely correlated with
fetal Hb in male (P=0.02), but not female, offspring (P=0.56; Figure 3.9B). 4-Amino-5-
Metyhylamino-2",7 -Difluorofluorescein Diacetate (DAF-FM) mean fluorescence
intensity, a marker of nitric oxide (NO), was associated with fetal Hb in male (P=0.006),
but not female, fetuses (P=0.97; Figure 3.9C). In the fetal liver, mitoSOX staining
indicated that changes in neither male nor female mitochondrial superoxide was
associated with decreases in fetal Hb (Figure 3.10A). DHE fluorescence in the liver was
negatively associated with fetal Hb in male (P=0.01), but not female offspring (P=0.60;
Figure 3.10B). DAF-FM fluorescence in the liver showed no change in cytosolic NO
association with decreased fetal Hb in males or females (Figure 3.10C). Representative

images of fluorescence for the kidney and liver are contained in Figures 3.11 & 3.12.
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Figure 3.9: Kidney reactive species. Mean fluorescence intensity (MFI) of (A) mitochondrial
superoxide with mitoSOX (B) cytosolic superoxide with DHE, and (C) cytosolic nitric oxide with
DAF-FM, versus fetal hemoglobin (Hb) in the same fetus. Linear regression and dotted 95%

confidence intervals are shown where significant. Each point represents a separate litter.

Representative images of fluorescence are shown in Figure 11. a.u., arbitrary units.
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Figure 3.10: Liver reactive species. Mean fluorescence intensity (MFI) of (A) mitochondrial
superoxide with mitoSOX (B) cytosolic superoxide with DHE, and (C) cytosolic nitric oxide with

DAF-FM, versus fetal hemoglobin (Hb) in the same fetus. Linear regression and dotted 95%

confidence intervals are shown where significant. Each point represents a separate litter.

Representative images of fluorescence are shown in Figure 12. a.u., arbitrary units.
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Figure 3.11: Representative images of kidney reactive species. (A) red MitoSOX, (B) yellow DHE, and (C) green DAF-FM fluorescence
intensity. DAPI counterstain was used where applicable, visualized as blue fluorescence. White scale bar indicates 150um. Quantification of

intensity can be seen in Figure 3.9.
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Figure 3.12: Representative images of liver reactive species. (A) red MitoSOX, (B) yellow DHE, and (C) green DAF-FM fluorescence intensity.
DAPI counterstain was used where applicable, visualized as blue fluorescence. White scale bar indicates 150pm. Quantification of intensity can be
seen in Figure 3.10.
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3.4.4 Markers of Mitochondrial Biogenesis & Cellular Energy Status

In both the male and female fetal kidney, overall levels of AMP-activated protein
kinase (AMPK) remained unchanged, with no increases in phosphorylation in M-ID and
S-ID (Figure 3.13). Peroxisome proliferator-activated receptor gamma coactivator la
(PGCla), sirtuin 1 (SIRT1), or sirtuin 3 (SIRT3) levels were not affected by ID in male
or female kidneys (Figure 3.13). In the male and female liver, no expression levels of
any proteins studied were altered (Figure 3.14). These data demonstrate a lack of
alteration in mitochondrial biogenic signalling in both the kidneys and liver of male and

female ID offspring.
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Figure 3.13: Markers of kidney mitochondrial biogenesis and cellular energy status. Western blot results from whole fetal kidney
homogenates from control (CTL), moderate iron-deficient (M-ID), and severe-ID (S-ID) groups. Quantification of (A) AMPK, (B) phosphorylated-
AMPK, (C) PGC-1q, (D) SIRT1, (E) SIRT3 expression in male (top row) and female (bottom row) offspring. Data were analyzed by one-way
ANOVA. N=5-7 litters per group.
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3.5 Discussion

In this study, we investigated the effects of maternal iron restriction on fetal
kidney and liver mitochondrial function, oxidative stress, and markers of mitochondrial
biogenesis. To summarize, we report that prenatal ID caused: (1) reduced mitochondrial
content in only male kidneys (and not in female kidneys or in livers from either sex); (2)
reduced complex II respiration in the female kidney, and reduced complex IV activity in
the male liver; (3) increased cytosolic superoxide in male kidneys and livers, but not in
females; (4) increased mitochondrial superoxide in female ID kidneys only; and (5) no
alterations in biogenic factors studied. Taken together, these findings suggest that male
ID fetuses are more prone to mitochondrial dysfunction and oxidative stress than females,
and that the fetal kidney is more vulnerable to such perturbations than the liver. Our
findings may have uncovered a mechanism through which cardiovascular disease is
programmed by in prenatal ID offspring in a sex-dependent manner.

The models of maternal ID employed in this study rely on treating both the M-ID
and S-ID groups with a fully iron-restricted diet during the pre-treatment period to
partially deplete iron stores before pregnancy. During pregnancy, dams in the M-1D
group were fed a diet with a modestly higher iron content, which caused a less marked
drop in maternal Hb by GD14 and GD21. Whereas Hb levels were different between
CTL, M-ID and S-ID dams at GD21, offspring from M-ID and S-ID groups had similar
Hb levels, confirming our previous reports that maternal Hb can be a poor surrogate for
fetal Hb'%*, Interestingly, despite the similar degree of anemia in the offspring, fetal body
weights were reduced in the S-ID group (of both sexes) compared to both CTL and M-ID
groups, suggesting the ID was more pronounced during the last week of pregnancy, when
weight gain is greatest in the fetus. In agreement with previous findings'®*, we found that
prenatal ID causes reduced relative growth of the kidney and liver but not the heart or
brain. The severity of anemia in the S-ID group was such that reduced litter sizes were
seen, likely due to an increase in resorption rate. This observation may explain the
modest reduction in maternal weight gain and food intake in the S-ID group due to

reduced demands from their litter. However, we cannot discount the possibility that
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maternal undernutrition is contributing to some extent, however small, to the effects on
fetal growth restriction and development.

We previously reported that prenatal ID causes organ-specific patterns of
hypoxia, where the brain is spared at the expense of other organs such as the liver and
kidneys!®*. Our results are the first to describe organ- and sex-specific patterns of fetal
mitochondrial dysfunction in the context of prenatal ID, despite evidence of hypoxia in
both these tissues. In male fetal kidneys, the positive correlations between Hb and global
oxygen flux, with no effect on FCR for any complex, suggests a reduced quantity of
mitochondria. This is consistent with positive correlation between Hb levels and citrate
synthase activity—a marker of mitochondrial content. In contrast, the prenatal ID female
fetal kidneys had normal citrate synthase activity, with reductions only in complex II
FCR. Remarkably, the liver is spared compared to the kidney, with female mitochondrial
function being unaffected while males experienced reduced complex IV activity.

We observed sex-dependent alterations in oxidative stress within the kidneys. In
females, we observed a reduction in FCR for the succinate pathway through complex IL.
Complex II has been reported to be highly sensitive to hypoxia?®?, and therefore its
downregulation may be due to reduced oxygen delivery, as previously shown in our

1164

model ™. Moreover, impaired respiration at complex II is associated with increased

intramitochondrial reactive oxygen species generation?**%

, which is in agreement with
the observed increase in mitochondrial superoxide only in the female kidneys. The
absence of elevated mitochondrial superoxide in ID male kidneys, as assessed by
MitoSOX staining, may be due to a global reduction in mitochondrial content, thereby
reducing overall signal even though proportional increases may have occurred. Male fetal
kidneys had reduced cytosolic NO bioavailability concomitant with an increase in
cytosolic superoxide, whereas female cytosolic superoxide and NO were unaffected. This
may be because complex II derived superoxide is largely intramitochondrial®*, and
therefore less likely to affect cytosolic oxidant levels in females. However, differences in

antioxidant pathways and reactive oxygen species derived from other sources (i.e.

uncoupled nitric oxide synthase?*®) may also be implicated.
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In the liver of male, but not female fetuses, decreases in complex IV activity and
increases in cytosolic superoxide production were observed. Liver cytosolic superoxide
may be a consequence of downregulation of complex IV2°7, whose normal function limits
the production of superoxide by maintaining efficient function of the ETS??%. Indeed,
female livers without perturbations in complex IV function do not have elevated cytosolic
superoxide like their male counterparts. While prenatal ID has been shown to reduce
antioxidant capacity in pooled male and female fetal tissues®, more recent studies have
shown that perinatal ID reduces male antioxidant capacities more than in females®’.
Potential differences in compartmentalized antioxidant capacities in both the liver and
kidney warrant further investigation, and may help explain the observed patterns of
oxidative stress in our model.

The mechanisms underlying the heightened susceptibility for mitochondrial
dysfunction in males remain unclear. It has been proposed the maternal inheritance of
mitochondria results in their evolution favoring functional optimization in females due to
more time under selection®’. Sex hormones, notably testosterone, may also be
implicated**’. At end of gestation, testosterone levels are higher in male fetuses than
females, whereas estradiol and progesterone levels are equivalent**>*%. Therefore, future
studies investigating testosterone signaling in the context of prenatal ID and
mitochondrial function are warranted.

The organ-specific patterns of pathology in our model emphasize the importance
of physiological reserve in utero. In chronically anemic fetuses, blood flow to the kidney
can increase two-fold, whereas blood flow to the liver can increase four-fold?¢°. The
limited increase in renal blood flow (and hence oxygen delivery) could result in a
pathological level of sustained hypoxia, particularly since the kidney develops in an
environment of relative hypoxia under normal circumstances’!. Sustained hypoxia may
cause changes in metabolic function and mitochondrial biogenesis. Interestingly, prenatal
ID had no effect on fetal biogenic and metabolic modulators studied, which included
AMPK, SIRTI and 3, and PGCla. Although these mediators are exquisitely sensitive to

metabolic perturbations, their ability to act as homeostatic regulators depends on the
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ability to signal in a wide range of conditions. It is therefore possible that a sustained
state of ID and hypoxia in the fetus results in new signaling set points, and changes in
these metabolic mediators may only be evident earlier in pregnancy. Indeed, in cultured
cells, ID only transiently affects mitochondrial biogenesis**!*%?. Evidence also suggests
that iron-mediated changes in mitochondrial biogenesis can occur independently of the
mediators studied herein®*?,

The results presented herein suggest perturbations in energy production secondary
to ID may be involved in abnormal kidney development and function, as seen in animal
models and humans!702142153% Importantly, the impact of prenatal ID on mitochondrial
function in male kidneys, which is greater than on female kidneys, may contribute to
sexually-dimorphic outcomes seen in the programming of long-term cardiovascular and
renal function, and may contribute to the imbalanced burden of cardiovascular disease in
men compared to women. Although ID is highly prevalent, particularly in pregnant
women, our findings may have important implications for programming models that may
share hypoxia and oxidative stress as etiological mechanisms (e.g. prenatal hypoxia,
reduced placental perfusion, maternal smoking). Indeed, in a model of maternal smoking,
offspring exhibit persistent alterations in mitochondrial dysfunction in adulthood®%*.
Offspring that are exposed to maternal nutrient restriction during pregnancy also exhibit
sex-dependent changes in mitochondrial gene expression®?®, suggesting altered
mitochondrial function may be programming mechanism common to many models of
developmental stress. In the context of prenatal ID, whether the observed the fetal
mitochondrial dysfunction persists in adulthood, or whether it occurs transiently during
development, leading to abnormalities in kidney structure and function requires further
investigation.

In summary, we have demonstrated that prenatal ID results in organ- and sex-
specific patterns of mitochondrial dysfunction. Our results implicate mitochondrial
function and compartmental oxidative stress as mechanisms underlying the sex-specific
programming of cardiovascular and metabolic function in of offspring. These results may

suggest that intervention strategies directed towards improving energy metabolism and
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antioxidant capacity in the fetus may improve long-term cardiovascular outcomes

secondary to prenatal ID.
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4.1 Abstract

Kidney structure and function has been shown to be permanently altered by perinatal
stressors, such as iron deficiency (ID). Here, we sought to assess how perinatal ID alters
cellular oxidative stress, senescence, and apoptosis within the developing kidney.
Pregnant Sprague Dawley rats were fed either an iron-restricted or iron-replete diet, and
offspring were studied on postnatal day (PD)1 and 28. Maternal iron-restriction caused
offspring anemia and growth restriction that was evident on PD1. Kidneys from male
perinatal ID offspring on PD1 exhibited decreased total glutathione levels (P=0.01),
enhanced caspase 3 activity (P=0.009), and altered autophagosome-associated levels of
LC3 protein (P=0.03), concomitant with increased expression of antioxidant enzymes
Sodl, Sod2, and Gsr (all P<0.05). Senescence-associated -galactosidase (SA-BGal)
activity was decreased by perinatal ID in both sexes on PD1 concomitant with increased
p21 (P=0.04) and decreased P16 (P=0.04). By PD28, perinatal ID offspring were no
longer anemic, and kidney weights relative to bodyweight were increased relative to
controls (P=0.0001), despite decreased gross kidney weight (P=0.0002) and offspring
body weights (P<0.0001) remaining lower. On PD28, male perinatal ID offspring
kidneys exhibit enhanced lipid peroxidation (P=0.03) and decreased Sod! (P=0.03)
expression. Perinatal ID offspring of both sexes exhibit enhanced SA-BGal activity
(P=0.002) and expression of Tgfp! (P=0.04) and Tgfp2 (P=0.04) on PD28. Female
offspring irrespective of perinatal group exhibited higher SA-BGal activity (P=0.01), and
enhanced expression of Smad3 and Tgf2 (P=0.02) on PD28. Together, these results
indicate that perinatal ID is associated with inhibition and subsequent upregulation in
cellular senescence. In males, these effects are also associated with oxidative stress,
altered autophagy, and enhanced apoptosis. The absence of long-term renal dysfunction
in female offspring suggest that the combination of disrupted senescence and enhanced
apoptosis and oxidative stress may underlie dysfunction, rather than disrupted senescence

alone.
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4.2 Introduction

The overall mortality rate from chronic kidney disease has increased more than
40% since 1990 and is currently the 12" leading cause of death globally *°. An
increasingly recognized risk factor for the development of chronic kidney disease is a
sub-optimal environment during development, as indicated by pre-term birth, low birth
weight, or being small for gestational age **®*"7. Studies in animals show that a variety of
perinatal stressors cause renal impairments that persist in adulthood, emphasizing the
vulnerability of the developing kidney to insults !”!. Preclinical models remain invaluable
for studying the mechanisms through which perinatal stressors impact renal function later
in life due to the logistical challenges associated with studying these phenomena in
humans over decades.

Iron deficiency (ID) is the most common nutritional deficiency worldwide 2!, and
affects pregnant women at staggering rates. Perinatal ID anemia results in long-term
cardiovascular sequelae in the offspring, including hypertension, vascular dysfunction,
and renal injury !7%3%8:3% Notably, these persistent cardiovascular consequences occur
predominantly in male offspring, whereas female offspring are largely spared. The early
mechanisms contributing to these effects are unclear, but we and others have shown that
pre- and perinatal ID causes patterns of hypoxia %4, mitochondrial dysfunction and
increased superoxide levels in the fetal kidney '®°, reduced nephron endowment 2!4215,
and delayed postnatal renal maturation 2'°. Yet how these factors translate to cellular
stress responses and altered renal development is not clear.

Apoptosis and senescence are generally regarded as cellular responses to stress
(i.e. oxidative stress), though recent studies have highlighted an important role for these
processes in normal development. Organ development requires tight control of cell
proliferation to achieve and maintain patterning for the formation of complex structures,
and both senescence and apoptosis have evolved as mechanisms for this process.
Developmental senescence, which is stimulated by the transforming growth factor (TGF)
pathway rather than replicative stress, is highly active in renal development 8>3,
Interestingly, apoptosis has been shown to compensate for deficiencies in developmental
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senescence resulting from genetic manipulation 3!, suggesting a degree of functional
redundancy between these processes.
Here, we sought to determine how iron deficiency affects patterns of cellular

senescence and apoptosis during and after kidney development.

4.3 Methods

4.3.1 Animals and Treatments

The studies described herein were approved by the University of Alberta Animal
Care Committee (reference number AUP974) in accordance with the guidelines
established by the Canadian Council of Animal Care. Twenty experimentally naive and
nulliparous female Sprague Dawley rats (initially 6 weeks of age) were purchased from
Charles River (Saint-Constant, QC, Canada) and housed at the University of Alberta
animal care facility under a 12h light/dark cycle and ambient temperature of 23°C. Rats
were housed in wire top cages fitted with mesh filter tops, enriched with wooden blocks
and shredded paper pucks. Rats were provided ad libitum access to food and water
throughout the study.

Throughout the exposure period, female rats were fed one of three AIN-93G
purified diets (Research Diets Inc., New Brunswick, NJ, USA), which were identical in
composition with the exception of the amount of added ferric citrate. Two weeks prior to
pregnancy, rats were randomly allocated to either the iron-restricted group and fed a diet
low in iron (3mg/kg iron; D03072501), or the control group fed an iron-replete diet
(37mg/kg iron; D10012G). After a minimum of two weeks, females were co-housed with
age-matched males overnight for breeding, and pregnancy was confirmed by the presence
of sperm in a vaginal smear the following morning. Thereafter, all pregnant dams were
single-housed, and those in the iron-restricted group were fed a diet moderately low in
iron (10mg/kg iron; D15092501) for the duration of pregnancy; dams in the control group
were maintained on the same iron-replete diet throughout pregnancy. Maternal Hb levels,
body weight gain and food consumption were monitored throughout gestation. Within

24h of giving birth, all dams were fed a standard rodent chow (5LOD; PicoLab, St. Louis,
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MO, USA), and litters sizes were standardized to 8-10 offspring to prevent under- or
overfeeding in the postnatal period. Offspring were weaned from their mothers on
postnatal day (PD)21 and maintained on rodent chow thereafter.

Pups culled within 24h of birth (referred to as PD1 offspring) were euthanized by
decapitation, and mixed blood samples were collected to assess Hb levels using a
HemoCue201+ system. Organs were then collected, cleaned and weighed, and then snap
frozen in liquid nitrogen or embedded in optimal cutting temperature (OCT) medium
(TissueTek, Inc.) and then frozen. Offspring were euthanized on PD28 under isoflurane
anesthesia (3% isoflurane in medical grade oxygen, flow rate 1L/min) by exsanguination
and subsequent excision of the heart. Blood samples were taken from the vena cava for

Hb assessment, and tissues were collected and stored as described above.

4.3.2 RT-qPCR Experiments

Kidneys (~50mg) from one male and one female pup from each litter were
homogenized in TRIzol reagent (Life Technologies, Carlsbad, CA) in two intervals of
30s with a Precellys Minilys homogenizer (Bertin Instruments) using 2mL tubes
containing ceramic beads (Precellys CK14; Bertin Instruments). RNA extraction was
performed with Qiagen RNeasy kit (Venlo, Netherlands). Briefly, homogenates in TRIzol
were separated with chloroform and spun down at 12,000x g for 10min at 4°C. The
aqueous RNA phase was purified in multiple spin columns at 17,000x g for 15s
sequentially with 70% ethanol, and proprietary buffers contained in the kit. RNA
concentration and purity was assessed by Aze0/A280 absorbance with a NanoDrop1000
spectrophotometer (Thermo Fisher Inc.). RNA was reverse transcribed using the High
Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Cheshire, UK)
according to manufacturer’s instructions. All reactions contained 2000ng of RNA.

Gene sequences of interest were obtained from NCBI’s Gene database

(https://www.ncbi.nlm.nih.gov/gene). Primer sequences designed with the LightCycler

Probe Design Software 2.0 (Roche) are shown in Table 4.1. Each qPCR reaction was

carried out in duplicate in either a 96-well optical reaction plate on a QuantStudio3 Real-
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Time PCR System (Applied Biosystems) or LightCycler 480 (Roche) 384-well plate with
PowerUP SYBR Green Master Mix (Applied Biosystems). The thermocycling conditions
consisted of an initial step of 50°C for 120s, 40 cycles of denaturation at 95°C for 15s
and annealing and extension steps at 60°C for 60s. Where more than one transcript
variant or isoform was found for a given gene, a primer suitable for quantifying
expression of all variants was used. The relative gene expression was calculated by
comparing cycle thresholds using the following equation: relative gene
expression=2(ACtsample—ACteontrol) 55 hreviously described *!'!'. Expression of genes of
interest was normalized to ribosomal /8s expression in the study, which was confirmed to

be uniformly expressed across all samples.

Table 4.1: Primers for RT-q-PCR experiments.

Gene (Gene ID) Primer Sequence
18s (100861533) Fwd | CGG ACA GGA TTG ACA GATTGA TAGC
Rev CGT TCG TTA TCG GAA TTA ACC AGA C
Bad (64639) Fwd | ACT GCA ACA CAG ATG CGA CAA
Rev TCC GGG AAT GTG GAG CAG ATC A
Bax (24887) Fwd | GCG AGT GTC TCA GGCGAAT
Rev CTG CCA CAC GGA AGA AGA CC
Bcl2 (24224) Fwd | GAG GAT TGT GGC CTT CTT TGA GTT
Rev GCA GAT GCC GGT TCA GGT
Casp3 (25402) Fwd | TGG ACA TGA CGA CAG GGT GCT A
Rev TTT GAG GCT GCT GCA TAATCG C
Cat (24248) Fwd | CGG ATT CCT GAG AGA GTG GTA CA
Rev TGT GGA GAA TCG GAC GGC AAT AG
Gcele (25283) Fwd | GCT GAC CAG GGT GAT CCT CTC ATA
Rev CCT GTA AGA CGG CAT CTC GC
Gcelm (29739) Fwd | ACT GCATTT GCT AAA CAGTITGACA
Rev GGA TGC TTT CTT GAA GAG CTT CCT
Gpxl1 (24404) Fwd | GGC TCA CCCGCT CTTTACC
Rev AAT GTC GTT GCG GCA CAC
Gsr (116686) Fwd | GGG ATT GGC TGC GAT GAG AT
Rev TTC TGA AGA GGT AGG ATG AAT GGC G
Gss (25458) Fwd | CTGTCGCTG AGG CCCTT
Rev CTC CAG AGCGTGTACCATTTCC
P16 (25163) Fwd | CCCGAA CACTITCGGTCGT
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Rev GGT CCT CGC AGT TCG AAT CT

P21 (114851) Fwd | CCT GGT TCC TTG CCA CTT CTT AC
Rev TCA TCC TAG CGG GCC TTA GAG

P53 (24842) Fwd | ACC ATG AGC GTT GCT CTG AT
Rev CAC CAC GCT GTG CCG AA

P62 (113894) Fwd | TGG GTT TCT CGG ATG AAG GCG

Rev GGT GGA GGG TGC TTT GAATACT

P66shc (85385) Fwd | GCC GAT CAC TCT CAC TGT GT

Rev CCC ACC AGA CGCGAATGA GATA

Smad2 (29357) Fwd | GTT TGC CGA GTG CCTAAGTGAT

Rev GGT TAC AGC CTG GTG GGA TTT

Smad3 (25631) Fwd | GTG CAA ACA GGC TGC CCT AGA

Rev AAA GAT GGC TCC AAT TTC CTT GTG A

Sod1 (24786) Fwd | GCA GAA GGC AAG CGG TGA
Rev GGT ACA GCC TTG TGT ATT GTC CC
Sod2 (24787) Fwd | GTC TGT GGG AGT CCA AGGTT
Rev GTT CCT TGC AGT GGG TCC TGA TTA
Tfeb (316214) Fwd | ACT TAA TTG AGA GAA GACGCA GGTT
Rev CTT GAG GAT GGT GCC CTT GT
TgfB1 (59086) Fwd | CCG GGT GCT TCC GCA TCA
Rev TGT TGG ACA ACT GCT CCA CCT
Tgfp2 (81809) Fwd | TGG AAC CACTGA CCATCCTCT ACT

Rev TTT CCC GAG GACTTT AGCTGCATT T

Zkscan3 (306977) | Fwd | TGG GTG AAG ACACTGTCCAGATT

Rev CCC ACA TTC ACG GCA GTA GA

4.3.3 B-Galactosidase Activity Assay

Histochemical detection of senescence associated f-Galactosidase (SA-BGal)
activity was performed using a kit (ab65351; Abcam Inc.) according to the
manufacturer’s instructions. Briefly, kidneys embedded in OCT medium were
cryosectioned at 8um and stored at -80°C. Slides were then thawed, and tissue sections
incubated in fixative solution (provided in kit) at room temperature for 10-15min. Slides
were washed twice with phosphate buffered saline (PBS; pH 7.4), and then incubated
with staining solution overnight in a sealed humidified container at 37°C. Sections were
imaged with an EVOS XL Core microscope at 4X magnification; intensity of blue

staining, reflecting SA-BGal activity, was quantified using ImagelJ software.

104



4.3.4 Caspase Activity Assays

Activities of caspases 3 and 9 were measured using commercially available kits
(ab39383 and ab65607; Abcam Inc.) per manufacturer instructions. Briefly, kidney tissue
(100mg) was homogenized in cell lysis buffer (provided in kit), centrifuged at 12,000xg,
and pellets were discarded. Supernatant protein concentration was determined through
the bicinchoninic acid (BCA) assay. 50ug of protein (1ug/uL) was loaded in duplicate
into 96 well plates and incubated with S0uL of 2X Reaction Buffer containing 10mM
dithiothreitol (DTT). Finally, SuL of probe (50uM final concentration) was added and
plates were incubated at 37°C for 1hr and subsequently analyzed using a fluorescent plate
reader (excitation 400nm; emission 505nm). Levels of caspase activity in perinatal ID
offspring samples were compared directly as fold-changes versus the average value of

controls of the same sex at each timepoint.

4.3.5 Western Blotting

Western blots were performed as previously described '*°. Antibodies utilized for
Western blotting experiments, and their dilutions/concentrations, are as follows: LC3
protein rabbit polyclonal primary antibody (Abcam ab48394; dilution of 1:1000 for final
concentration of 1pg/mL), B-actin mouse monoclonal primary antibody (Abcam ab6276;
dilution of 1:5000 for final concentration of 0.4pug/mL), Alexa Fluor 680 donkey anti-
rabbit secondary antibody (Abcam ab175772; dilution of 1:10000 for final concentration
of 0.2pg/mL), and Alexa Fluor 790 donkey anti-mouse secondary antibody (Abcam
ab175782; dilution of 1:10000 for final concentration of 0.2pg/mL). Intensities of LC3-I
and LC3-II bands were compared, with B-actin serving as a loading control for each
sample. Western blots were imaged with a an Odyssey imaging system (LI-COR

Biosciences).

4.3.6 Oxidative Stress Markers

Lipid peroxidation in whole kidney homogenates (~10mg sample) was assessed
using a commercially available malondialdehyde (MDA) assay kit (ab118970; Abcam

Inc.). Kidney tissue was homogenized in lysis buffer (provided in kit) using a Minilys
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Homogenizer (Precellys Inc.) for 30s at high speed. Samples were centrifuged at 13,000x
g for 10min, and the supernatant was collected. 200uL of supernatant (containing
standards or sample) was incubated with 600puL of thiobarbituric acid solution and
incubated at 95°C for 1hr then cooled on ice for 10min. Turbidity in samples was
eliminated via passage through 0.2um filters and loaded into a 96 well plate for
quantification in a fluorescent reader (excitation 532nm; emission 553nm).

Levels of glutathione (reduced and oxidized forms) were assessed in
homogenized tissues (~50mg) using commercial kits (ab138881; Abcam Inc.). Renal
tissue was homogenized with a Minilys Homogenizer (Precellys Inc.) for 30s on high
speed in phosphate buffered saline (PBS; pH 6.0) containing 0.5% (v/v) NP40. Samples
were centrifuged (10min; 13,000x g) and supernatants were deproteinated by
acidification with trichloroacetic acid using a commercially available kit as directed
(ab204708; Abcam Inc.). Samples (1:20 dilution) were incubated with probes for GSH
and GSSG as directed at room temperature for 1hr, and fluorescence intensity was
quantified by spectrophotometry (excitation 490nm; emission 520nm).

Assessments on DNA for 8-hydroxy-2"-deoxyguanosine (8-OHdG) were
conducted using commercially available kits (ab201734; Abcam Inc.). DNA was isolated
from snap frozen tissue (~25mg) using the DNEasy blood & tissue kit per manufacturer
directions (Qiagen Inc.). DNA concentration and purity were confirmed by Azes0/A2s0
absorbance with a NanoDrop1000 spectrophotometer (Thermo Fisher Inc.). DNA
samples were boiled for Smin, cooled on ice, and digested with 100U nuclease P1
(M0660S; New England BioLabs Canada) for every 100pg DNA at 37°C for 15min.
Following digestion, DNA was further digested with 1U alkaline phosphatase (M0371S;
New England BioLabs Canada) per 100pug DNA at 37°C for 15min. DNA samples were
then boiled for 10min and placed on ice until use. Digested nucleosides (1-1.5ug/well)
were assessed by ELISA in triplicate per manufacturer instructions and quantified by

spectrophotometry (ODj4s0).
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4.3.7 Statistical Analyses

For all data sets, n values reflect the number of offspring of each sex from
separate litters (i.e. treated dams are the experimental unit, and any values derived from
one litter are averaged and treated as a single unit). With the exception of caspase activity
data, all data were analyzed by mixed-model or two-way ANOVA for the main effects of
perinatal ID and offspring sex, and Sidak’s post hoc tests were completed to assess
differences between CTL and ID groups of each sex. For caspase activity assays, data are
analyzed by unpaired #-test to minimize inter-assay variability (due to lack of internal
standards accompanying the kits); thus, only intra-assay comparisons between CTL and
ID offspring of the same sex were made. Data are presented as mean+=SEM unless
otherwise indicated. P<0.05 was considered significant. Grubb’s test was used to identify
statistical outliers, which were excluded from analyses as appropriate. All statistical

analyses were conducted using GraphPad Prism 9.0 software.
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4.4 Results

4.4.1 Growth Qutcomes

The impacts of iron restriction prior to and throughout gestation on maternal

159,165,253,308,309’ and

outcomes in this model have been described in detail previously
include anemia and impaired weight gain throughout pregnancy. The consequences of
maternal iron restriction on offspring growth and hematological offspring parameters are
summarized in Table 4.2. Perinatal ID offspring exhibit ~50% reductions in Hb levels on
PD1 (P<0.0001), with no differences between the sexes. Perinatal ID male and female
offspring were growth restricted at PD1 (P<0.0001), and male offspring are larger than
their female littermates irrespective of perinatal treatment group (P<0.0001). Kidney
weights from perinatal ID offspring were smaller than those from controls in both sexes
(P=0.001) but were no longer different when normalized to bodyweight.

By PD28, Hb levels were no longer different between perinatal treatment groups,
albeit female offspring tended to have slightly elevated levels regardless of perinatal
group (P=0.053; Table 4.2). Offspring body weights on PD28 remained lower in
perinatal ID offspring (P<0.0001), and male offspring remained larger than their female
counterparts irrespective of treatment group (P=0.0004). At PD28 absolute kidney

weights of perinatal ID offspring were smaller than control kidneys in both males and

females (P=0.0002) but were larger when normalized to bodyweight (P=0.0001).
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Table 4.2: Offspring Growth Outcomes & Characteristics.

Males Females P Values

Age  Parameter CTL D CTL ID ID Sex Int.

Hb (g/dL) ﬂ';’ %i;t ”2'%1 51.‘42?:5 <0.0001 081 059

Body wt. 691 541+ 630+ 518+

PD1 Kidney 762+ 565+ 71.0+ 54.1=+

wts. (mg) 135 83" 116  6.5% 0.001 004  0.63

Kidney wt/
10.8+ 100+ 112+ 105+
body wt. 12 13 12 0.9 0.14 0.13 0.92
(mg/g)

Hb (/dL) 100+ 10.0+ 104+ 102+

05 08 05 o9 070 0.05  0.52

Body wt. 113.0 86.0+ 100.1 78.7+

(g) +79 112 +£55 66" <0.0001 0.0004  0.30

PD28 Kidney 1.35+ 1.14+ 120+ 1.01=

wis. (@) 008 015° 008 0o+ 00002 0.0002 080

Kidney wt/
11.9+ 133+ 120+ 13.0+
body wt. 04 0.8* 0.5 0.7% 0.0001 0.80 0.34
(mg/g)

Data are presented as mean+SD. n=8-9 for all measurements. Data was analyzed by
mixed model ANOVA, where male and female offspring from the same litter were paired
for analysis. * P<0.01 # P<0.001 vs CTL of the same sex. Control, CTL; iron deficiency,

ID; interaction, int.; postnatal day, PD; weight, wt.
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4.4.2 Cellular Senescence

SA-BGal activity was decreased by perinatal ID on PD1 (P<0.001; Figure 4.1A).
Expression of Tgfp1 and Tgfp2, which encode ligands that bind to transforming growth
factor B receptors and induce developmental senescence via SMAD2/SMAD3 signaling,
were not altered by perinatal ID or offspring sex (Figure 4.2A & 4.2B). Expression of
Smad?2 exhibited a significant interaction effect (P=0.03; Figure 4.1B), and expression
was elevated in females versus males irrespective of perinatal group (P=0.008). No
alterations were observed in Smad3 expression (Figure 4.1C). Expression of P2/ on PD1
was induced by perinatal ID in offspring of both sexes (P=0.04; Figure 4.1D).
Expression of P/6 was unchanged by perinatal ID in male offspring, whereas females
exhibited reductions due to perinatal ID relative to high baseline expression in CTL
offspring (P=0.006; Figure 4.1E).

In contrast to PD1, perinatal ID resulted in elevated cellular senescence, which
was most prominent in female offspring on PD28. SA-BG activity was increased by both
perinatal ID (P=0.002) female sex (P=0.01), the former effect being most prominent in
the female perinatal ID group (Figure 4.1F). Expression of Tgf1 and Tgf52 was
increased by perinatal ID (both P=0.04), with an overall increase in 7gf52 due to female
sex (P=0.02; Figure 4.2C & 4.2D). Neither Smad?2 or P21 expression were altered by
perinatal ID or offspring sex on PD28, whereas Smad3 expression was increased in
females (P=0.03; Figure 4.1H). Expression of P/6 was not detectable in any group on
PD28 (Figure 4.1J).

110



A SA-BGal B Smad?2 Cc Smad3 D P21 E P16

P1p<0.0001 Pp=0.83 Pp=0.53 Pp=0.04 Pp=0.04
Psex=0.10 Psex = 0.008 Pgex =0.13 Pseyx = 0.49 Psex = 0.12
_ Pin=0.16 ° I%TL s Pt = 0.03 - Pt = 0.41 - Pint = 0.40 . Pint = 0.005
-~ 8 = = 5 -y
3 ° Q o ) Q i = i ° o 5
< 154 . e $ 15 o $20 o 320 O -5 o
2 = o > © 0o ©
3 ° x o, 2 o oy % 1.5 ° ° S5 o 0 =
B0 |8 % - < 1.0 °% Bo < %0 °ge o2 X Xod o
o
Q= e ol & % 8 210 & (5] [® < 104 og2 |8 sl 2 =
o g - ° o| o IS S 8¢ | & o 8 DE: 0o 4 ° o 2 oo
) £ £ a by 8o °
0 ‘ . “ 00 ‘ : ? 00 : . 0.0 . . 0 . .
Male Female Male Female Male Female Male Female Male Female
F G H | J
P,5=0.002 Pp = 0.67 Pip=0.47 Pp=0.83
Psex=0.01 Pgex = 0.07 Psex = 0.03 Pgex = 0.12
P;,=0.26 Pyt = 0.81 Pt =0.39 Pt =0.47
_n . ~ 25— Int - 2.5 Int 5- Int _ 4-
3 ° & 5 2 =
s b 2.0 ° b 2.0 O 4+ ° Q
~ 60 Q 2 o T 34
z 2 ° g 2 ° 89 g o° £ " |No amplification
Q * 1.5 . * 3 2154 o o 0o ° = 3 = P
° i o o o x X o]
a <% 0 LT S0l ' S0l & <, S ° 3P detected
a 3 £ E ° Z | e g
2 20 g ~ 8o ° - o o £ o -
% [ o 00 S 0.5+ oo S 0.59 8o oo - 14 S od [0° ©
T I N o0 |Jo oo =
2 S IS Q 8 [} Q
0 T T * 0.0 T T * 0.0 T T 0 T T 0——°—|—0—°ﬁ—0—
Male Female Male Female Male Female Male Female Male Female

Figure 4.1: Renal cellular senescence. Markers of cellular senescence in kidneys from perinatal iron deficient (ID) and control (CTL) offspring on
postnatal day (PD)1 and 28. (A&F) senescence-associated p-Galactosidase (SA-BGal) activity, (B&G) Smad2 expression, (C&H) Smad3
expression, (D&l) P21 expression, (E&J) P16 expression. Data are summarized by bar graphs showing mean+SEM. Data are analyzed by two-
way or mixed model ANOVA and Sidak’s post hoc test, where data from male and female littermates was paired when possible. * P<0.05, **
P<0.01, *** P<0.001 versus CTL of the same sex.
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Figure 4.2: Transforming growth factor expression. Expression of (A&C) Tgf37 and (B&D)
TgfB32 in kidneys from perinatal iron deficient (ID) and control (CTL) offspring on postnatal day
(PD)1 and 28. Data are summarized by bar graphs showing meantSEM. Data are analyzed by
two-way or mixed model ANOVA and Sidak’s post hoc test, where data from male and female

littermates was paired when possible.
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4.4.3 Apoptosis

On PDI1, male but not female perinatal ID offspring exhibited enhanced caspase 3
activity (P=0.009; Figure 4.3A), despite no differences in caspase 9 activity between
groups (Figure 4.3B). Perinatal ID did not alter expression of P53 on PD1, although
expression was increased in females versus males irrespective of perinatal treatment
group (P=0.003; Figure 4.3C). Expression of apoptosis mediators, such as Bc/2, Bax,
Bad, and Cas3 were not altered by perinatal ID or offspring sex (Figure 4.4A-D).

On PD28, no alterations in either caspase 3 or caspase 9 activities were observed
due to perinatal ID (Figure 4.3D & E). Similarly, no alterations in expression of P53
(Figure 4.3F), nor Bcl2, Bax, Bad, or Cas3 were observed due to either perinatal ID or
offspring sex (Figure 4.4E-H).
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Figure 4.3: Renal apoptosis mediators. Markers of apoptosis in kidneys from perinatal iron
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deficient (ID) and control (CTL) offspring on postnatal day (PD)1 and 28. (A&D) Caspase 3

activity, (B&E) Caspase 9 activity, (C&F) P53 expression. Data are summarized by bar graphs
showing mean+SEM. Data are analyzed by two-way or mixed model ANOVA and Sidak’s post

hoc test (where data from male and female littermates was paired when possible), or by unpaired

t-test (see statistical analyses section of methods).
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Figure 4.4: Renal apoptosis regulation. Mediators/markers of apoptosis in kidneys from
perinatal iron deficient (ID) and control (CTL) offspring on postnatal day (PD)1 and 28. (A&E)
Bcl2 expression, (B&F) Bax expression, (C&G) Bad expression, (D&H) Cas3 expression. Data
are summarized by bar graphs showing mean+SEM. Data are analyzed by two-way or mixed
model ANOVA and Sidak’s post hoc test, where data from male and female littermates was

paired when possible.

4.4.4 Autophagy

On PDI, reductions in the ratio of LC3-1:LC3-II protein were observed due to
both perinatal ID (P=0.03) and female sex (P=0.009; Figure 4.5A). However, no
alterations in other autophagy mediators, such as P62, Tfeb, or Zkscan3 were observed
due to either perinatal ID or offspring sex (Figure 4.5B-D). On PD28, no alterations in
LC3 protein ratios or autophagic mediators were observed due to either perinatal ID or

offspring sex (Figure 4.5E-H).
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Figure 4.5: Renal autophagy. Markers of autophagy in kidneys from perinatal iron deficient (ID) and control (CTL) offspring on postnatal day
(PD)1 and 28. (A&E) Ratio of LC3-1:LC3-II protein levels with representative images, (B&F) P62 expression, (C&G) Tfeb expression, (D&H)

Zkscan3 expression. Data are summarized by bar graphs showing meantSEM. Data are analyzed by two-way or mixed model ANOVA and

Sidak’s post hoc test, where data from male and female littermates was paired when possible.
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4.4.5 Oxidative Stress

Perinatal ID resulted in changes in oxidant status on PD1, and many of these
differences resolved by PD28. MDA levels were reduced due to perinatal ID in male and
female offspring on PD1 (P=0.02; Figure 4.6A). Total cellular glutathione levels were
reduced by perinatal ID in male, but not female, offspring on PD1 (P=0.01; Figure 4.6B).
Interestingly, the ratios of reduced to oxidized glutathione (GSH:GSSG) were not altered
by perinatal ID, albeit lower ratios were observed in female offspring regardless of
perinatal group (P=0.04; Figure 4.6C). 8-OHdG, a marker of DNA oxidation, was not
altered by perinatal ID on PD1, albeit females tended to show higher oxidant damage to
their DNA irrespective of perinatal treatment group (P=0.046; Figure 4.6D). Expression
of P66shc, a trigger of apoptosis and indicator of oxidative stress, did not vary due to
perinatal ID or offspring sex on PD1 (Figure 4.6E).

On PD28, MDA levels were increased by perinatal ID in male, but not female,
offspring (P=0.03; Figure 4.6F). An interaction effect was observed for total glutathione
levels in PD28 offspring (P=0.05), wherein perinatal ID increased levels in males but
decreased them in females (Figure 4.6G). Despite differences in total glutathione levels,
GSH:GSSG ratios were not altered by either perinatal ID or offspring sex on PD28
(Figure 4.6H). Neither 8-OHdG levels or expression of P66shc were altered in PD28
offspring (Figure 4.61 & J).
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Figure 4.6: Renal oxidative stress. Oxidative stress measurements in kidneys from perinatal iron deficient (ID) and control (CTL) offspring on
postnatal day (PD)1 and 28. (A&F) levels of lipid peroxidation product malondialdehyde (MDA), (B&G) Total glutathione (GSH+GSSG)
concentration, (C&H) Ratio of GSH:GSSG, (D&l) Levels of DNA damage marker 8-OHdG, (E&J) Expression of P66shc. Data are summarized by
bar graphs showing mean+SEM. Data are analyzed by two-way or mixed model ANOVA and Sidak’s post hoc test, where data from male and
female littermates was paired when possible. ** denotes P<0.01 versus CTL of the same sex. Reduced glutathione, GSH; oxidized glutathione,
GSSG.
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4.4.6 Antioxidant Defenses

On PDI, expression of both superoxide dismutase (Sod)! and Sod?2 exhibited an
interaction effect in which perinatal ID increased expression versus controls in males,
whereas the opposite effect was observed in females (both P<0.01; Figure 4.7A & B).
Glutathione reductase (Gsr) exhibited an interaction effect (P<0.001), where perinatal ID
resulted in an increase in expression in males and a decrease in females (Figure 4.7C).
No alterations were observed in the expression of glutathione peroxidase 1 (Gpx-1) or
catalase (Cat) on PD1 (Figure 4.7D & E). Neither offspring sex nor perinatal group
altered expression of glutathione synthetic enzymes, including glutathione synthetase
(Gss), glutamate-cysteine ligase catalytic subunit (Gclc), or glutamate-cysteine ligase
regulatory subunit (Gelm; Figure 4.8A-C).

On PD28 an interaction effect was observed for expression of Sod1, wherein
expression was decreased by perinatal ID in males but increased in females (P=0.03;
Figure 4.7F). Neither Sod2, Gsr, Gpx-1, or Cat expression were altered by perinatal ID
or offspring sex (Figure 4.7G-J). Similarly, neither perinatal group or offspring sex

altered expression of glutathione synthetic enzymes Gss, Gele, or Gelm (Figure 4.8D-F).
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Figure 4.7: Renal antioxidant enzyme expression. RT-gPCR in kidneys from perinatal iron deficient (ID) and control (CTL) offspring on
postnatal day (PD)1 and 28. (A&F) Superoxide dismutase (Sod)1 expression, (B&G) Sod2 expression, (C&H) Glutathione reductase (Gsr)
expression, (D&l) Glutathione peroxidase (Gpx-1) expression, (E&J) catalase (Cat) expression. Data are summarized by bar graphs showing
mean+SEM. Data are analyzed by two-way or mixed model ANOVA and Sidak’s post hoc test, where data from male and female littermates was

paired when possible. * P<0.05, ** P<0.01 versus CTL of the same sex.
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Figure 4.8: Expression of glutathione synthetic enzymes. RT-qPCR in kidneys from perinatal
iron deficient (ID) and control (CTL) offspring on postnatal day (PD)1 and 28. (A&D) Gss
expression, (B&E) Gclc expression, (C&F) Gelm expression. Data are summarized by bar graphs
showing mean+SEM. Data are analyzed by two-way or mixed model ANOVA and Sidak’s post

hoc test, where data from male and female littermates was paired when possible.
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4.5 Discussion

In this study we investigated the impact of perinatal ID on patterns of oxidative
stress, cellular senescence, and apoptosis in PD1 and PD28 offspring kidneys. While the
PD1 timepoint serves as an immediate exposure to perinatal ID, PD28 was chosen
because systemic iron status has largely normalized in offspring (as indicated by Hb
levels) and renal maturation is largely complete. To summarize, we report that perinatal
ID caused: (1) enhanced oxidative stress concomitant with reduced antioxidant capacity
and an induction of antioxidant enzyme expression in male but not female offspring; (2)
decreases in cellular senescence on PD1, despite upregulation of developmental
senescence pathway constituents, followed by an increase in cellular senescence on
PD28; (3) increased apoptosis and alterations in autophagic flux, particularly in male
offspring, on PD1; and (4) increased relative kidney size in perinatal ID offspring by
PD28. Together, these results suggest that altered cellular oxidant status differentially
triggers compensatory mechanisms (i.e. induction of antioxidant defenses, apoptosis) in
offspring of both sexes, which may extend into the postnatal period despite iron repletion.
These mechanisms likely contribute to altered cellular patterning and development during
a phase of rapid renal growth and maturation, leading to longstanding changes in kidney
health and function over the lifespan.

Oxidative stress is likely a critical trigger for altering patterns of senescence and
apoptosis during development. Iron is a critical co-factor for antioxidant enzyme
function, as well as function of reduction-oxidation reactions processes for cellular
energy production, which generate large amounts of reactive oxygen species '*.
Paradoxically, reductions in MDA formation were observed in perinatal ID offspring of
both sexes on PD1 despite previous evidence of renal oxidative stress in male ID
offspring at the end of gestation '®>. However, measures of lipid peroxidation in the

312-314

context of ID are often contentious, with studies reporting reductions , increases

315316 or no changes *'718, Tron is involved in generating hydroxyl and perhydroxyl
radicals via the Haber-Weiss and Fenton reactions %2, which are responsible for lipid and
DNA oxidative damage *'°. Therefore, ID is hypothesized to reduce lipid peroxidation
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through decreasing formation of hydroxyl and perhydroxyl radicals, which therefore may
not correlate with increases in other markers of oxidative stress, such as superoxide
levels. Conversely, ID is thought to increase lipid peroxidation in some circumstances
through increased accumulation of other transition metals (i.e. Cu) which can also
catalyze such reactions, or by increased mitochondrial membrane fragility 67215320,
Similarly, the lack of DNA oxidation in perinatal ID offspring on PD1 may indicate a
lack of iron for the formation of excess hydroxyl and perhydroxyl radicals, albeit
antioxidant defenses may be capable of mitigating damage despite depletions of the
glutathione observed in male perinatal ID offspring. Interestingly, our results indicate
higher basal levels of DNA oxidation, reduced GSH:GSSG, and increased expression of
P53 and P16 mediators in females versus males, suggesting the relative susceptibility of
females to oxidative damage may be greater than previously thought. Following iron
replenishment, enhanced lipid peroxidation in perinatal ID males on PD28 is further
suggestive of oxidative damage occurring in these offspring throughout the
developmental period. Consistent with previous studies in kidneys of both fetuses and
adult offspring exposed to perinatal ID 93% female perinatal ID offspring do not exhibit
altered levels of oxidative stress versus controls.

The striking differences in oxidative stress patterns between male and female
offspring may underlie other sex specific differences observed in this model. Oxidative
stress in the male offspring may trigger enhanced apoptosis **!, induction of antioxidant
enzyme expression 2°7, and perturbations in autophagy 322. One possible reason could be
differential production of oxidant species between male and female offspring derived
from mitochondrial function. Mitochondrial dysfunction has been observed in the
kidneys of male but not female offspring exposed to perinatal ID '6°2% suggestive that
oxidant production may be higher in males **3. Alternatively, studies have shown that
females tend to have higher antioxidant capacities than their male counterparts 324323,
While our study suggests that female offspring may have higher levels of expression of

key antioxidant enzymes such as Sod!, Sod2, and Gsr in CTL offspring, perinatal ID did

not result in further increases. Although the oxidative stress in female perinatal ID

123



offspring may have been insufficient to trigger a transcriptional upregulation, other
mechanisms are likely contributing to the apparent decreases in expression. For instance,
perinatal ID may disrupt sex hormone signaling, resulting in a decrease in estrogen-
stimulated expression of antioxidant defenses such as Sod 32°. Notwithstanding, the
reduced ratio of GSH:GSSG and enhanced DNA oxidation in female offspring
irrespective of perinatal treatment group suggests that higher antioxidant defenses in
female offspring are not contributing to the sex differences observed herein and may
actually be mitigating them.

To our knowledge, this study is the first to identify a decrease in renal cellular
senescence due to a perinatal stressor. Pathologic hypoxia is known to inhibit cellular

senescence 227328

, which occurs in the kidneys of perinatal ID offspring secondary to
anemia in utero '%*. Although reductions due to cellular senescence were observed in both
male and female offspring due to perinatal ID, the reduction in males may also be
partially explained by inhibition of senescence via the induction of apoptosis 5.
Alternatively, knockout models examining the developmental senescence pathway

185.186 '\which may imply increased apoptosis

exhibit compensatory increases in apoptosis
is a consequence of reduced senescence rather than a cause. In contrast with our results,
murine models of cigarette smoke exposure in utero exhibit enhanced oxidative stress

and upregulated cellular senescence in the fetus 3%

, suggesting the etiology of perinatal
ID extends beyond the effects of hypoxia and oxidative stress. The upregulation of P2/
expression observed due to perinatal ID on PD1 is consistent with enhanced signaling for
senescence, albeit senescence remains lower overall. Cellular senescence may also be
supressed by a lack of iron itself; senescent cells are known to accumulate vast amounts
of iron ¥3°, which would be highly detrimental to an organism with inadequate stores.
While sufficient iron supply is not necessary for cellular senescence to occur (i.e. iron
chelation does not prevent induction of cellular senescence in culture conditions) *%, it is
possible this factor contributes to reducing senescence through an unknown evolutionary
mechanism. More studies are needed to characterize the mechanisms underlying these

changes.
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In contrast to PD1, cellular senescence is enhanced in the kidneys of perinatal ID
offspring on PD28. Our data may suggest the increase in senescence in perinatal ID
offspring on PD28 is caused by an upregulation of the developmental pathway (i.e.
increased TGFS1/TGFJ32), as part of a ‘catch-up’ for a delayed developmental process.
Indeed, recent studies have shown nephrogenesis and nephron maturation is delayed by
iron deficiency on PD15, whereas morphologic features were similar by PD30 2°,
Therefore, enhanced senescence at PD28 may indicate delayed maturation following
normalization of iron status. Indeed, in a model of maternal protein restriction during
gestation, offspring kidneys at the time of weaning exhibited increased expression of
cellular senescence mediators 2?®. The increase in relative size of the kidneys in perinatal
ID offspring by PD28 also reflects catch-up growth within the kidney, albeit the extent to
which it may induce or contribute to increased senescence in otherwise healthy
developing kidney tissues requires further investigation. Further supporting the potential
role of transiently upregulated developmental senescence in catch-up growth, markers of
renal senescence are not altered in offspring at 4 months of age in a model of prenatal
hypoxia *3!. The enhanced senescence on PD28 may represent a response to cellular
stress, though low levels of oxidative stress (especially in perinatal ID females),
undetectable P16 expression, and a lack of perturbation in LC3-II: LC3-1 suggest this this
is unlikely **°. More work is needed to understand how developmental senescence may
underlie these changes. In particular, the reason why females see the largest upregulation
in senescence on PD28 while exhibiting no alterations in apoptosis on PD1 must be
investigated further.

Consistent with elevated DNA oxidation, we observed transcription of P53 was
elevated in female versus male offspring on PD1. Transcription of P53 occurs primarily
in the S-phase of the cell cycle as a protective mechanism against DNA damage during
the replication process **2. As such, higher expression of P53 may explain why female
perinatal ID offspring did not exhibit elevated levels of apoptosis on PD1 like their male
littermates. Elevation of P2/ expression due to perinatal ID in both male and female PD1

offspring does suggest activation of P53 activity as a transcription factor in both sexes,
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albeit apoptosis does not appear negatively regulated by P2/ in males to the same extent

333 and are

188 Both ID and iron excess are known to cause genomic instability
associated with increased cancer risk ***. Elevated levels of P53 in female offspring
coinciding with subtly higher basal levels of DNA oxidation may decrease susceptibility
to further DNA damage associated cellular dysfunction and death. The cellular regulation
regarding how apoptosis and senescence are triggered in both male and female offspring
must be studied further in the context of ID.

In summary, we have shown that altered cellular senescence appears central to
renal pathology observed adult perinatal ID offspring. Importantly, we have shown that
male and female offspring exhibit differential levels of baseline antioxidant capacities
and oxidant levels (as indicated by GSH:GSSG and DNA oxidation), and that their
responses to further induction of oxidative stress appear divergent. In male offspring, the
combination of decreased cellular senescence concomitant with enhanced apoptosis
likely underlies future deficiencies in renal function. Although female offspring exhibit

309

largely normal renal health and function in later life °*”, more work is needed to

understand how perinatal ID impacts renal development in both sexes.
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5.1 Abstract

Long-term alterations in kidney structure and function have been observed in
offspring exposed to perinatal stressors such as iron deficiency (ID). ID is known to
influence vitamin A metabolism, a critical mediator of nephrogenic signaling pathways.
Here, we sought to assess how perinatal ID alters renal vitamin A metabolism and
nephrogenic signaling in the developing kidney. Pregnant Sprague Dawley rats were fed
either an iron-restricted or -replete diet throughout gestation, and offspring were studied
on postnatal day (PD)1 and 28. Maternal iron restriction results in neonatal anemia, low
birth weight, and reduced renal retinoid levels on PD1. Nephron endowment was reduced
21% in male perinatal ID offspring on PD28, whereas female nephron endowment was
unaffected. Male perinatal ID offspring exhibit sex-specific enhancements of retinoic
acid pathway signaling on PD1, coinciding with elevations in mediators of the fibroblast
growth factor, and wingless-related integration site pathways, despite concomitant
elevations in the antagonistic bone morphogenetic protein pathway. In contrast, female
perinatal ID offspring exhibit reductions in the expression of retinoic acid receptors, bone
morphogenetic protein receptors, and fibroblast growth factor receptors on PD1. Finally,
expression of angiogenic factors such as vascular endothelial growth factor A and renin
were elevated by perinatal ID on PD1. By PD28, renal retinoid levels were elevated in
perinatal ID offspring, coinciding with enhanced signaling through the retinoic acid
pathway in both sexes, albeit this effect was most pronounced in females. Furthermore,
female perinatal ID offspring exhibited reduced plasma retinol concentrations, as well as
sex-specific elevations in renal expression of renin. Perinatal ID was shown to elevate
expression of platelet derived growth factor B and decrease expression of
angiotensinogen on PD28 in offspring of both sexes, albeit no differences in vascular
density were observed on PD28 In summary, perinatal ID was shown to reduce nephron
endowment in male offspring, primarily through sex-specific perturbations in the

pathways studied herein.
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5.2 Introduction

The rapidly growing fetus and neonate are uniquely susceptible to injury from
sub-optimal environments, such that stressors during early development can influence
life-long functional capacity of many organ systems '43. The kidney is one such organ.
The total number of nephrons, the functional units of the kidney, is set at birth in humans
and shortly thereafter in rodents !”>. Nephron endowment at birth is thought to contribute
to functional capacity of the kidney, and indeed an inverse relationship between nephron
number and the risk of hypertension and chronic kidney disease in later life has been
described. Commonly referred to as the Brenner hypothesis, the theory posits that a
reduced nephron complement in early life can result in glomerular hyperfiltration,
resulting in renal damage and blood pressure dysregulation, thus perpetuating a cycle of
progressive cardio-renal injury **. The number of nephrons a person is born with is
determined both by genetic and environmental factors, and thus may be affected by
adversity during these periods of development '°°. In addition to gestational hypoxia 28,
micro- and macronutrient deficiencies during early development have been associated
with reductions in nephron endowment 2!%-219:221,305,

Iron deficiency (ID) is the most common nutritional deficiency worldwide, which
has a high incidence in pregnancy due to blood volume expansion and increased iron
demands of the growing fetus and placenta *2!. While ID during pregnancy has long
been recognized as a risk factor for pre-term birth, low birth weight, and neonatal
mortality **, the consequences of perinatal ID on cardiovascular function persist
throughout life. Perinatal ID has been associated with hypertension, salt sensitivity of
blood pressure, and renal dysfunction in later life 1°%23%3%_ Similar to many models of
perinatal stress, perinatal ID also affects nephron endowment in offspring 2! 2!®_ and the
long-term cardiovascular consequences are consistent with those predicted by the
Brenner hypothesis 170-212:308.309,

Despite these links, it remains unclear how perinatal ID alters nephrons growth

and maturation during development. Renal development, and the determination of

nephron number, largely depends on the complex processes governed by interactions
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between the branching ureteric bud and the metanephric mesenchyme !”’. The branching
ureteric bud forms the collecting ducts, upon which glomeruli, tubular structures, and the
vascular system of the kidney develop. Numerous signaling processes are important in
dictating nephron endowment, including the wingless-related integration site (WNT),
fibroblast growth factor (FGF), bone morphogenetic protein (BMP), and the retinoic acid
and receptor tyrosine kinase (RA-RET) pathways !7’. Moreover, concurrent vascular
development is modulated by these and other pathways, including the renin angiotensin
system (RAS) and vascular endothelial growth factor (VEGF) 282336,

In this study, we assessed numerous signalling pathways through which nephron
endowment is established in male and female ID offspring. We hypothesized that
perinatal ID disrupts offspring nephrogenic signaling, thereby contributing to a reduction

in nephron endowment.

5.3 Methods

5.3.1 Animals and Treatments

The studies described herein were approved by the University of Alberta Animal
Care Committee (reference number AUP974) in accordance with the guidelines
established by the Canadian Council of Animal Care. Thirty-seven experimentally naive
and nulliparous female Sprague Dawley rats (initially 6 weeks of age) were purchased
from Charles River (Saint-Constant, QC, Canada) and housed at the University of Alberta
animal care facility under a 12h light/dark cycle and ambient temperature of 23°C. Rats
were housed in wire top cages fitted with mesh filter tops, enriched with wooden blocks
and shredded paper pucks. Ad libitum access to food and water was provided for all rats
throughout the study.

Prior to and throughout gestation, female rats were fed AIN-93G purified diets
(Research Diets Inc., New Brunswick, NJ, USA), which were identical in composition
except for the amount of added ferric citrate; all purified diets used herein contained 4000
IU/kg vitamin A acetate. Rats allocated to the iron-restricted group were fed a diet low in

iron (3 mg/kg iron; D03072501), whereas those in the control group were fed an iron-
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replete diet control group (37 mg/kg iron; D10012G). Females were co-housed with age-
matched males for breeding, and pregnancy was confirmed by the presence of sperm in a
vaginal smear the following morning. Pregnant dams were single-housed during
pregnancy, and those in the control group were maintained on the same diet throughout
pregnancy, whereas the iron-restricted dams were fed a diet moderately low in iron (10
mg/kg iron; D15092501) for the duration of pregnancy. Maternal parameters such as Hb
levels, body weight gain and food consumption were recorded weekly.

A subset of non-fasted pregnant dams (6 iron-restricted and 6 controls) were
euthanized on gestational day (GD)21, one day prior to full term. Dams were
anesthetized in isoflurane (3-5% in medical grade oxygen at 1L/min) and euthanized by
exsanguination and subsequent excision of the heart. Maternal plasma and liver samples
were collected for analysis. The remaining twenty-five dams (14 iron-restricted, 11
controls) and their offspring were studied postnatally. After giving birth, all dams were
fed a standard rodent chow (5LOD; PicoLab, St. Louis, MO, USA), and all pups were
weighed, and litters were standardized to 8 offspring (four males and four females). In
cases where litters contained fewer than 4 males or 4 females, tissue collection was
prioritized for a single time point only, thereby avoiding confounding effects of variable
litter sizes.

For PD1 experiments, offspring were euthanized by decapitation within 12h of
birth. Hemoglobin (Hb) levels were measured using a HemoCue 201+ system, and pup
organs were quickly harvested, weighed, and snap frozen in liquid nitrogen. The
remaining pups remained with their mothers until PD21, at which time they were weaned
onto the standard rodent chow. At PD28, offspring were anesthetized in isoflurane (3-5%
in medical grade oxygen at 1L/min) and euthanized by exsanguination and subsequent
excision of the heart; tissues were quickly harvested, and snap-frozen in liquid nitrogen,

or processed for nephron endowment assay (described below).
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5.3.2 RT-qPCR Experiments

Offspring kidneys (~50mg) were homogenized in TRIzol reagent (Life
Technologies, Carlsbad, CA) in two intervals of 30 seconds using a homogenizer
(Percellys Minilys Tissue Homogenizer; Bertin Instruments, France) using 2 mL tubes
containing ceramic beads. RNA extraction was performed with Qiagen RNeasy kit
(Venlo, Netherlands). Briefly, homogenates in TRIzol were separated with chloroform
and centrifuged at 12,000 g for 10 min at 4°C. The aqueous phase was sequentially
purified in multiple spin columns at 17,000 g for 15 seconds with 70% ethanol, and
proprietary buffers provided in the kit. RNA concentration and purity was assessed by
absorbance at A260nm and A280.m with a NanoDrop1000 spectrophotometer (Thermo
Fisher). Purified RNA was then reverse transcribed using the High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Cheshire, UK) according to
manufacturer’s instructions. All reactions contained ~2000 ng of RNA.

Gene sequences of interest were obtained from NCBI’s Gene database

(https://www.ncbi.nlm.nih.gov/gene). Primer sequences were designed with the
LightCycler Probe Design Software 2.0 (Roche) and are shown in Table 5.1. Each qPCR
reaction was carried out in duplicate in a 96- or 384-well optical reaction plate on a
QuantStudio3 Real-Time PCR System (Applied Biosystems) or LightCycler 480 (Roche)
with PowerUP SYBR Green Master Mix (Applied Biosystems), respectively. The
thermal cycling conditions consisted of an initial step of 50°C for 120 s, 40 cycles of
denaturation at 95°C for 15 s and annealing and extension steps at 60°C for 60 s. Where
more than one transcript variant or isoform was found for a given gene, a primer suitable
for all variants was used. The relative gene expression was calculated by comparing cycle
thresholds using the following equation: relative gene expression=2(ACtsample—ACtcontrol) 5
previously described 3'!. Expression of ribosomal 18s was used as the reference gene in
the study and was validated to be uniformly expressed across all samples (data not

shown).
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Table 5.1: Primer sequences used for RT-qPCR

Gene (other names)
[Gene ID]

Primer Sequence

18s Fwd | CGG ACA GGA TTG ACA GATTGA TAGC
[100861533] Rev | CGT TCG TTA TCG GAA TTA ACC AGA C
Agt Fwd | CTG AGC AGT CCGTTC CTGTT

[24179] Rev | AGGAGGCATCACACCACATT
Aldhlal (Raldhl) Fwd | GAG AGA GGA CGC TTG CTG AAC
[24188] Rev | GCC TCC TAA ATC CGA CAA GTA CG
Aldhla2 (Raldh2) Fwd | ACA TGA GCC CAT CGG AGT

[116676] Rev | GCA GGC TTG ATG ACC ACA GTGTTA
Aldhla3 (Raldh3) Fwd | CCA CAG TGG GAG CAG CAA

[266603] Rev | CTC CTG GAG GCA GCTTCT TTA AC
Bmp4 Fwd | CCC GGA TTA CAT GAG GGA TCT
[25296] Rev | GGC TCT GCT GGC AGG AC

Bmprla (Alk3) Fwd | TTA CAA CAT GGT GCC TAG TGA CCC
[81507] Rev | ATT CAT CAC TGT TCC AGC GGTTAG A
Crabpl Fwd | CGA CCG CTC CTC AGC AGA

[25061] Rev | TAC CGG CGA AGT TGG GC

Crabp? Fwd | GGA GCC GAG AACTGA CCA AT

[29563] Rev | GTT CTT GGG ACA TAG GCA CTC AC
Ctnnbl (p-catenin) Fwd | AGA ATG CCGTTC GCCTTC ATT A
[25453] Rev | CGG GCA AGG TTT CGG ATC AA
Cyp26al Fwd | ACC CAT GAC GTG GCA GAC

[154985] Rev | GAA TGA AAC TGA ACC TGG AGG TGT
Cyp26b1 Fwd | GAC GCC CTG GAC ATT CTC ATTG
[312495] Rev | TGCTGG CACTGG CCGTA

Cyp26cl Fwd | TCA GGC AGCTCG GAA GACT

[308190] Rev | CTC CAG GCG ACA AGA AGGTT

Fgf7 Fwd | AGT CCA GAG CAG ACG GC

[29348] Rev | ACA GTCTCC TCA CCC TTA TAT CCC
Fgfl0 Fwd | TTG GTG TCT TCC GTC CCT GT

[25443] Rev | CTG GAG GTG ATT GTA GCT TCG C
Fgfrl Fwd | GCA CAT CGA GGT GAA TGG GAG TAA
[79114] Rev | ATC CTC AAA GGA GAC ATT CCG TAG A
Fgfr2 Fwd | CCA CCT TGA TGT TGT TGA GCG A
[25022] Rev | CCT TGC AGA CAA ATT CTA CGT CCC
Fzd4 Fwd | GCA GAT TCT GCC CTT ACT CAC G
[64558] Rev | TAC AGC CTG GCT AGT CAGCTAC
Gdnf Fwd | CGC CGG ACG GGA CTCTA

[25453]

Rev

GCG CTT CGA GAA GCCTCT TAC
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Lip6 Fwd | TAT CCA CAG CCT TCG GAA CGT C
[312781] Rev_ | ACC ATC TTC TTG TGC CTT TCG TAT
Pax2 Fwd | CCT GGG CAG GTA CTA CGA G

[293992] Rev_ | GTC GGG TTC TGT CGC TTG TAT

Pdgfb (PdgfB) Fwd | GCC TGC AAG TGT GAG ACA GTA G
[24628] Rev | CGA ACG GTC ACC CGA GTT T

Rara (Rara) Fwd | CCT GGA CAT CCT GAT TCT GCG
[24705] Rev | AAG CCA GCG TTG TGC AT

Rarb (Rarp) Fwd | ACT TTC TCT GAT GGC CTT ACC CTA
[24706] Rev_ | AGA AGA CCT GTT TCT GTG TCA TCC
Rarg (Rary) Fwd | GGC ATG TCC AAG GAA GCT GTA AG
[685072] Rev_ | CCT CTA ACT GTG GAC TCA GTT CGT A
Ren Fwd | CTT TGA CAC GGG TTC AGC C

[24715] Rev | AGC TAG AGG ATT CCG AGG AGT CAT A
Ret Fwd | TGG AGC ACA CAC CCA ACG

[24716] Rev | AGG ACT CGG CTC TCT GAG AT

Rxra (Rxra) Fwd | GAG CCC AAG ACT GAG ACA TAC G
[25271] Rev | GCC CAC TCC ACA AGA GTG AAG

Salll Fwd | GCA AGC GAA GCC TCA ACA TTT
[307740] Rev_ | CGT GGG CAT CTT TGC TCT TAG T
Spryl Fwd | GCC TTC CCT TCG CAC CC

[294981] Rev_ | CCA GGA GCC AAA GGC ACC TTA

Tef21 Fwd | CGA GGA GAT TCG TTT CCA AAC CG
[252856] Rev | CAG CCA GGC TCA CAG TCA T

Vegfa (Vegfa) Fwd | CCT TCT TAG AGA GGC CGA AGT C
[83785] Rev | AGG GAT GGG TTT GTC GTG T

Wntd Fwd | TGC AGC AGT GGA GAT CTG GAG AA
[84426] Rev | GCT ACG CCA TAG GCG ATG T

WntSa Fwd | GTC GGC AGA GGA CAG GAA CTA A
[64566] Rev | CCA CTG CCT GTG TAT AAA TGC TTC A
Wnt7a Fwd | GCC GCC TTC ACC TAT GCA ATT A
[114850] Rev_ | CCC ACT TCC AGC CCT CG

Wnt9b Fwd | AGG AAC CAC AGT GAC CCG A
[303586] Rev_ | CTT CAG TGG GAA GCA GTT CTC AAT C
Wntll Fwd | GTC AGG GCA GGG ATG GGT A
[140584] Rev | CCA AGT TAG TGG TTC CAT GTG GTG
Wit Fwd | CGG TGT CTT CCG AGG CAT T

[24883]

Rev

GCA CAC ATG AAAGGACGCTTCT
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5.3.3 Determination of Glomerular Number

Estimation of nephron endowment was determined by the technique of acid
maceration, as described **’. Briefly, the left kidney from each PD28 offspring was
excised, decapsulated, and placed in phosphate-buffered saline (PBS). Each kidney was
weighed, cut into ~2mm pieces, then digested in SmL of 6M HCI at 37°C for 2h.
Following digestion, tissue solutions were poured into syringes and homogenized by
passage through 18G and then 21G needles. Homogenates were then washed several
times with PBS, and final volume was adjusted to 50mL, and incubated at 4°C overnight.
In a 6-well plate, 500pL of homogenate was mixed with 500puL of PBS in 3 wells, and
the number of intact spherical glomeruli in each well was counted with an EVOS XL
microscope under 20x magnification. Nephron endowment was estimated by multiplying

the average number of glomeruli per well by 100.

5.3.4 Retinoid Levels

Liver, kidney, and plasma retinoid levels were analyzed by HPLC, according to
previously described protocols **8. Briefly, liver (~50mg) and kidney samples (~75mg)
were homogenized in PBS and then extracted in hexane, whereas plasma samples (50-
100uL) were directly extracted into hexane. Following extraction, hexane was
evaporated, and the samples were redissolved in mobile phase (70% acetonitrile, 15% v/v
methanol, and 15% v/v methylene chloride). Samples were analyzed with an Agilent
1200 HPLC system (Santa Clara, CA, USA) with a Zorbax Exclipse Plus C18 separating
column (4.6 x 250mm, Sum particle size). Peak absorbance at 325nm was measured with
an Agilent diode array detector, and the area under the curve was used to calculate retinol
and retinyl ester concentration, which factored in the recovery of the retinyl acetate
internal standard. Liver retinol and retinyl ester values are expressed as a percentage of
average male control values due to running samples over multiple separate runs, thereby
minimizing inter-assay variability. Total tissue retinoid levels are calculated by addition

of free retinol and the amount of retinol present as retinyl ester.
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5.3.5 Determination of Vascular Density by Immunofluorescence

Kidneys were fixed and embedded as previously described **. Embedded tissues were
prepared as 6um sections. Slides were rehydrated and antigen retrieval was performed in
sodium citrate buffer (10 mM sodium citrate, 0.05% Tween-20, pH 6.0) via microwaving
on high until boiling (~80s), followed by a 30min cooling period. Slides were then
washed in PBS and blocked in Tris-buffered saline with tween (TBST; S0mM Tris,
150mM NaCl, 0.05% Tween-20, pH 9.0) with bovine serum albumin (BSA; 1% w/v) and
10% v/v goat serum (ab7481, Abcam) for 1h at room temperature. Slides were incubated
with CD34 antibody (ab81289, Abcam) diluted 1:200 (final concentration 2.75 pg/mL) in
PBS containing 1% w/v BSA at 4°C overnight in a humidified chamber. Slides were
washed with PBS and incubated at room temperature with Goat Anti-Rabbit IgG FITC
secondary antibody (ab6717, Abcam) diluted 1:200 (final concentration 100 pg/mL) in
PBS for 1h. Slides were then washed, and subsequently mounted in Vectashield Antifade
Mounting Medium containing DAPI. Slides were imaged on an Olympus XI81
Fluorescent Microscope at 20 X magnification using Olympus cellSens software.
Quantification of the areas positive for staining was completed on ImagelJ using the
MaxEntropy algorithm *°. The average area positive for CD34 staining, as a percentage
of total area, was reported from 4 representative cortical images containing similar

numbers of glomeruli from each animal.

5.3.6 Statistical Analyses

Data obtained from the same litter were averaged and treated as a single value;
thus » values (individual data points within each graph) reflect the number of litters (i.e.
treated dams). Data were analysed by mixed-model or two-way ANOVA for the effects
of perinatal ID and offspring sex with Sidak’s post hoc test; data sets were paired for
analysis when possible (i.e. male and female offspring data from the same dam). Data are
presented as mean + SEM unless otherwise stated. All statistical analyses were conducted
using GraphPad Prism 9.1 (GraphPad Software Inc, San Diego USA). Investigators were

not blinded for analyses.
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5.4 Results

5.4.1 Characteristics of Perinatal ID Model

We utilized our previously characterized model of perinatal ID 165308309,
outcomes of which have been described in detail previously. Briefly, offspring Hb levels
on PD1 were reduced by 49% by perinatal ID (P<0.001; Table 5.2), and body weights
were reduced by ~19% (P<0.001; Table 5.2). Female offspring were smaller than males,
irrespective of perinatal treatment group. Kidney weights on PD1 were also reduced by
perinatal ID, albeit this effect was most pronounced in male offspring (P=0.004; Table
5.2). When normalized to body weight, kidney weights on PD1 were not altered by
perinatal ID (Table 5.2).

By PD28, hemoglobin values of perinatal ID offspring largely normalized, albeit
they remained lower than CTL offspring, particularly in males (P=0.002; Table 5.2).
Male and female perinatal ID offspring remained growth restricted at PD28 (P<0.001;
Table 5.2). Kidney weights of perinatal ID offspring remained lower than those of the
larger-bodied CTL offspring on PD28 (P<0.001; Table 5.2). When normalized to body
weights, relative kidney weights were not different between groups on PD28 (Table 5.2).
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Table 5.2. Offspring outcomes on PD1 and PD28.

Timepoint Parameter CTL ID ANOVA P-Values
Male Female Male Female ID Sex Int.
Hb (g/dL) 11.1+ 107+ 55+ 57+ <0.001 0.81 0.52
2.0 24 09 0.9 ***
skskok
Body weight 7.10+ 6.53+ 564+ 537+ <0.001 0.02 0.37
(g) 0.88 0.60 0.42 0.55
Kidney 67.1+ 629+ 564+ 563+ 0.004 043 0.46
weight (mg) 6.1 8.4 8.6 * 9.0
Kidney/body 9.63+ 982+ 992+ 1054+ 026 036 0.63
weight 0.69 1.32 1.32 1.54
(mg/g)
Hb(g/dL) 101+ 104+ 92+ 9.8+« 0.002 0.06 0.46
0.3 0.5 1.1* 0.7
Body weight 1114 992+ 76.1+ 715+ <0.001 0.02 0.26
(2) +7.3 6.1 13.5 10.4
skskok skskok
PD28 Kidney 131+ 1.18 095+ 087+ <0.001 0.02 0.61
weight (g) 0.08 0.10 0.19 0.11
skksk skksk
Kidney/body 11.8+ 119+ 125+ 12.0+ 0.15 0.52 0.28
weight 0.4 0.7 1.0 1.1
(mg/g)

Data are analyzed by two-way ANOV A with Sidak’s post-hoc test. * P<0.05 and ***
P<0.001 vs. CTL of the same sex. n=7-13 for PD1 data, n=8-10 for PD28 data. Control,

CTL; hemoglobin, Hb; interaction, int; iron deficient, ID; postnatal day, PD.
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5.4.2 Renal Nephron Endowment & Vascular Density

Nephron endowment was assessed in PD28 offspring, a time at which total
nephron number is established in rats, using an acid maceration technique 3*’. Perinatal
ID resulted in a 21% reduction in nephron endowment in male offspring (P<0.001), with
no significant reduction observed in females (Figure 5.1A). Vascular density was
assessed by staining for CD34, an endothelial cell marker, and was not altered by

perinatal ID or offspring sex on PD28 (Figure 5.1B & C).

140



A B
Pint=0.004 P.,=0.17
o CTL 3
40000~ Psex=0.0010 |D 152 Psex=0.60
PID<O-OO1 /\3 P|D=O.23 o
) S
% 35000 oo0 ®e° %o s °
2 Rk o
4 1.0+
+ 30000~ 08 ° s o 3 0
o =
— = o
= | o =
g 25000 ﬁ £ 0.5- 00
S o < 9%
L% 20000 ~ 8 e}
O
Jm | m c, M |
Male Female Male Female

(@)

CTL Male

CTL Female_

ID Female

Figure 5.1: Offspring nephron endowment & Vascular Density. Postnatal day (PD)28 control
(CTL) and perinatal iron deficient (ID) offspring (A) nephron endowment, (B) quantified vascular
density, and (C) representative 20x images of CD34 staining (green) with DAPI nuclear
counterstain (blue). Data are analyzed by two-way ANOVA with Sidak’s post-hoc test. ***
P<0.001 vs. CTL of the same sex.
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5.4.3 Retinoid Status

One day prior to full term on GD21, a subset of dams were euthanized and their
vitamin A status was assessed. Perinatal ID caused a 35% reduction in plasma retinol
levels (P=0.02), although hepatic retinol levels were unchanged (P=0.59; Figure 5.2A &
B). Levels of retinyl esters in maternal livers at term tended to increase due to perinatal
ID, albeit this was not significant (P=0.08; Figure 5.2C).

In PD1 offspring, there were no differences in plasma retinol due to either sex or
perinatal ID (Figure 5.2D). Liver retinol in PD1 offspring was not altered by perinatal
ID, nor did they vary due to offspring sex (Figure 5.2E). Interestingly, retinyl esters in
PD1 offspring livers were decreased by perinatal ID offspring of both sexes (P=0.03;
Figure 5.2F). In the kidneys of PD1 offspring, retinol levels were reduced by perinatal
ID (P=0.001), which was most pronounced in males (P=0.01; Figure 5.3A). Retinyl ester
levels in kidneys of PD1 offspring were elevated by female sex (P=0.02; Figure 5.3B),
with a significant reduction due to perinatal ID in females alone (P=0.047). Together,
total retinoid levels (retinol and retinyl esters) in PD1 offspring kidneys were higher in
females (P=0.02) and reduced by perinatal ID (P=0.005), albeit the latter effect was
predominantly seen in females (P=0.02; Figure 5.3C).

At PD28, plasma retinol levels were reduced in female perinatal ID offspring, and
was unchanged in males (Pin=0.049; Figure 5.2G). Hepatic retinol levels did not differ
between perinatal treatment group nor offspring sex, nor did retinyl ester levels (Figure
5.2H & I). In the kidney, whereas retinol was decreased by perinatal ID at PD1, retinol
was increased by perinatal ID in both male and female offspring on PD28 (P=0.0005;
Figure 5.3D). Although renal retinyl ester levels were not different between groups on
PD28, total renal retinoids were elevated by perinatal ID on PD28 (P=0.02; Figure 5.3E).
Together, total retinoid levels in PD28 offspring kidneys were increased by perinatal 1D
(P=0.02), with no sex differences observed (Figure 5.3F).
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Figure 5.2: Systemic retinoid status in perinatal iron-deficient (ID) and control (CTL) group (A-
C) dams on gestational day 21, (D-F) postnatal day (PD)1 offspring, and (G-l) PD28 offspring. (A,
D, G) Plasma retinol concentration, (B, E, H) normalized liver retinol concentration (nmol retinol/g
liver), (C, F, I) normalized liver retinyl ester concentration (nmol retinyl-ester/g liver). Data are
analyzed by unpaired t-test or two-way ANOVA with Sidak’s post-hoc test, as applicable. **
P<0.01 vs. CTL of the same sex.
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Figure 5.3: Kidney retinoid status in perinatal iron-deficient (ID) and control (CTL) group (A-C)
postnatal day (PD)1 offspring and (D-F) PD28 offspring. (A, D) Renal retinol concentration
(nmol/g kidney), (B, E) renal retinyl ester concentration (nmol/g kidney), and (C, F) combined
retinol and retinyl ester concentration (nmol/g kidney). Data are analyzed by two-way ANOVA
with Sidak’s post-hoc test. * P<0.05 vs. CTL of the same sex.
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5.4.4 Kidney Retinoic Acid Signaling

Gene expression profiles for components of the RA signaling pathway were
assessed in kidney tissue on both PD1 and PD28, albeit the physiologic function of which
changes over the course of renal development. RA Receptors (RARs) primarily function
as heterodimers associated with Retinoid X Receptor (RXR) subunits, with several
isoforms of each subunit expressed within the kidney **°. On PD1, the dominant RAR
isoform, Rar-a, was upregulated in perinatal ID males but not females (Pin=0.002;
Figure 5.4A). Notably, Rar-f, Rar-y, and Rxr-o. showed interaction effects, wherein
receptor expressions of each were decreased in perinatal ID females, but increased in
perinatal ID male offspring compared to respective controls (all P<0.01; Figure 5.4B-D).
Moreover, expression of Rar-y was higher in females vs. males regardless of perinatal
group (P=0.03; Figure 5.4C).

Several isoforms of the rate-limiting enzyme for the RA synthetic pathway
retinaldehyde dehydrogenase 1 (Raldh), also known as aldehyde dehydrogenase 1
(Aldhla), were studied. Expression profiles for each isoform vary during fetal and
postnatal renal development, as previously described **!. Briefly, During early postnatal
renal development expression of Raldhl (Aldhlal) is predominant in the renal cortex in
collecting and proximal tubules, Raldh2 (Aldhla2) expression is present in the peripheral
stroma and developing glomerular anlagen, and Raldh3 (Aldhla3) is expressed in the
ureteric bud epithelium and medullary portions of the collecting duct system **!. In the
current study, Raldh2 was found to be upregulated by perinatal ID in males but not
female offspring on PD1 (P=0.02; Figure 5.4E). Interestingly, no alterations due to
perinatal ID or sex were observed in expression of either Raldhl or Raldh3 on PD1

(Figure 5.5A & B).
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Figure 5.4: RT-qPCR expression of retinoic acid (RA) signaling pathway components in
control (CTL) and perinatal iron-deficient (ID) groups from (A-H) postnatal day (PD)1 offspring
kidneys and (I-P) PD28 offspring kidneys. (A, I) Retinoic acid receptor a (Rar-a), (B, J) Retinoic
acid receptor 3 (Rar-B), (C, K) Retinoic acid receptor y (Rar-y), (D, L) Retinoid X receptor a (Rxr-
a), (E, M) Retinaldehyde dehydrogenase 2 (Raldh?2), (F, N) Cytophrome P450 family 26
subfamily B member 1 (Cyp26b1), (G, O) Ret Receptor tyrosine kinase (Ret), (H, P) Glial derived
neurotrophic factor (Gdnf). Data are analyzed by two-way ANOVA with Sidak’s post-hoc test. *
P<0.05, ** P<0.01, and *** P<0.001 vs. CTL of the same sex.
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Figure 5.5: RT-qPCR expression of retinoic acid (RA) signaling pathway components in
control (CTL) and perinatal iron-deficient (ID) groups from kidneys of (A-F) postnatal day (PD)1
and (G-L) PD28 offspring. (A, G) Retinaldehyde dehydrogenase 1 (Raldh1), (B, H) Raldh3, (C, )
Cytochrome P450 family 26 subfamily A member 1 (Cyp26a7), (D, J) Cyp26 subfamily C member
1 (Cyp26¢c1), (E, K) cellular retinoic acid binding protein 1 (Crabp1), (F, L) Crabp2. Data are
analyzed by two-way ANOVA with Sidak’s post-hoc test.
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Expression of RA-degrading cytochrome P450 enzyme Cyp26 is known to
constitute primarily of the Cyp26b1 isoform postnatally throughout S-shaped bodies and
in the glomerular visceral layer, with lower levels of expression of both Cyp26al and
Cyp26¢1 3*'. On PD1, expression of Cyp26b1 was increased by perinatal ID
predominantly in male offspring (P=0.03; Figure 5.4F), whereas isoforms Cyp26al and
Cyp26¢1 were not altered by perinatal ID or sex (Figure 5.5C & D). Expression of
cellular retinoic acid binding proteins (Crabp)1 and Crabp2 were not altered by perinatal
ID or sex on PD1 (Figure 5.5E & F). Expression of receptor tyrosine kinase (Ret) was
not altered by perinatal ID or sex on PD1 (Figure 5.4G). Finally, expression of glial
derived neurotropic factor (Gdnf), which encodes for the ligand of RET, was increased by
perinatal ID, particularly in male offspring on PD1 (P=0.001; Figure 5.4H). Moreover,
an overall sex effect was observed for Gdnf expression wherein females produced higher
levels regardless of perinatal treatment group (P=0.04; Figure 5.4H).

Gene expression of numerous RA signaling pathway constituents within the
kidney remained altered on PD28. Rxr-a levels were higher in female offspring
regardless of perinatal treatment group (P=0.005), with no alterations observed in either
Rar-o, Rar-f3, or Rar-y (Figure 5.41-L). Although expression of Raldhl and Raldh3 were
not altered on PD28 (Figure 5.5G & H), Raldh2 expression was increased in the
perinatal ID group (P=0.04; Figure 5.4M). All three isoforms of Cyp26 studied (al, b1,
cl) exhibited higher expression in female offspring, with no effect of perinatal ID (all
P<0.05; Figure 5.4N; Figure 5.51 & J). Expression of Crabp2 was not altered by
perinatal ID or offspring sex, whereas Crabp! exhibited higher expression in female
offspring (P=0.02; Figure 5.5K & L). Ret expression was increased by perinatal ID
(P=0.005), with no evident effect of offspring sex (Figure 5.40). Finally, expression of
Gdnf was enhanced in the perinatal ID group (P<0.001), where overall expression was

also higher in females (P=0.04; Figure 5.4P).
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5.4.5 Renal Nephrogenic Gene Expression

Several key pathways involved in nephrogenesis were studied herein. In the
canonical WNT pathway, WNT ligands bind receptor complexes composed of both the
low-density lipoprotein receptor (LRP) and Frizzled (FZD) receptor, downstream
signaling from which is mediated by B-catenin !”. Alternatively, WNT signaling may
occur through FZD receptors with downstream signaling mediated through either Ca*-
dependent or planar cell polarity (PCP) mechanisms '”°. Expression of Wnt4, Wnt5a,
Wnt7a, and Wntl I ligands were unchanged by perinatal ID or sex on PD1 (Figure 5.6A-
E). Expression of Wnt9b was decreased by perinatal ID, particularly in female offspring
(P=0.04; Figure 5.6D). Although Fzd4 expression was not altered by perinatal ID or
offspring sex (Figure 5.6G), Lrp6 exhibited an interaction effect wherein perinatal ID
increased expression in males alone (P=0.002; Figure 5.6F). Finally, f-catenin
expression was enhanced by perinatal ID, particularly in male offspring (P=0.04; Figure

5.6H).
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Figure 5.6: RT-qPCR expression of wingless-related integration site (Wnt) pathway
components in postnatal day 1 kidneys from control (CTL) and perinatal iron deficient (ID)
offspring. (A) Wnt4, (B) Wnt5a, (C) Wnt7a, (D) Wnt9b, (E) Wnt11, (F) Low density lipoprotein
receptor related protein 6 (Lrp6), (G) Frizzled class receptor 4 (Fzd4), (H) B-catenin (Ctnnb1).
Data are analyzed by two-way ANOVA with Sidak’s post-hoc test. * P<0.05 and ** P<0.01 vs.

CTL of the same sex.
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Key elements of both the FGF and BMP pathways were also assessed herein. In
PDI1 offspring kidneys, expression of Figf7 was not altered by either perinatal ID or
offspring sex (Figure 5.7A). In contrast, Fgf10 exhibited an interaction effect (P=0.048),
wherein expression was increased by perinatal ID only in male offspring (P=0.04; Figure
5.7B). Expression of Fgfrl was not altered by perinatal ID or offspring sex, albeit a trend
towards an interaction effect was observed (P=0.07; Figure 5.7C). In contrast, expression
of Fgfr2 showed a robust interaction effect (P=0.007), wherein perinatal ID increased
expression in males but decreased it in females (Figure 5.7D). Expression of Bmp4, a
key mediator preventing branching of the ureteric stalk, was found to be upregulated by
perinatal ID in male but not female offspring (P=0.008; Figure 5.7E). Perinatal ID also
caused an interaction effect for the expression of the Bmp4 receptor Bmprla (also known
as Alk3), wherein it resulted in an increase in male but not female offspring (P=0.04;
Figure 5.7F).

Finally, additional key mediators for interactions between the metanephric
mesenchyme and the ureteric bud were assessed in PD1 offspring kidneys. Expression of
Wilms tumor suppressor protein 1 (Wt1) exhibited robust upregulation due to perinatal
ID, particularly in male offspring (P=0.006; Figure 5.7G). While no effect of perinatal
ID was observed on expression of paired box gene 2 (Pax?2), higher expression was
observed in females irrespective of perinatal group (P=0.03; Figure 5.7H). Neither
perinatal ID or offspring sex were observed to impact expression of sprouty receptor
tyrosine kinase signaling antagonist 1 (Spry/) or transcription factor 21 (7¢cf21) (Figure
5.71 & J). Lastly, expression of spalt like transcription factor 1 (Salll) was increased by
perinatal ID in male and female offspring (P=0.04; Figure 5.7K).
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Figure 5.7: RT-qPCR expression of fibroblast growth factor (Fgf) pathway, bone
morphogenetic protein (Bmp) pathway, and nephron progenitor cell regulatory factor
expression in postnatal day 1 kidneys from control (CTL) and perinatal iron deficient (ID)
offspring. (A) Fgf7, (B) Fgf10, (C) Fgf receptor 1 (Fgfr1), (D) Fgf receptor 2 (Fgfr2), (E) Bmp4, (F),
Bmp receptor type 1A (bmpria), (G) Wilms’ tumor suppressor gene 1 (Wt1), (H) Paired box gene
2 (Pax2), (I) Sprouty receptor tyrosine kinase signaling antagonist 1 (Spry1), (J) Transcription
factor 21 (Tcf21), (K) Spalt like transcription factor 1 (Sall1). Data are analyzed by two-way
ANOVA with Sidak’s post-hoc test. * P<0.05, ** P<0.01, *** P<0.001 vs. CTL of the same sex.
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5.4.6 Renal Vasculogenic Gene Expression

Marked changes in expression of mediators related to angiogenesis and
vasculogenesis were observed in offspring kidneys on PD1. Vascular endothelial growth
factor A (Vegfa), which induces angiogenesis, vasculogenesis, and endothelial cell
growth, exhibited enhanced expression due to perinatal ID in male and female offspring
(P=0.003; Figure 5.8A). Expression of renin (Ren), which regulates several renal growth
factors during development in addition to its physiologic role in blood pressure control,
exhibited an interaction effect wherein expression was increased in male but not female
perinatal ID offspring (interaction P=0.047; Figure 5.8C). Interestingly, neither
angiotensinogen (A4gt) nor platelet derived growth factor  (Pdgfp) expression patterns
were altered by perinatal ID on PD1 (Figure 5.8B &D).

Strikingly, the patterns of alterations in angiogenic/vasculogenic mediators on
PD28 share few similarities with the results observed on PD1. Expression of Vegfa
exhibited a trend for increase due to perinatal ID (P=0.07), particularly in female
offspring, likely contributing to an overall higher level of transcription in females
regardless of perinatal group (P=0.048; Figure 5.8E). Pdgfp expression was enhanced by
perinatal ID in both male and female offspring (P=0.007; Figure 5.8F). Perinatal ID
increased expression of Ren (P=0.03), albeit this effect was largely only seen in females,
reflected by higher overall expression in females irrespective of perinatal group (P=0.01;
Figure 5.8G). Finally, perinatal ID resulted in decreased expression of Ag# in both male
and female offspring (P<0.001; Figure 5.8H).
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Figure 5.8: RT-qPCR expression of mediators involved in angiogenesis and
vasculogenesis in the kidney. (A-D) Postnatal day (PD)1 and (E-H) PD28 control (CTL) and
perinatal iron deficient (ID) offspring. (A, E) Vascular endothelial growth factor A (Vegfa), (B, F)
Platelet derived growth factor B (PdgfB), (C, G) Renin (Ren), (D, H) Angiotensinogen (Agt). Data
are analyzed by two-way ANOVA with Sidak’s post-hoc test. * P<0.05, ** P<0.01, *** P<0.001 vs.
CTL of the same sex.

154



5.5 Discussion

Alterations in the complex signaling interactions governing nephrogenesis have
lasting impacts on kidney structure and function. We have shown that perinatal ID is
associated with sex-specific changes in expression of factors from all nephrogenic
signaling pathways studied herein, which are associated with reduced nephron
endowment in male but not female offspring on PD28. Outcomes on PD1 serve to inform
how perinatal ID impacts nephrogenic processes acutely, whereas PD28 is a time at
which iron repletion has largely occurred and nephrogenesis is complete 13%2!6, Male
perinatal ID offspring exhibit upregulation of factors in RA/RAR, WNT, FGF, and BMP
signaling pathways, whereas females exhibited no change or even decreased expression
due to perinatal ID. Since blood vessel formation and growth formation coincides with
nephrogenesis, it was perhaps not surprising that large alterations in pro-angiogenic
factors were observed due to perinatal ID, despite no differences in vascular density
being observed. As a whole, our data show that while both male and female offspring
exhibit similar restrictions in iron status and growth restriction, strongly dimorphic
responses in signaling based on offspring sex are observed on both PD1 and PD28§,
potentially contributing to previously observed cardiovascular outcomes in male but not
female offspring exposed to perinatal ID 30839

The key finding of this study is that perinatal ID caused a sex-dependent
reduction in nephron endowment. Numerous preclinical and clinical studies have
previously reported that ID during development can affect kidney development and
function. For instance, clinical studies have shown that higher doses of maternal iron
supplementation during pregnancy are associated with improvements in estimated GFR
in children aged 4-5 years **?. Additionally, maternal ID has been reported to result in
decreased renal parenchymal volume with enhanced proliferation of the stroma,
coinciding with a significant increase in immature renal structures in humans %
Preclinical studies have been far more focused on nephron endowment. First, Lisle ef al.
reported that perinatal ID results in a reduction in nephron number in male and female rat
offspring at an age of 18 months %!, Another study conducted by Drake et al. reported
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that strictly postnatal iron restriction in rat offspring reduces nephron endowment, albeit
offspring sex was not factored into the experimental design 2'#. Finally, Sun et al.
reported that although perinatal ID in rats delayed renal maturation over the postnatal
period, offspring nephron endowment was not different between controls and ID
offspring post-weaning 2!®. In contrast to the results of Lisle et al., we observed
reductions in nephron endowment in male but not female perinatal ID offspring, a finding
which has also been observed in models of prenatal hypoxia and maternal global nutrient
restriction 4218220 The results reported herein are also consistent with previous findings
in our model, where male but not female offspring exhibited hypertension and evidence
of glomerular hyperfiltration and renal injury in adulthood **. The observed sex-
differences may in part be explained by sex-specific alterations in signaling cascades
studied, in addition to numerous mechanisms reviewed elsewhere ***, such as the
potential roles of estrogen and innate differences in renal biology and development.

The role of vitamin A in renal development has also been studied. A recent
systematic review identified several clinical studies reporting lower kidney size at birth
being associated with lower maternal vitamin A levels '*®. These studies are consistent
with previous reports that overall renal mass is directly tied to vitamin A status %,
Preclinical studies have also demonstrated that maternal vitamin A levels have a linear
correlation with offspring nephron number 2!°. Furthermore, genetic knockout models for
mediators of vitamin A signaling demonstrate that RA signaling is necessary for renal
development 223

ID is associated with large changes in vitamin A metabolism, which may have
implications for vitamin A status of fetuses in pregnancies complicated by ID. For
instance, ID has been shown to increase stored hepatic vitamin A at the expense of
reductions in plasma retinol levels in non-pregnant rats 236, During pregnancyj, it is
critical that maternal hepatic vitamin A storage is decreased, thereby providing retinoids
to the developing fetus and placenta >2°. However, rodent studies suggest that ID during
pregnancy interferes with this process through stimulating enhanced hepatic storage of

225

retinoids “*°, as previously mentioned. Moreover, rodent studies have shown that ID
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interferes with retinoid delivery to the fetus, resulting fetal hepatic adaptations to
maintain adequate supply of retinoids for growth and development 223, Consistent with
this notion, vitamin A dysmetabolism is implicated in the pathogenesis of congenital
heart disease caused by perinatal ID ??’. In the study herein, we found minimal changes in
systemic offspring vitamin A status on PD1, despite reduced maternal circulating retinol
and a tendency for increased maternal storage. Conversely, in the kidneys of male
offspring, there was a robust reduction in renal retinol levels due to perinatal ID, whereas
female offspring primarily exhibited a reduction in retinyl ester levels. The extent to
which these reductions represent reduced uptake of retinoids or altered RA conversion is
unclear, but altogether suggest that levels of RA metabolites required for nephrogenesis
are reduced at a critical time in both males and females.

Interestingly, we observed concomitant increased expression of mediators of
RA/RAR signaling in perinatal ID males at PD1, and this could be the cause of the
reduced retinol levels in the tissue. Indeed, WT1 upregulates Raldh/Raldh2 expression,
which may contribute to upregulated RA generation, resulting in reduced retinol levels in
perinatal ID males 3*7. Alternatively, the increased RA/RAR signaling could constitute a
compensatory response to maintain adequate signaling RA in the wake of reduced retinol
levels. Walton et al. have reported that prenatal hypoxia causes reduced RA/RAR
signaling in developing kidneys of male offspring 2, and since perinatal ID causes

similar patterns of kidney hypoxia '%*

, it 1s tempting to speculate that upregulations in the
RA/RAR pathway in perinatal ID males is a compensatory response. Indeed, Ret
expression, a transcriptional target of RA-RAR/RXR signaling and primary mechanism

through which RA impacts renal development **

, was not increased in perinatal ID males
at the same time. Finally, it is noteworthy that other models of congenital nephron
impairment (e.g. induced by maternal protein restriction) can be rescued by retinoic acid
supplementation, suggesting RA deficiency is an critical factor in these models of
perinatal stress 2!

Notably, several other pathways also modulate Ret expression and signaling, and

could suggest RA signaling is upregulated in male perinatal ID offspring on PD1.
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Although expression of Ret is unchanged on PD1, increased Gdnf may result in enhanced
signaling downstream through regulation via other pathways. Indeed, Gdnf and Ret are
upregulated by signaling through Wnt and Fgf, but downregulated by Bmp signaling
180.349.350 ' Genetic studies have shown that overexpression of Gdnf prolongs postnatal
kidney maturation, consistent with previous observations in perinatal ID kidneys and an
overall increase in Gdnf signaling via Ret 2'%3%!. Moreover, RA signaling is known to be
a potent stimulator of Ren expression, which is robustly increased in PD1 kidneys of
male perinatal ID offspring 3*°. A recent study has shown that severe gestational iron
deficiency in mice causes an upregulation of RA signaling in the developing heart, which
contributes to congenital heart defects 22’. Importantly, rates of congenital heart defects
caused by gestational ID were reduced by concomitant dietary reductions in vitamin A
227 Under this paradigm, the interaction effects observed for expression of all Rar/Rxr
studied on PD1 would support a protective decrease in expression due to perinatal ID in
females, thus preserving nephron endowment by decreasing aberrant RA signaling.
Alternatively, transient robust upregulation of RA signaling in utero may cause a
secondary deficiency in RA signaling within the kidney thereafter, the effects of which
could be rescued by subsequent low dose RA supplementation 3. Indeed, either
teratogenic doses of RA or RA deficiency in the developing kidney result in similar
phenotypes **2, suggesting that temporal alterations in RA dynamics may contribute to
the reduction in nephron endowment in male offspring. More work is necessary to
elucidate the nature of the physiologic changes within the RA signaling pathway in
perinatal ID offspring kidneys.

In addition to the RA/RAR pathway, several renal morphogenic pathways are
altered by perinatal ID and likely contribute to sex-specific reductions in nephron
endowment. Wl plays numerous roles within the kidney over the lifespan, including
regulation of kidney development and maintenance of renal function 3%, Mice with
null mutations in Wt lack a ureteric bud and exhibit renal agenesis '**. However, the
effect of increased expression of W/, as seen in perinatal ID males, is largely unknown.

WTT is anti-apoptotic in nephron progenitor cells during development, and this effect is
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dependent on nitric oxide signaling ***. NO levels are reduced in male, but not female,
perinatal ID offspring kidneys during gestation, concomitant with increased reactive
oxygen species levels '0>3%:3% Therefore reduced nephrogenesis, attributed at least in
part to increased apoptosis (unpublished observations; see Chapter 4) may occur despite
increased WtI due to impaired NO signaling within the kidney. Consistent with this,
Pax2, which is repressed by WtI 3, was not altered by perinatal ID, suggesting that W¢1
function is impaired despite its overexpression. WT1 is also known to modulate FGF and
BMP signaling, wherein Wt/ increases FGF signaling but decreases BMP signaling >*’.
Therefore, while increased Bmp4 and Bmprla expression in male perinatal ID offspring
are consistent with reduced WT1 signaling, increased Fgf10 and Fgfi2 expression are
difficult to reconcile. Enhanced BMP signaling in perinatal ID males may also be
attributed, in part, to increased Sal/l, which regulates nephron progenitor expansion >°%,
Taken together, perinatal ID dysregulates numerous nephrogenic pathways which dictate
interactions between the ureteric bud and nephron progenitors, albeit the extent to which
each individual change contributes to reduced nephron endowment in perinatal ID males
remains unclear.

The WNT pathway is intimately involved in several processes during renal
development, reviewed in-depth elsewhere !”?. Of the WNT ligands studied, perinatal ID
primarily impacted Wnt9b, which regulates progenitor cells within the metanephric
mesenchyme and the extension of tubular epithelium %%, However, since perinatal ID
female offspring exhibit no evidence of altered hemodynamic function, even when
challenged with a high-sodium diet in adulthood *”, the consequences of observation are
likely modest. Perinatal ID also tended to reduce Wnt!l 1, an important autocrine mediator
promoting ureteric bud branching and determination of total renal size *°, and whose
expression is enhanced via RA/RAR signaling through GDNF/RET 3. Notably,
upregulation of both Lrp6 and Ctnnbl were observed in male perinatal ID offspring,
potentially indicating enhanced signaling through the canonical WNT pathway despite no
substantial upregulation of any WNT ligands studied herein. Consistent with this,

upregulation of the expression of GDNF is observed in male perinatal ID offspring on
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PD1, which is stimulated through WNT signaling **°. Alternatively, enhanced BMP
pathway signaling may inhibit the GDNF/RET/WNT11 signaling axis, acting to
antagonize the pro-WNT actions of the RA/RAR pathway.

Furthermore, findings which are highly supportive of reductions in nephron
endowment in perinatal ID male offspring include upregulation of the BMP pathway and
high levels of Vegfa expression. BMP4 signaling via BMPR1A is a principal mechanism
which antagonizes ureteric bud branching stimuli (i.e. FGF, RA/RAR, and WNT
pathways) '3, In addition, further inhibition of nephrogenesis in male perinatal ID
offspring is likely occurring through enhanced Vegfa on PD1 *®!. Therefore, it is possible
these mechanisms supersede the previously discussed enhancements in RA/RAR, WNT,
and FGF pathway signaling, which are broadly considered pro-branching.

The renin angiotensin system (RAS) is known to play a critical role in kidney
development. Constituents of the RAS system are expressed at higher levels in
development than adulthood, and perturbations in systemic and intrarenal RAS during
development have been implicated in the pathogenesis of kidney disease, as reviewed by
173 Previous studies have shown that perinatal ID offspring exhibit hypertension as well
as renal vascular function abnormalities in adulthood !”°, providing an impetus for
studying RAS components and angiogenesis during development. Importantly, no
alterations in vascular density were observed due to perinatal ID on PD28. However,
enhanced expression of Vegfa on PD1 due to perinatal ID denotes increased pro-
angiogenic signaling within the endothelium, likely due to chronically limited oxygen
delivery secondary to anemia %2, albeit upregulation of Pdgfa to stimulate vascular
smooth muscle proliferation was not observed until PD28. Furthermore, Ren expression
was enhanced by perinatal ID on PDI, indicative of increased systemic RAS signaling
114 This result is in contrast to findings of decreased Ren expression in models of
placental insufficiency at birth, and gestational hypoxia on PD7 2%%22° Elevations in Ren
expression have also been observed in male but not female offspring exposed to prenatal
hypoxia on PD21, albeit this elevation is observed in both sexes in adulthood *'®,

Increased Ren expression in perinatal ID female offspring on PD28 may be partially
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explained by Vegfa expression, which could indicate poor renal perfusion triggering RAS
activation ''*. While the liver is the predominant source of circulating AGT, intra-renal
expression of Agt largely occurring in the proximal tubules is known to contribute to
regulation of blood pressure independently of systemic RAS function ¢, Perinatal ID
offspring have been shown to exhibit reduced blood pressure versus controls on PD20 23!,
with another study observing elevated blood pressure in perinatal ID males at 6 weeks
whereas a reduction was seen in females 2**. Taken together, reduced renal Agt
expression in PD28 perinatal ID offspring of both sexes would be consistent with reduced
blood pressure, whereas enhanced Ren expression on PD28 in only female perinatal ID
offspring may be partially explained by NO deficiencies previously observed in male
perinatal ID offspring 163308309,

Interestingly, female perinatal ID offspring exhibited reduced plasma retinol
levels on PD28. Given that a U-shaped association between all-cause mortality and
plasma retinol levels exists, this may indicate a potential pathological dysregulation of
retinoid metabolism in female perinatal ID offspring ***, warranting further investigation.
Interestingly, by PD28 renal retinol levels fall approximately 4-fold when compared to
PDI levels, indicating the physiologic importance of vitamin A in early renal
development. Perinatal ID results in increased retinol levels in the kidneys of PD28
perinatal ID offspring, combined with enhanced expression of Ref and Gdnf. Taken
together, these data likely suggest an upregulation of both retinoid uptake and signaling
due to perinatal ID occurring over the course of postnatal kidney development, consistent
with delayed renal maturation as described above '%3>!, Furthermore, sex specific
enhancements in Gdnf, Rxr-a, and Cyp26b1 in female offspring on PD28 may explain in
part the depletion of circulating plasma retinol levels in perinatal ID female offspring.
Importantly, RA signaling through RET plays a plethora of roles following development
which must also be considered. Perinatal ID induces significant oxidative stress and
mitochondrial dysfunction in the developing kidney, particularly in male offspring '®°. As
such, RA signaling through RAR/RXR may be acting to modulate cellular differentiation,

cell cycle arrest, anti-inflammatory responses, or modulate cellular survival via pro- and
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anti-apoptotic pathways . The extent to which RA signaling is detrimental to kidney
health following development depends largely on receptor and downstream mediator
expression, with signaling through RAR-3 and RAR-y sub-units being linked to podocyte
toxicity *%°. As such, long-term dysregulation of vitamin A metabolism may be a
potential mechanism through which renal injury may be exacerbated in perinatal ID
offspring.

Our study has several limitations. First, we rely on the implicit assumption that
gene expression profiles reflect their functional relevance, and this may not be the case
due to translational and post-translational regulation. The interpretation of our data relies
heavily on data obtained from gene knockout models, which poses challenges in
deciphering how modest changes in signaling pathways affect immediate and long-term
outcomes. Therefore, future studies would benefit from utilization of mouse models, or
another platform where inducible gene knockouts are feasible in the presence of perinatal
ID. Furthermore, use of a LacZ gene reporter for RA/RAR signaling in conjunction with
a model of perinatal ID would alleviate many of the interpretation issues described
herein. Finally, quantitative RA assessments could not be performed due to its instability,
but would provide insights into the cumulative effects of altered RA production (i.e.
Raldh) and metabolism (i.e. Cyp26), and how these contribute to RA signaling during
development.

In conclusion, perinatal ID causes robust changes in renal vitamin A metabolism
and nephrogenic signaling, which appear to contribute, at least in part, to the sex-specific
reductions in nephron endowment in male offspring. This study is the first to assess the
impact of dysregulated vitamin A metabolism on renal development in the context of
perinatal ID. Together with our previous findings within the fetal kidney 6416 it
suggests that the impacts of perinatal ID on kidney development span the perinatal
period. Thus, our results emphasize the importance of identifying and treating ID in
women of reproductive age, as well the importance of considering perinatal health as a

risk factor for subsequent cardiovascular disease.
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6.1 Abstract

Aims: Perinatal iron deficiency alters developmental trajectories of offspring,
predisposing them to cardiovascular dysfunction in later life. The mechanisms underlying
this long-term programming of renal function have not been defined. We hypothesized
perinatal iron deficiency causes hypertension and alters kidney metabolic function and
morphology in a sex-dependent manner in adult offspring. Furthermore, we hypothesized
these effects are exacerbated by chronic consumption of a high salt diet.

Methods and Results: Pregnant Sprague Dawley rats were fed either an iron-restricted
or replete diet prior to and throughout pregnancy. Adult offspring were fed normal or
high salt diets for six weeks prior to experimentation at six months of age. Blood pressure
was assessed via indwelling catheters in anesthetized offspring; kidney mitochondrial
function was assessed via high-resolution respirometry; reactive oxygen species and
nitric oxide were quantified via fluorescence microscopy. Adult males, but not females,
exhibited increased systolic blood pressure due to iron deficiency (P=0.01) and high salt
intake (P=0.02). In males, but not in females, medullary mitochondrial content was
increased by high salt (P=0.003), while succinate-dependent respiration was reduced by
iron deficiency (P<0.05). The combination of perinatal iron deficiency and high salt
reduced complex IV activity in the cortex of males (P=0.01). Perinatal iron deficiency
increased cytosolic superoxide generation (P<0.001) concomitant with reduced nitric
oxide bioavailability (P<0.001) in male offspring, while high salt increased mitochondrial
superoxide in the medulla (P=0.04) and cytosolic superoxide within the cortex (P=0.01).
Male offspring exhibited glomerular basement membrane thickening (P<0.05), increased
collagen deposition (P<0.05), and glomerular hypertrophy (interaction, P=0.02) due to
both perinatal iron deficiency and high salt. Female offspring exhibited no alterations in
mitochondrial function or morphology due to either high salt or iron deficiency.
Conclusions: Perinatal iron deficiency causes long-term sex-dependent alterations in
renal metabolic function and morphology, potentially contributing to hypertension and

increased cardiovascular disease risk.
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6.2 Introduction

Cardiovascular disease (CVD) is a leading cause of mortality, responsible for
approximately a third of all deaths worldwide.”® The etiology of CVD is complex, and the
developmental origins of health and disease (DOHaD) hypothesis has identified new risk
factors, which are dictated by the quality of the fetal and early postnatal environment.
The DOHabD theory, first articulated by the late Sir David Barker, posits that stressors,
such as nutrient deficiencies and hypoxemia, can alter the growth trajectories of the
developing organism and in turn predispose the offspring to chronic disease in later
life.!®

Iron-deficiency (ID) is the most common nutritional deficiency worldwide. It
occurs when iron demands chronically exceed intake, resulting in depletion of tissue iron
stores and eventually leading to reduced circulating haemoglobin (Hb). During gestation
and early childhood, increased iron demands due to growth and blood volume expansion
contribute to the increased risk of ID and anaemia.* Globally, an estimated 38% of
pregnant women are anemic,?! and the prevalence of latent ID in pregnancy, in which
overt anaemia is not yet manifest, is undoubtedly higher. Even in many developed
countries where prenatal iron supplementation is common, approximately one in four
pregnant women still develop anaemia,”! emphasizing the need to better understand long-
term implications of ID on offspring health outcomes.

In addition to increasing the risk of fetal death, preterm birth and intrauterine
growth restriction,**%3¢7 ID during pregnancy is associated with long-term
neurocognitive,?>? metabolic'*® and cardiovascular complications.!”**3* However, the
mechanisms underlying these adverse long-term outcomes remain unclear. We recently
showed that prenatal ID anaemia causes hypoxia, mitochondrial dysfunction and
increased generation of reactive oxygen species (ROS) in the term rat fetus.'®*!%5 These
adverse outcomes were organ- and sex-specific, such that kidneys of male fetuses

exposed to prenatal ID were most affected,!o%!16°

suggesting that renal development is
particularly sensitive to programming effects. Indeed, adult offspring born to pregnancies
complicated by perinatal ID exhibit hypertension and enhanced blood pressure
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159.160.170 implicating intrinsic changes in renal

responsiveness to high salt intake,
function.!® However, the long-term effects of perinatal ID on kidney function have not
been studied. The objective of this study was to determine whether perinatal ID causes
long-term kidney mitochondrial dysfunction and oxidative stress within the kidney,
which has been described in other models of hypertension and salt sensitivity.?*%>3
Moreover, we sought to determine whether these outcomes would be exacerbated by

chronic consumption of a high salt diet.

6.3 Methods

6.3.1 Animals and Treatments

The protocols described herein were approved by the University of Alberta
Animal Care Committee (AUP974) in accordance with guidelines established by the
Canadian Council of Animal Care, consistent with NIH guidelines. Experimentally naive
and nulliparous six-week old Female Sprague-Dawley rats were purchased from Charles
River (Saint-Constant, QC, Canada) and housed at the University of Alberta animal care
facility, which maintained a 12h light/dark cycle and ambient temperature of 23°C. Rats
were housed in conventional wire-top cages fitted with filter tops and had ad libitum
access to food and water throughout the study. Enrichment for the rats in the study
included wooden blocks and shredded paper pucks.

All purified diets used in this study were purchased from Research Diets Inc.
(New Brunswick, NJ, USA), and are identical in composition except for the amount of
added ferric citrate. Two-weeks prior to pregnancy, female rats were randomly assigned
to the iron-restricted group, in which they were fed a purified diet low in iron (containing
3mg/kg elemental iron; D03072501); the remaining females were assigned to the control
group, in which they were fed a purified control diet (containing 37mg/kg elemental iron
diet; D10012G). After 2wk on their respective diets, female rats were bred by co-housing
overnight with age-matched males fed a standard rodent chow (5LOD; PicoLab, St.
Louis, MO, USA). Pregnancy was confirmed by the presence of sperm in a vaginal smear

the following morning [gestational day (GD)0]. Upon confirmation of pregnancy, dams
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in the iron-restricted group were fed a moderately iron-restricted diet (containing
10mg/kg elemental iron; D15092501), and those in the control group were maintained on
the control diet. Throughout pregnancy, food consumption, body weight, and
haemoglobin (Hb) levels were monitored weekly. Hb levels were assessed using a
HemoCue 201+ system (HemoCue, Angelholm, Sweden) from blood (~10uL) collected
via saphenous venipuncture from dams, or blood collected after decapitation in neonates.
Within 12h of giving birth, all dams were fed the standard rodent chow, and pup weights
were recorded, and litters were standardized to 8 offspring (four males, four females).
Postnatal body weights were recorded weekly, and offspring were weaned from their
dams at PD21 and fed standard rodent chow.

At four and a half months of age (6wks prior experimentation), male and female
offspring from each litter were fed either a high salt diet (HS, 5.0% NaCl w/w;
D17053103DW) or a normal salt diet (NS, 0.27% NaCl w/w; D06041501DW) for six
weeks. Body weights, food intake and water consumption were monitored weekly during

this six-week treatment period.

6.3.2 Haemodynamic Assessments

Direct haemodynamic assessments were performed in spontaneously breathing
adult offspring under isoflurane anaesthesia (in medical grade oxygen at a flow rate of
ImL/min; 3-5% for induction, 1.5% for maintenance) on a 37°C warming bed (heated by
a circulating water bath). Catheters (PE50, 0.58 mm i.d., 0.97 mm o.d., Becton Dickson,
Sparks, MD, USA) connected to a pressure transducer (ADInstruments, Colorado
Springs, CO, USA) were implanted into the left femoral artery for direct blood pressure
measurements, and a catheter (Silastic ®, 0.51 mm i.d., 0.94 mm o.d. Cole-Parmer,
Montreal, QC, Canada) was implanted into the left femoral vein for drug delivery.
Following completion of surgery, rats were given a minimum of 15min to achieve steady
haemodynamics, and baseline parameters were recorded for the next 5-10min. After
baseline recordings, haemodynamic responses to the pan-nitric oxide (NO) synthase

inhibitor L-Nitro-G-Arginine Methyl ester (L-NAME; 60mg/kg IV) were assessed over
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15min. Isoflurane anaesthesia was then increased to 5% and rats were euthanized by
exsanguination and subsequent excision of the heart. Organs were collected and weighed;
hearts were dissected to isolate the right ventricle (RV) from the left ventricle and septum
(LVS) before weighing. Blood pressure measurements in offspring of the same litter were
performed on the same day, and male offspring were always assessed first; female
offspring were thus housed in an adjacent room in the laboratory 2-3 hours prior to
undergoing blood pressure assessments. After hemodynamic assessments, organs were
weighed, but tissues were not used for further data collection to the potential confounding

effects of prolonged isoflurane exposure and intravenous drug administration.

6.3.3 High-Resolution Respirometry

Respirometry was performed using the Oroboros Oxygraph-O2k system
(Innsbruck, Austria). Kidneys were separated into cortical and medullary components
under a microscope, and approximately 20 mg of each tissue region were subsequently
homogenized in 2mL of MiRO05 buffer (110mmol/L sucrose, 60mmol/L K-lactobionate,
0.5mmol/L EGTA, 1g/L fatty acid free bovine serum albumin, 3mmol/L MgCla,
20mmol/L taurine, 10mmol/L KH>PO4, and 20mmol/L K-N-2-hydroxyelthylpiperazine-
Na-ethanesulphorate, pH 7.1), and 100uL of tissue homogenate was added to each
chamber. The remainder of homogenate was flash frozen and stored at -80°C for citrate
synthase (CS) activity assay (see mitochondrial content section). The titration protocol
used herein allows evaluation of the mitochondrial function at three different respiratory
states [LEAK (respiration in the presence of substrate, but in the absence of ADP;
includes a variety of processes and is not limited to electron leak, thus it is expressed in
capitalized to note the distinction), oxidative phosphorylation (OXPHOS), and electron
transfer (ET)] as previously described. 6%

OXPHOS (coupled respiration with saturated ADP) and ET capacities
(uncoupled) were measured in the presence of substrates feeding electrons into the
NADH-linked pathway (N-pathway; pyruvate and malate, feeding electrons into complex
I), NADH and succinate-linked pathway (NS-pathway; pyruvate, malate and succinate
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feeding electrons into complexes I and II simultaneously), succinate-linked pathway (S-
pathway; succinate and rotenone, the latter to inhibit complex I), and complex IV
[ascorbate and tetramethyl-p-phenylenediamine (TMPD)]. The single titration protocol
utilizes sequential addition of the following substrates, inhibitors and uncouplers (final
concentration): Smmol/L pyruvate and Smmol/L malate; 2.5mmol/L ADP; 10umol/L
cytochrome c; dinitrophenol at 10umol/L steps, up to 30umol/L; 0.5umol/L rotenone;
2.5umol/L antimycin A; 0.5mmol/L ascorbate and 2mmol/L TMPD; and 15mmol/L
sodium azide. Corrections for oxygen flux due to instrumental background noise and
residual oxygen consumption by complexes I and III were made by subtraction of values
following administration of both rotenone and antimycin A. Complex IV respiration was
corrected through subtraction of chemical background following administration of
sodium azide. Flux control ratio (FCR) was normalized for maximal ET capacity with

substrates feeding into the NS-pathway.

6.3.4 Mitochondrial Content

Citrate synthase (CS) activity was measured using a UV/Vis spectrophotometer
(Ultrospec 2100 Pro; Biochrom, Cambridge, MA, USA) heated to 37°C by a cell holder
and circulating water bath, as previously described!%-%, Medullary and cortical tissue
homogenates were thawed and underwent an additional cycle of homogenization with a
conical glass homogenizer for 10s. Absorbance was measured for Smin at 412nm after
the reduction of 0.1mmol/L 5,5/ dithiobis-2-nitrobenzoic acid (e: 13.6 mL cm™ uM™) in
the presence of 0.25% Triton X-100, 0.5mmol/L oxaloacetic acid, 0.3 1mmol/L acetyl co-
enzyme A, 100mmol/L Tris-HCI, and triethanolamine-HCI buffer pH 8.0, as previously

described.

6.3.5 Fluorescence Microscopy

As previously described!®’, reagents were purchased from Thermo Fisher
Scientific (Waltham, MA, USA) for experimentation: dihydroethidium (DHE; for
assessment of cytosolic superoxide), 4-amino-5-methylamino-2°",71-difluorofluorescein

diacetate (DAF-FM; for assessment of cytosolic nitric oxide), and MitoSox Red (for
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assessment of mitochondrial superoxide). Kidneys were embedded in optimal cutting
temperature compound (OCT, Tissue Tek, Sakura Inc.), were sectioned (8 um thickness)
at -20°C by cryostat onto SuperFrost Plus microscope slides (Fisher Scientific), and then
stored at -80°C. Sections were thawed and washed 3 times with Hanks Buffered Salt
Solution (HBSS), and warmed to 37°C in a humidified chamber for 10min. Slides are
then washed again with HBSS and then incubated with either DHE (20pumol/L for
30min), DAF-FM (20pmol/L for 30min) or MitoSox (Sumol/L for 10min). Afterward,
slides were washed for two minutes with HBSS three times and were subsequently
mounted in HBSS (DHE and MitoSox) or Vectashield Antifade Mounting Medium with
DAPI (Vector Laboratories, Burlingame, CA, USA). Nuclear counterstain was only used
for DAF-FM fluorescence because DHE and MitoSox rely on DNA intercalation.
Fluorescence was visualized for both cortical and medullary regions of the kidney

sections using an Olympus IX81 fluorescent microscope (Tokyo, Japan).

6.3.6 Renal Morphology Assessments

Kidneys were fixed in 4% neutral-buffered formaldehyde for 24 hours and
subsequently embedded for histology and sectioned at 6pum as previously described'®*.
Jones silver staining was performed per manufacturer instructions (HT100A-1KT,
Sigma-Aldrich) with alcoholic Eosin Y and Harris hematoxylin counterstain. Twenty
separate glomerular basement membranes per animal (with 10 points of measurement per
glomerular membrane) were measured. Masson’s trichrome staining was performed per
manufacturer instructions (HT15-1KT, Sigma-Aldrich) for the assessment of interstitial
and glomerular collagen deposition. Intensity of blue staining for collagen in a minimum
of 6 fields of view in 4 separate tissue sections per animal were quantified with ImageJ as
previously described.>*’ In trichrome-stained sections, glomerular cross-sectional area
was calculated using Adobe Photoshop. Glomerular cross-sectional areas were calculated
in 4 separate tissue sections, and an average was calculated from the maximum value for
each section. Maximum values were used to reduce a potential underestimation caused by

sectioning glomeruli outside a central axis.>”
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6.3.7 Statistical Analyses

In all data sets, n values reflect the number of litters (i.e. treated dams are the
experimental unit); instances where more than one offspring per litter were used to obtain
a value (e.g. neonatal weights and haemoglobin levels), the litter average was treated as a
single data point. Data were analyzed by unpaired Student’s #-test, or two-way ANOVA
for the main effects of perinatal ID and salt treatment, with a Sidak’s post hoc test. All
male and female offspring data were analyzed separately. Data are presented as
mean+SEM. P<0.05 was considered significant. Grubb’s test was used to identify
statistical outliers, which were excluded from analysis. All statistical analyses were
conducted using GraphPad Prism 8.0 software.

In total, data was collected from 136 adult offspring from 30 litters; 76 animals
were allocated to hemodynamics experiments and 60 to mitochondrial function and
oxidative stress measurements. Technical issues with oxygraph chamber calibration and
improper separation of the medulla and cortex in initial experiments resulted in the
exclusion of the following data points from respirometry and citrate synthase results: 2
male ID NS; 1 male CTL NS; 1 female CTL NS; 1 female ID NS; and 1 female ID HS
sample; the need for fresh tissues for these analyses precludes the ability to repeat these
experiments when complications arise. Finally, one cryopreserved kidney block from the

male ID NS group was shattered during sectioning, resulting in the loss of one data point.
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6.4 Results

6.4.1 Pregnancy Outcomes and Offspring Growth

Iron restriction prior to and throughout pregnancy resulted in a 34% decrease in
maternal Hb levels by gestational day (GD)21, one day prior to full term (Table 6.1). ID
dams gained 14% less weight during pregnancy and had a 19% reduction in litter size
(Table 6.1) compared to control (CTL) dams, despite no differences in food intake
during pregnancy (CTL 580.4+£23.7g vs. ID 541.6+16.3g, P=0.21). On PD1, male and
female pups born to ID dams had ~40% decreases in circulating Hb and ~11% lower
body weights (Table 6.1). In these offspring, the growth restriction persisted in the pre-
weaning phase, such that they were ~27% smaller than their CTL counterparts on PD21
(male CTL 49.8+1.5g vs. ID 36.4+3.2g, P=0.006; female CTL 49.2+1.7g vs. ID
35.4+2.9¢g, P=0.003). Prior to beginning the 6-wk HS treatment, adult male perinatal ID
offspring remained ~10% smaller than their CTL counterparts, with no initial differences
in size when comparing the groups allocated to NS and HS treatments (ID effect
P=0.003, HS effect P=0.61, interaction P=0.20; data not shown). In contrast, female
offspring exhibited no differences in bodyweight between groups (ID effect P=0.42, HS
effect P=0.53, interaction P=0.56; data not shown). Notably, the smaller male perinatal
ID offspring ate and drank less than their control counterparts during the 6-wk treatment
period (Table 6.2). The HS diet increased water intake by greater than two-fold in both
male and female offspring, despite HS not altering food intake (Table 6.2).

At the end of the 6wk salt treatment period, male perinatal ID offspring remained
~10% smaller than their CTL counterparts, with shorter crown-rump lengths and reduced
abdominal girth (Table 6.3). Male offspring had increased relative (i.e. normalized to
bodyweight) right ventricular (RV) weight due to both perinatal ID and HS, whereas only
HS causes an increase in relative left ventricle and septum (LVS) weight (Table 6.3). No
differences in relative kidney weights in male offspring were observed (Table 6.3). In

contrast, female offspring exhibited no alterations in size or weight, or differences in
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organ weights due to perinatal ID or HS, with the exception of a trend for increased RV

weight due to perinatal ID (P=0.06; Table 6.3).

Table 6.1. Pregnancy and neonatal outcomes.

Treatment

Parameter CTL D P Value
Maternal Weight Gain
GDO-GD21 (2) 2272+175 195.5+9.0 0.01
Litter Size (No. pups) 18.1+0.9 14.6 £0.6 0.003
GDO 153+0.2 11.8+0.6 <0.001
Maternal Hb GD7 14.7+0.2 11.7+0.5 <0.001
(g/dL) GD14 14.0+0.2 10.7£0.5 <0.001
GD21 12.5+0.3 83+04 <0.001
Males 11.2+04 6.8+0.5 <0.001
PDUHb (gdL) o es 110203 63+0.5 <0.001
PD1 Body Males 6.49 +0.14 5.76 £0.15 0.004
Weight (g) Females 6.13+£0.20 5.54+0.14 0.02

All groups n=8-11 offspring from separate litters Data are expressed as mean + SEM and
analyzed by unpaired #-test. CTL, control; GD, gestational day; Hb, haemoglobin; ID,

perinatal iron deficient group; PD, postnatal day.
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Table 6.2. Food and water intake during the 6-week high salt diet feeding.

Treatment P-Values
Sex Parameter CTL 1D
NS s NS s 1D HS Int.
M Food (g/day) 30.1£1.5 289+1.1 26.0£1.1 259+0.8 0.007 0.62 0.69
Water (mL/day)  31.3+2.0 72.7+2.2% 26.3+1.1 66.1+3.1* 0.02 <0.001 0.73
F Food (g/day) 19.5£2.1 19.6£0.9 19.9+0.7 18.5+0.7 0.76 0.58 0.54

Water (mL/day) 223414 47.6£2.9% 21.7+1.7 48.3+4.2% 098 <0.001 0.83
All groups n=8-11 offspring from different litters. Data are expressed as mean + SEM and analyzed by two-way ANOVA with Sidak’s

post hoc test, where # denotes P<0.001 vs. NS of the same group. CTL, control; F, female; HS, high salt diet; ID, perinatal iron deficiency

group; int, interaction; M, male; NS, normal salt diet.
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Table 6.3. Body measurements and organ weights of 6-month old offspring.

Parameter Treatment P-Value
CTL ID ID HS INT.
NS HS NS HS
Body Wt. (g) 757.7£24.7  699.44£23.5 640.5£19.3 638.5+£10.8 <0.001 0.17 0.19
CR Length 21.5+0.3 21.1+0.2 20.3+0.3 20.5+0.1 <0.001 0.74 0.26
(cm)
M Ab. Girth (cm) 26.0+0.5 24.6+0.4 23.9+0.4 23.9+0.4 0.003 0.14 0.14
LVS (mg/g) 1.62+0.03 1.79+0.06* 1.75+0.05 1.83+0.07 0.11 0.02 0.36
RV (mg/g) 0.41+0.01 0.444+0.02 0.46+0.02 0.51+0.03 0.002 0.03 0.80

Kidneys (mg/g)  5.93+0.23  6.34+0.12  6.45:036 6212020 042 072 0.16
Body Wt. (g)  434.5421.8 422.6£12.7 391.8t17.3 410.9+12.8  0.13  0.84 0.38

CR Length 17.6+0.3 17.4+0.2 17.3+0.2 17.4+0.2 0.51 0.88 0.64
(cm)

F  Ab. Girth (cm) 21.0+0.6 20.3+0.3 19.840.4 20.4+0.4 0.27 092 0.16
LVS (mg/g) 1.90+0.06 1.94+0.06 1.90+0.06 1.94+0.07 0.96 0.56  0.99
RV (mg/g) 0.46+0.02 0.48+0.02 0.51+0.03 0.52+0.03 0.06 0.54 0.87

Kidneys (mg/g)  5.80+0.26 6.48+0.17 6.11+0.38 6.21+£0.27 094 0.19 0.33
All groups n=8-11 offspring from different litters. Data are expressed as mean = SEM, and are analyzed by two-way ANOVA with

Sidak’s post hoc test where * denotes P<0.05 vs. NS group. Ab, abdominal; CR, crown-rump; CTL, control; F, female; HS, high salt

diet; ID, perinatal iron deficiency group; int, interaction; LVS, left ventricle-septum; M, male; NS, normal salt diet; RV, right ventricle.
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6.4.2 Haemodynamics

At 6-months of age, there was an overall effect of perinatal ID and HS on systolic
BP (SBP) in male offspring (Figure 6.1A). Furthermore, HS increased diastolic BP
(DBP) and mean arterial pressure (MAP) in male offspring, whereas perinatal ID
increased MAP but not DBP (P=0.09; Table 6.4). In contrast, there was no effect of
perinatal ID or HS on haemodynamic parameters in female offspring (Table 6.4), albeit
the interaction between perinatal ID and HS in SBP approached significance (P=0.06,
Figure 6.1A).

In male offspring, intravenous administration of pan-NOS inhibitor L-NAME
caused a gradual rise in SBP, culminating in a 20-42% increase over baseline which was
least pronounced in the perinatal ID offspring fed the HS diet (Figure 6.1B). The
magnitude of SBP rise was reduced by perinatal ID and HS (Figure 6.1B), resulting in
similar SBP between groups after L-NAME treatment (Figure 6.1C). In female
offspring, the L-NAME-mediated rise in SBP ranged from 6-17% and was mitigated by
the effects of HS — an effect that was most pronounced in the perinatal ID offspring

(Figure 6.1B).
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Table 6.4. Offspring blood pressures at 6 months of age.

Treatment P-Values

Parameter CTL ID
NS 1S NS Hs ID HS Int.
SBP (mmHg) 112.5+£2.7 124.0£6.5 124.9+2.6 137.3£79 0.01 0.02 0.93
M MAP (mmHg) 86.4+2.0 95.0+5.4 94.5+2.6 102.6+4.5 0.03 0.03 0.94
DBP (mmHg) 72.1£1.5 80.5+£5.3 79.34+2.7 85.2+42 0.09 0.045 0.71
SBP (mmHg) 137.245.5 131.389.2 127.2449 147.44+79 0.66 0.30 0.06
F MAP (mmHg) 101.3£3.9 100.3+6.1 96.8+3.7 109.9+5.2 0.59 0.20 0.14
DBP (mmHg) 83.4+3.4 84.845.2 81.6+£3.4 91.2+4.3  0.57 0.18 0.32

All groups n=8-11. Data are expressed as mean = SEM and analyzed by two-way ANOVA with Sidak’s post hoc test. CTL, control;
DBP, diastolic blood pressure; F, female; HS, high salt diet; ID, perinatal iron deficient group; int, interaction; M, male; MAP, mean

arterial pressure; NS, normal salt diet group; SBP, systolic blood pressure.
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Figure 6.1: Haemodynamics & Nitric Oxide (NO) Signalling. Systolic blood pressure (SBP)
and systemic nitric oxide NO signalling interrogated by NO synthase inhibitor L-LAME in six-
month-old offspring fed a normal salt (NS) or high salt (HS) diet, born from control (CTL) or iron
deficient (ID) dams. (A) Baseline SBP, (B) percentage increase in SBP with the addition of L-
NAME, and (C) SBP in the presence of L-NAME. All groups n=8-11. Data analyzed by two-way
ANOVA with Sidak’s post hoc test where * denotes P<0.05 vs. NS.
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6.4.3 Mitochondrial Content and Function

Mitochondrial respiration in renal tissues is expressed both as flux per unit
homogenate mass, as well as flux control ratio (FCR; see online supplement), where FCR
is indicative of qualitative changes in mitochondrial respiratory control and independent
of mitochondrial density.?®® Within the medulla and cortex, LEAK respiration (oxygen
flux in the absence of ADP unavailable for performing biochemical work)?* was not
affected by either ID or HS in male or female offspring (Figure 6.2). The magnitude of
LEAK respiration was low and indicative of well coupled mitochondria in all groups
(Figures 6.3 & 6.4). Moreover, addition of cytochrome c resulted in similar fractional
increases in N-pathway respiration between groups (Table 6.5), indicating integrity of
the outer mitochondrial membrane was similar in tissues among treatment groups.?*’
Notwithstanding, all coupled oxidative phosphorylation (OXHPOS; in the presence of
saturating ADP) and electron transfer (ET; non-coupled respiration after the addition of
uncoupler) capacities presented herein reflect measurements taken after the addition of
exogenous cytochrome ¢, avoiding possible bias resulting from damage to the outer

mitochondrial membrane during tissue preparation.
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Figure 6.2: Kidney LEAK respiration. (A) medulla and (B) cortex LEAK respiration (in the
absence of ADP) expressed as flux per unit mass tissue from 6-month-old offspring born to iron
deficient (ID) or control (CTL) dams challenged with a normal salt (NS) or high salt (HS) diet for 6
weeks prior to experimentation. In the male ID-NS group n=4, and n=6-8 in all others. Data are

analyzed by two-way ANOVA and Sidak’s post hoc test.
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Table 6.5. Fractional increases over N-pathway oxygen flux with the addition of

cytochrome c in respirometry experiments.

Treatment P-Value
Tissue CTL 1D
NS s NS s ID HS Int.
Kidney M 0.16+£0.01 0.17+0.01 0.16+0.03 0.18+0.02 0.73 0.42 0.80
Medulla F 0.16£0.02 0.14+0.01 0.18+0.02 0.16+0.02 0.44 0.20 0.94
Kidney M  0.25+0.02 0.25+0.02 0.31+0.03 0.23+0.03  0.63 0.16 0.14
Cortex F 0.29+0.04 0.26+0.03 0.32+0.03 0.25+0.02 0.71 0.10 0.51

In male ID-NS group n=4, and n=6-8 in all others. Data are expressed as mean + SEM and
analyzed by two-way ANOVA and Sidak’s post hoc test. CTL, control; F, female; HS,
high salt diet; ID, perinatal iron deficient group; int, interaction; M, male; NS, normal salt

diet group.

In adult male offspring, medullary oxygen flux per unit mass through the NADH-
and Succinate- (N- and S-) pathways as well as complex IV activity were increased by
HS (Figure 6.5A-E), while perinatal ID reduced flux through the S-pathway (Figure
6.5B-D). FCR in the medulla of male offspring are unaffected by ID and HS (Figure
6.3). Within the cortex, ID and HS did not alter oxygen flux per unit mass for any
parameter (Figure 6.6A-E), nor did it alter FCR for N- and S-pathways (Figure 6.4A-D).
An interaction between perinatal ID and HS was observed in the cortex of male offspring,
where complex IV FCR was reduced by HS only in ID offspring (Figure 6.4E); a similar
trend was observed in flux per mass (interaction P=0.07, Figure 6.6E). There were no
effects of perinatal ID or HS in oxygen flux per unit mass in either the renal medulla
(Figure 6.5) or cortex (Figure 6.6) in adult female offspring, nor when data were
expressed as FCR (Figures 6.3 & 6.4). Mitochondrial content of the renal medulla, as
assessed by CS activity assay, was increased by HS in male, but not female offspring
(Figure 6.7A). Within the cortex, no alterations in mitochondrial content were observed

in either male or female offspring due to perinatal ID or HS (Figure 6.7B).
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Figure 6.3: Kidney medullary mitochondrial flux control ratios (FCR). Renal medullary respirometry data expressed as FCR from 6-month-old
offspring challenged with a normal salt (NS) or high salt (HS) diet for 6 weeks, born from iron deficient (ID) or control (CTL) dams. (A) LEAK
(respiration in the absence of ADP), (B) NADH (N-) pathway oxidative phosphorylation (OXPHOS), (C) N- and Succinate (S-) pathway OXPHOS,
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(D) S-pathway electron transfer (ET), and (E) complex IV activity. In the male ID-NS group n=4, and n=6-8 in all others. Data are analyzed by two-
way ANOVA and Sidak’s post hoc test.
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Figure 6.4: Kidney cortical mitochondrial flux control ratios (FCR). Renal cortical respirometry data expressed as FCR from 6-month-old

offspring challenged with a normal salt (NS) or high salt (HS) diet for 6 weeks, born from iron deficient (ID) or control (CTL) dams. (A) LEAK

(respiration in the absence of ADP), (B) NADH (N-) pathway oxidative phosphorylation (OXPHOS), (C) N- and Succinate (S-) pathway OXPHOS,
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(D) S-pathway electron transfer (ET), and (E) complex IV activity. In the male ID-NS group n=4, and n=6-8 in all others. Data are analyzed by two-
way ANOVA and Sidak’s post hoc test where * denotes P<0.05 vs. NS.
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Figure 6.5: Kidney medullary mitochondrial flux per unit mass. Renal medullary respirometry data expressed as flux per unit mass of tissue
from 6-month-old offspring fed a normal salt (NS) or high salt (HS) diet, born from iron deficient (ID) or control (CTL) dams. Measurement of
function is made under two states, oxidative phosphorylation capacity (OXPHQOS; coupled to ATP production) and electron transfer capacity (ET;
uncoupled). (A) NADH (N-) pathway OXPHOS, (B) N- and Succinate (S-) pathway OXPHOS, (C) NS-pathway ET (D) S-pathway ET, and (E)
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complex IV activity. Males n=4 in ID-NS, 6-8 in all others; Females n=6-8 in all groups. Data analyzed by two-way ANOVA with Sidak’s post hoc

test where * and ** denote P<0.05 and P<0.01 vs. NS, respectively.
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Figure 6.6: Kidney cortical mitochondrial flux per unit mass. Renal cortical respirometry data expressed as flux per unit mass of tissue from 6-

month-old offspring fed a normal salt (NS) or high salt (HS) diet, born from iron deficient (ID) or control (CTL) dams. Measurement of function is

186



made under two states, oxidative phosphorylation capacity (OXPHOS; coupled to ATP production) and electron transfer capacity (ET; uncoupled).
(A) NADH (N-) pathway OXPHOS, (B) N- and Succinate (S-) pathway OXPHOS, (C) NS-pathway ET (D) S-pathway ET, and (E) complex IV
activity. Males n=4 in ID-NS, 6-8 in all others; Females n=6-8 in all groups. Data analyzed by two-way ANOVA with Sidak’s post hoc test.
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Figure 6.7. Kidney citrate synthase (CS) activity. (A) medulla and (B) cortex homogenates
from six-month-old offspring fed a normal salt (NS) or high salt (HS) diet, born from iron deficient
(ID) or control (CTL) dams. Males n=4 in ID-NS, 6-8 in all others; Females n=6-8 in all groups.
Data analyzed by two-way ANOVA with Sidak’s post hoc test where * denotes P<0.05 vs. NS.
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6.4.4 Kidney Superoxide and NO Levels

In male offspring, there was an overall effect of HS on mitochondrial superoxide
within the medulla (Figure 6.8A), but there was no effect of either ID or HS within the
cortex (Figure 6.8A & 6.8D). Perinatal ID caused an increase in cytosolic superoxide
levels in both the renal medulla (Figure 6.8B) and cortex (Figure 6.8E) in adult male
offspring, and HS caused a further increase within the cortex (Figure 6.8E). NO
bioavailability in the medulla and cortex of male offspring was reduced by ID, with a
trend for further decreases by HS in the medulla (P=0.08; Figure 6.8C & 6.8F). In
female offspring, mitochondrial superoxide was not altered by perinatal ID or HS within
either the cortex or medulla of the kidney (Figure 6.8A & 6.8D). Females exhibited a
subtle but significant interaction effect for cytosolic superoxide levels due to perinatal ID
and HS within the medulla and cortex (Figure 6.8B & 6.8E). No reductions in NO levels
were seen in females due to perinatal ID in either the medulla or cortex, and there was a
trend for decreased NO in the cortex due to HS (P=0.06; Figure 6.8C & 6.8F).

Representative fluorescence images are shown in Figures 6.9 & 6.10.
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Figure 6.8: Kidney reactive species. Mitochondrial superoxide (MitoSOX), cytosolic superoxide (DHE) and cytosolic NO (DAF-FM) mean

fluorescent intensities (MFI) in six-month-old offspring fed a normal salt (NS) or high salt (HS) diet, born from iron deficient (ID) or control (CTL)

dams. (A) Medulla MitoSOX, (B) Medulla DHE, (C) medulla DAF-FM, (D) cortex MitoSOX, (E) cortex DHE, and (F) cortex DAF-FM. Males n=5-10;
Females n=6-8 in all groups. Data analyzed by two-way ANOVA with Sidak’s post hoc test where * denotes P<0.05 vs. NS.
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Figure 6.9: Renal medullary reactive species representative images. (A) MitoSOX in red, (B) DHE in yellow and (C) DAF-FM in green (with a
DAPI blue nuclear counterstain) from 6-month-old offspring challenged with a normal salt (NS) or high salt (HS) diets for 6 weeks, born from
control (CTL) or iron deficient (ID) dams. See summary data in Figure 6.8A-C. White scale bar represents 240 ym, which is the same in all

images.
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Figure 6.10: Renal cortex representative images. (A) MitoSOX in red, (B) DHE in yellow and (C) DAF-FM in green (with a DAPI blue nuclear

counterstain) from 6-month-old offspring challenged with a normal salt (NS) or high salt (HS) diets for 6 weeks, born from control (CTL) or iron

deficient (ID) dams. See summary data in Figure 6.8D-F. White scale bar represents 240 ym, which is the same in all images.
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6.4.5 Renal Morphology

In male offspring, GBM thickness was increased by both perinatal ID and HS
(Figure 6.11A). Maximal glomerular cross-sectional area in male offspring was
increased by the combination of perinatal ID and HS, but not by either factor alone
(Figure 6.11B). Finally, interstitial and glomerular collagen deposition in male offspring
was increased by both perinatal ID and HS (Figure 6.11C). In contrast, female offspring
exhibit no alterations in GBM thickness, maximal glomerular cross-sectional area, or
collagen deposition due to either perinatal ID or HS (Figure 6.11A-C). Representative

histological images are shown in Figure 6.12.
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Figure 6.11: Renal injury and morphology. Renal morphological parameters in six-month-old
offspring fed a normal salt (NS) or high salt (HS) diet, born from iron deficient (ID) or control
(CTL) dams. (A) glomerular basement membrane thickness, (B) maximum glomerular cross-
sectional area, and (C) interstitial & glomerular collagen deposition. Male n=5-8; female n=6-10.

Data analyzed by two-way ANOVA with Sidak’s post hoc test where * denotes P<0.05 vs. NS.
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Figure 6.12: Renal morphology representative images. (A) Jones silver stain and (B)
Masson'’s trichrome stained kidney sections for assessment of glomerular basement membrane
thickness (stained black) and collagen deposition (stained blue), respectively. 6-month-old
offspring were challenged with a normal salt (NS) or high salt (HS) diets for 6 weeks, born from

control (CTL) or iron deficient (ID) dams. See summary data in Figure 6.11.
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6.5 Discussion

Here, we show that perinatal ID and a HS diet in adulthood cause sex-specific
alterations in haemodynamics, and kidney morphology and metabolic function.
Specifically, adult male perinatal ID offspring exhibit increased BP concomitant with
renal structural changes, alterations in medullary mitochondrial function in flux per mass,
and dysregulation of ROS and NO levels, whereas female offspring are largely
unaffected. In addition, male offspring exhibit an interaction effect for reduced complex
IV activity in the cortex with the combination of both perinatal ID and HS. Taken
together, these findings suggest that the developing kidney is susceptible to long-term
programming by perinatal ID, and female offspring are protected from these long-term
effects.

Maternal iron restriction during pregnancy caused anaemia in the dams and
offspring at birth, as well as reduced weight gain in the dams during pregnancy, which is
consistent with smaller litters and fetal growth restriction. Notably, male and female
offspring exhibited similar levels of anaemia and growth restriction at birth, suggesting
the degree of insult on the offspring was similar in both sexes. Although all rats were fed
iron replete diets after giving birth, offspring born to iron restricted dams exhibit reduced
Hb levels until shortly after weaning.!>1702%3 This exposure therefore reflects a
‘perinatal’ rather than exclusively ‘prenatal’ insult which encompasses the entire window
of kidney development in the rat.!”> By six months, an age which corresponds to
approximately 18-25 years in humans,*”! male perinatal ID offspring remained growth
restricted (based on body weights, lengths and abdominal girth) compared to their control
counterparts, yet differences were no longer evident in female offspring. Thus, based on
growth patterns alone, male and female offspring exhibit different susceptibilities to the
effects of perinatal ID.

The observation that perinatal ID resulted in elevated BP in adult male offspring

159,160,170 215,230-232,254 The

is consistent with previous findings from our group and others.
introduction of a HS diet to the adult offspring was intended to mimic the excess

consumption of dietary sodium, a modifiable risk factor for hypertension and CVD.'!?
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Approximately 89% of the US population®’? and 58% of the Canadian population®”?
exceed daily recommended salt intake, which can negatively impact both renal and
vascular function.'!® In the present study, HS diet induced a greater than two-fold
increase in water intake (without affecting food intake), thus imposing stress to the
cardiovascular system by increasing renal filtration and pressure natriuresis, as reflected
in increased SBP in both CTL and perinatal ID male offspring. However, the interaction
between the perinatal ID and HS treatments was not significant in male offspring,
suggesting the salt-sensitivity of BP was not more pronounced in programmed offspring,
in contrast to our previous reports.!>%!6%170 The explanation for this may reside in the fact
that BP assessments in the present study were done entirely under isoflurane anaesthesia,
which can blunt sympathetic outflow>’* and thus attenuate underlying salt-sensitivity.>”>
Renal injury was observed in male offspring due to both perinatal ID and HS.
GBM thickness and collagen deposition were increased due to both perinatal ID and HS
diet, which were likely secondary to increased BP. Furthermore, the combination of
perinatal ID and HS resulted in enlargement of glomerular cross-sectional area, which
may indicate compensatory hypertrophy to maintain GFR with a reduced nephron
complement.?! Elevations in LVS mass occur secondary to increased BP,*”® which may
supports the patterns of cardiac hypertrophy observed in the HS-treated offspring. In
contrast, the effect of perinatal ID on LVS size did not reach statistical significance,
despite these offspring being hypertensive and exhibiting renal injury, which may
indicate that the study was not powered to detect this difference. Alternatively, it may be
that LV effects will become manifest as the hypertension progresses with age; indeed,
Rueda-Clausen ef al. reported that LV weights in offspring exposed to prenatal hypoxia,
which shares a common etiology to perinatal ID,'®* showed no overt differences in LV
size at 4 months of age, but pronounced effects at 12 months of age®”” when hypertension
becomes apparent in this model.?*° RV hypertrophy was also noted in adult male
perinatal ID offspring, potentially reflecting increased resistance within the pulmonary

circulation.>’® Although this remains to be investigated, adult offspring exposed to
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prenatal hypoxia develop signs of pulmonary hypertension in rat models,*’” drawing
further parallels between these models of developmental stress.

In our first study focusing on BP outcomes in programmed female offspring, we
found that there was no effect of perinatal ID on BP. For reasons unclear to us, BPs
assessed under anesthesia even in control female offspring were higher than anticipated,
which could arguably mask an elevated BP in the programmed females. However, left
ventricular weights and histological assessments of renal morphology were similar in all
groups, suggesting no overt cardiovascular phenotype in female perinatal ID offspring.
Although reports utilizing tail cuff plethysmography have shown perinatal ID increases
BP in offspring of both sexes, the effects are less pronounced in females.?!>230-23225¢ HS
also had little effect on BP in female offspring, consistent with a lack of effect of
perinatal ID and HS on LVS weights. Interestingly, the effect of perinatal ID approached
significance in RV weights, suggesting the increased pulmonary resistance occurring in
offspring is not sex-dependent. These patterns are consistent with those in adult offspring
exposed to prenatal hypoxia, in which males exhibited a greater propensity for systemic
hypertension (in later life),*° whereas both males and females are susceptible to
pulmonary hypertension.>”’

The BP effects in male offspring attributed to perinatal ID and HS occur
concomitantly with marked alterations in renal mitochondrial function, ROS generation,
and ultimately NO-signaling. Mitochondrial dysfunction within the kidney has been
implicated in chronic kidney disease,’”® and has been observed in models characterized

t,237 suggesting proper kidney function

by renal dysfunction**® and sensitivity to HS die
relies on a delicate balance of cellular energy metabolism. While perinatal ID had no
effect on mitochondrial content, the medullae of male offspring exhibited reductions in
oxygen flux per mass through the succinate-dependent pathway. In contrast, HS caused
marked increases in medullary mitochondrial content in male offspring (irrespective of
perinatal exposure), despite having little impact on mitochondrial content or function
within the cortex. This is consistent with previous reports describing mitochondrial

biogenesis in the wake of increased medullary osmolality and Na* concentrations.*®! Our
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results show that the medulla is highly sensitive to both perinatal stressors and a chronic
HS diet. Interestingly, in female offspring, neither perinatal ID nor HS diet caused
alterations in mitochondrial content or function in the medulla or cortex, which suggests
fundamental differences in the way males and females respond to excess sodium
intake.?

The mitochondrial function data described above are supported by the patterns of
renal superoxide in adult offspring. Male perinatal ID offspring exhibit increased
cytosolic superoxide within the medulla and cortex, consistent with dysfunction in
complexes II and IV, 2733 respectively. Within the medulla, HS caused an increase in
mitochondrial content roughly proportional to increased mitochondrial superoxide levels.
In contrast, female offspring had no alterations in mitochondrial content or function,
coincident with minimal alterations in mitochondrial and cytosolic superoxide levels due
to ID or HS. Although a significant interaction between perinatal ID and HS was
observed in DHE staining in both medulla and cortex of female offspring, the magnitude
of differences were small, and therefore the physiological relevance is likely minor.
Vieyra-Reyes et al. have shown adult female perinatal ID offspring exhibit increased
antioxidant enzyme activity,®® which could explain why perinatal ID females are less
prone to oxidative stress, including from major non-mitochondrial sources such as
NADPH oxidases.*3

Oxidant status within the kidney plays a direct role in the bioavailability of NO,
which is known to regulate sodium and fluid homeostasis.'** We report that male
perinatal ID offspring exhibit >50% reductions in NO levels within both the medulla and
cortex, in agreement with elevated superoxide levels scavenging NO.!% Low levels of
NO may contribute to the hypertension in male offspring by promoting salt-retention,

either via direct actions on tubular sodium reuptake,'%*

or via reducing medullary blood
flow.!%-% Indeed, L-NAME treatment ultimately normalized BP levels in male
offspring, suggesting loss of NO may underlie the baseline differences between control
and perinatal ID offspring. Although NO can modulate medullary blood flow,

103,385

tubuloglomerular feedback and natriuresis, contributing to hypertension**® and salt
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387 we cannot discount intrinsic differences in systemic vascular NO signaling

sensitivity,
that contribute to programming of BP regulation in perinatal ID offspring. Therefore, the
programming of vascular function in perinatal ID male offspring treated with a HS diet
should be studied. Investigations in female offspring may also provide important insights,
and may uncover clues as to why oxidant status and NO signalling remain largely
unaffected. Increased antioxidant capacity and actions of sex-hormones are potential
mechanisms by which female offspring exposed to perinatal ID maintain normal oxidant
status, NO signaling, and normal cardiovascular and renal function.

This study has limitations. First, as discussed above, the use of anaesthesia may
have influenced haemodynamic assessments, particularly if programmed offspring have
altered responsiveness to the blood pressure lowering effect of isoflurane.*®® Because of
this potential confounder, BP data was complemented with measures of ventricular mass
and renal morphology, which exhibit pathophysiological changes secondary to
hypertension.>®® Second, certain aspects of the rat model used in this study limit the
extrapolation of results to humans. For example, as an altricial species, rats are born
immature and undergo comparatively greater growth and development in the immediate
postnatal period compared to humans. The extent to which iron supply and demand are
mismatched dictate the severity of iron deficiency, and whether this is similar in rats and
humans during periods of kidney development is not clear. Nevertheless, the rat model of
perinatal ID employed herein has notable strengths (e.g. development of maternal anemia
mirrors that in humans, shared hemochorial placentation), and provides a platform to
study the impact of maternal effects (e.g. liver hypoxia!®* and altered lipid metabolism?*?)
versus offspring effects (e.g. renal hypoxia!'®* and mitochondrial dysfunction!®®) in the
long-term programming of offspring health. Finally, while not a limitation per se, the
present study characterizes renal pathology in adult offspring but it does not
mechanistically link these effects to previously observed fetal kidney hypoxia, '
oxidative stress and mitochondrial dysfunction'®. It is possible that the mitochondrial

dysfunction and oxidative stress observed in fetuses persist into adulthood and contribute

to renal dysfunction in later life. The alternative is that alterations in fetal energy
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metabolism may cause persistent renal structural and functional changes, which in turn
promote de novo cellular stress in adulthood. More studies are needed to assess the link
between fetal and adult kidney oxidative stress and mitochondrial dysfunction in
perinatal ID offspring.

In summary, the results presented herein show that perinatal ID causes long-term
alterations in mitochondrial function and oxidative stress in the kidneys, which have been
implicated in hypertension and cardiovascular dysfunction. Together with our previous
findings in the fetal kidney,!%*!% these results suggest that the developing male kidney is
particularly vulnerable to hypoxia-like insults.?!® Though beyond the scope of the current
study, the involvement of mitochondrial dysfunction and increased ROS levels points to
the use of mitochondrial targeted therapeutics to improve energetics in the developing
and adult kidney. Irrespective of the mechanism, these findings speak to the importance
of early interventions to prevent the programming of cardiovascular and renal function in

adulthood and improve long-term outcomes.
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7.1 Abstract

Pre- and immediate postnatal stressors, such as iron deficiency, can alter
developmental trajectories and predispose offspring to long-term cardiovascular
dysfunction. Here, we investigated the impact of perinatal iron deficiency on vascular
function in the adult offspring, and whether these long-term effects were exacerbated by
prolonged consumption of a high salt diet in adulthood. Female Sprague Dawley rats
were fed either an iron-restricted or -replete diet prior to and throughout pregnancy. Six
weeks prior to experimentation at six months of age, adult offspring were fed either a
normal or high-salt diet. Mesenteric artery responses to vasodilators and vasoconstrictors
were assessed ex vivo by wire myography. Male perinatal iron deficient offspring
exhibited decreased reliance on nitric oxide with methacholine-induced vasodilation
(interaction P=0.03), coincident with increased superoxide levels when fed the high salt
diet (P=0.01). Male perinatal iron deficient offspring exhibit enhanced big endothelin-1
conversion to active endothelin-1 (P=0.02) concomitant with decreased nitric oxide levels
(P=0.005). Female offspring vascular function was unaffected by perinatal iron
deficiency, albeit high salt diet was associated with impaired vasodilation and decreased
nitric oxide production (P=0.02), particularly in the perinatal iron deficient offspring.
These findings implicate vascular dysfunction in the sex-specific programming of

cardiovascular dysfunction in the offspring by perinatal iron deficiency.
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7.2 Introduction

Cardiovascular disease is a leading cause of global mortality, responsible for
approximately a third of all deaths worldwide **. Historically, the aetiology of
cardiovascular disease has focused on genetic and environmental factors, in which the
former dictated the relative predisposition, and the latter the onset and severity. The
developmental origins of health and disease (DOHaD) concept, first articulated by the
late Professor David Barker, provided a new paradigm of chronic disease susceptibility.
The DOHaD hypothesis posits that relative risk is dictated, at least in part, by the quality
of the early developmental environment '*°. In the ensuing decades since its proposal, a
large body of evidence has amassed in support of the DOHaD hypothesis, showing that
various stressors during development, such as macro- and micronutrient deficiencies,
contribute to long-term chronic disease risk in later life '*.

Iron-deficiency (ID) is the most common nutritional deficiency worldwide, and is
highly prevalent in pregnant women and young children 2. Increased iron demands due
to rapid growth rates, coupled with inadequate iron uptake, are largely responsible for the
depletion of tissue iron stores and eventual reduction of circulating haemoglobin (Hb)
levels in these subpopulations *. Globally, an estimated 39% of pregnant women develop
anaemia 2!, and the estimated prevalence of latent ID, in which there is depletion of iron
stores without manifestation of anaemia, is undoubtedly higher. Despite the seeming
simplicity of the problem (i.e. inadequate iron uptake), the solution to ID in pregnancy is
deceptively complex. Issues with poor iron absorption, patient compliance, and potential
toxicity to the mother and foetus constitute notable challenges—a point which is
underscored by the high rates of ID in pregnancy despite widespread supplementation
and fortification efforts 2!. Moreover, while iron supplementation strategies have been
shown to improve maternal anaemia, whether they also improve pregnancy outcomes in
tandem is unclear ***°. These complexities emphasize the need better understand the
immediate and long-term implications of perinatal ID for offspring health.

In addition to increasing the risk of foetal death, preterm birth, and intrauterine

366,367

growth restriction , perinatal ID has been shown to cause long-term cardiovascular
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complications, which include hypertension, salt sensitivity, and susceptibility to renal
injury 170215:230.231.309 ‘However, the impact of perinatal ID on vascular function has not
been investigated. Changes in vascular function have been implicated in numerous
models of developmental programming, such as prenatal hypoxia '>*, which shares a
common aetiology with perinatal ID !4, Prenatal hypoxia has been shown to cause
persistent alterations in vasoregulatory mechanisms, including reductions in nitric oxide
(NO) bioavailability and dysregulation of vasoactive signalling in adult offspring in both
rodent 2332331 and sheep models 2#¥23%, We hypothesized that perinatal ID would also
result in altered reactivity to vasoactive compounds, which would be mediated by a loss
in NO signalling and an increase in oxidative stress within the mesenteric arteries.
Furthermore, we sought to determine whether these outcomes would be exacerbated by

chronic consumption of a high salt diet.

7.3 Methods

7.3.1 Ethical Approval

The protocols described herein were approved by the University of Alberta
Animal Care Committee in accordance with guidelines established by the Canadian
Council of Animal Care. The authors confirm that experiments herein comply with the

policies and regulations of The Journal of Physiology ***.

7.3.2 Animals and Treatments

The experiments carried out in this study were conducted using a cohort of
offspring which were also used to study renal mitochondrial function **°. Briefly, thirty
experimentally naive and nulliparous female Sprague-Dawley rats (initially 6 weeks of
age) were purchased from Charles River (Saint-Constant, QC, Canada) and housed at the
University of Alberta animal care facility under a 12-h light/dark cycle and ambient
temperature of 23°C. Rats were housed in conventional wire-top cages fitted with filter
tops and enriched with wooden blocks and shredded paper pucks. All rats had ad libitum

access to food and water throughout the study.
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Female rats were fed purified diets based on the AIN-93G rodent diet (Research
Diets Inc. New Brunswick, NJ). All diets are identical in composition, except for the
amount of added ferric citrate. Two weeks prior to pregnancy, female rats were randomly
assigned to the iron-restricted group, in which they were fed a diet low in iron (3 mg/kg
iron; D03072501); the remaining females were allocated to the control group, in which
they received a purified control diet (37 mg/kg iron diet; D10012G). After 2 weeks on
their respective diets, female rats were bred by co-housing overnight with age-matched
males fed a standard rodent chow (5LOD; PicoLab, St. Louis, MO, USA). Pregnancy was
confirmed by the presence of sperm in a vaginal smear the following morning [defined as
gestational day (GD)O0]. Pregnant dams were single-housed thereafter, and those in the
control group were maintained on the control diet throughout pregnancy, whereas the
iron-restricted dams were fed a diet moderately low in iron (10 mg/kg iron; D15092501)
for the duration of pregnancy. Maternal parameters such as Hb levels, body weight gain,
and food consumption were recorded weekly. Within 12 hours of giving birth, all dams
were fed the standard rodent chow, and litters were standardized to 8 offspring (four
males and four females). Offspring were weaned from their mothers on postnatal day 21
and maintained on the rodent chow.

At four and a half months of age (six weeks prior experimentation), male and
female offspring from each litter were allocated to receive either a normal salt diet (NS,
0.27% NaCl w/w; D06041501DW) or high salt diet (HS, 5.0% NaCl w/w;
D17053103DW) for six weeks; these diets were also based on the AIN93G diet, and were
identical in composition with the exception of added NaCl. Body weights, food intake
and water consumption were monitored weekly for the duration of the salt treatment 3%,
At 6 months of age (after 6 weeks of salt treatment), offspring were anesthetized with
isoflurane (5% in medical grade oxygen) and euthanized by exsanguination and excision
of the heart. Mesenteric blood vessels were collected for ex vivo assessments of vascular
function in this study. Additional tissues (e.g. kidneys, hearts) were collected from these
offspring for a parallel study, and haemodynamic assessments were performed in

littermates; these data have been published 3%.
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7.3.3 Wire Myography

Vascular function was assessed in mesenteric resistance arteries of offspring
according to established procedures at 37°C 2*°. The mesentery was rapidly excised and
placed in ice-cold HEPES-buffered physiological saline solution (PSS; 142mM NaCl,
4.7mM KCl, 1.17mM MgSOs, 4.7mM CaCl,, 1.18mM KH>PO4, 10mM HEPES, and
5.5mM glucose, pH 7.4). Mesenteric arteries with internal diameters ranging 150-250um
were isolated from the surrounding adipose tissue using a binocular microscope, cut into
2mm segments, and mounted in an isometric myograph system (DMT, Copenhagen,
Denmark) using 40pm tungsten wire. After a normalization protocol using stepwise
increases in diameter to achieve optimal resting tension, vessels were rinsed and allowed
to equilibrate for 15 minutes. Vessels were then tested for viability by assessing
contractile responses to high-potassium PSS buffer (containing 123.7mM KCI and 24mM
NaCl; otherwise identical to PSS buffer), then twice with a high dose of phenylephrine
(PE; 10uM) (with multiple washes in between); endothelial integrity was confirmed by
adequate vasodilation with the addition of methacholine (MCh; 1uM) following the
second PE-induced constriction. Vessels with <50% vasodilation in response to 1uM
MCh were excluded from analysis.

After viability testing, vessels were washed with PSS, then treated with either
vehicle (PSS) or the nitric oxide synthase inhibitor L-NY-Nitroarginine methyl ester (L-
NAME; 100uM) for 30 min. Following pre-incubation, cumulative concentration
response curves to PE (10nM-10uM; Sigma Aldrich), endothelin-1 (Et-1, 1-100nM;
Calbiochem), or big Et-1 (bET-1, 10-310nM; Anaspec) were generated. For MCh (1nM -
5uM; Sigma Aldrich) and SNP (InM - 5uM; Sigma Aldrich) responses, vessels were pre-
constricted to 80% of maximal constriction with PE and given 5 min to stabilize before
administration of vasodilators. For vasoconstriction data, all vessel constriction values are
normalized to their response to the second PE dose obtained during the viability testing
procedures described above. Vasodilation data are plotted as percent vasodilation, as
measured from the state of constriction prior to MCh or SNP administration to resting

baseline tension following drug washout (defined as 100% vasodilation).
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7.3.4 Fluorescence Microscopy

During the preparation of vessels for myography (see section 2.2), an additional length of
mesenteric artery was cryopreserved in OCT embedding medium for fluorescence
assessments. Dihydroethidium (DHE) and 4-amino-5-methylamino-2",71-
difluorofluorescein diacetate (DAF-FM) were purchased from Thermo Fisher Scientific
(Waltham, MA, USA), and used to assess cytosolic superoxide and NO production,
respectively, as previously described 9%, Isolated mesenteric arteries (see section 2.2)
were embedded in optimal cutting temperature compound (OCT, Tissue Tek, Sakura
Inc.) and sectioned (10 um thickness) at -20°C by cryostat onto SuperFrost Plus
microscope slides (Fisher Scientific), and then stored at -80°C. Sections were thawed and
washed 3 times with Hanks Buffered Salt Solution (HBSS), and warmed to 37°C in a
humidified chamber for 10min. Slides were washed again with HBSS and then incubated
with either DHE (20pumol/L for 30min) or DAF-FM (20pumol/L for 30min). After
incubation, slides were washed (2 min) three times with HBSS and subsequently
mounted in HBSS (for DHE) or Vectashield Antifade Mounting Medium with DAPI
(Vector Laboratories, Burlingame, CA). Fluorescence images were captured using an
Olympus IX81 fluorescent microscope (Tokyo, Japan), and mean fluorescence intensity
was quantified using Photoshop Elements 13 (Adobe Inc., San Jose, CA). Fluorescence

of the internal elastic lamina was excluded from quantification.

7.3.5 Statistical Analyses

Data obtained from the same litter were averaged and treated as a single value; thus, n
values reflect the number of litters (i.e. treated dams). A total of 63 adult offspring from a
total of 30 litters were used in the current study; as noted above, these data represent a
subset of offspring from which haemodynamics and renal mitochondrial function were
studied 3®. Data were analysed by mixed-model or two-way ANOVA for the effects of
perinatal ID and HS diet with Sidak’s post hoc test; data sets were paired for vehicle and
L-NAME treatments in the vessels harvested from the same rat. All male and female

offspring data were analysed separately. For concentration response curves, area under
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the curve (AUC) or area over the curve (AOC) were calculated; ECso values were derived
by fitting data to the Hill equation when dose response curves were sigmoidal. Grubbs
test was performed following completion of analysis, and statistical outliers were
removed from all analyses. Data are presented as mean+SD unless otherwise stated.
P<0.05 was considered significant. All statistical analyses were conducted using

GraphPad Prism 8.1 software. Investigators were not blinded for any analyses.

7.4 Results

7.4.1 Pregnancy Outcomes and Offspring Characteristics

Pregnancy outcomes for this cohort have been reported **°, and are reproduced
herein with permission (Table 7.1). Iron-restricted dams had ~31% reductions in Hb
levels compared to controls by gestational day 21. At birth, neonates born to iron-
restricted dams had ~41% reductions in Hb values compared to controls. Litters from
iron-restricted dams were ~20% smaller than controls, and offspring birth weights were
~10% lower than controls at birth, coinciding with ~14% lower maternal weight gain in
pregnancy in the iron restricted dams.

Adult offspring characteristics (Table 7.2) represent a subgroup of the study
cohort previously described in Woodman et al. (2019). In 6 month old male offspring,
perinatal ID caused decreased bodyweight, crown rump length, and abdominal girth (all
P<0.05), whereas HS diet had no overall effect. Female offspring growth at 6 months was
not altered by perinatal ID or HS diet. Left ventricle and septum (LVS) mass, when
normalized to body weight, was increased by HS diet in male offspring, but there was no
effect of perinatal ID. A trend for increased relative right ventricular mass was observed
for both perinatal ID and HS diet in male offspring (both P=0.08). Relative ventricular

mass in female offspring was not altered by either perinatal ID or HS diet.
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Table 7.1. Pregnancy and neonatal outcomes.

Treatment

Parameter CTL D P Value
Maternal Weight Gain
GD0-GD21 (g) 227.2+26.9 195.5+32.5 0.01
Litter Size (No. pups) 18.1+2.3 14.6+1.8 0.003
GDO 153+ 0.6 11.8+2.2 <0.001
Maternal Hb GD7 14.7+ 0.8 11.7+1.7 <0.001
(g/dL) GD14 14.0+ 0.7 10.7+ 1.9 <0.001
GD21 125+1.3 83+14 <0.001
Males 11.2+1.2 6.8+1.3 <0.001
PDIHD (@dL) ¢ les 11.0£0.7 6.3+ 1.4 <0.001
PD1 Body Males 6.49+0.37 5.76 £0.46 0.004
Weight (g) Females 6.13 +0.48 5.54+043 0.02

All groups n=8-11 offspring from separate litters Data are expressed as mean + SD and
analysed by unpaired #-test. CTL, control; GD, gestational day; Hb, haemoglobin; ID,

perinatal iron deficient group; PD, postnatal day. Reproduced with permission 3%,
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Table 7.2. Body measurements and cardiac ventricular weights of 6-month old offspring.

Parameter Treatment P-Value
CTL ID ID HS INT.
NS HS NS HS

M Body Wt. (g) 738.4484.3 681.6466.1 626.2+103.1# 637.7+43.6 0.01 043  0.24
CR Length  212+0.6  21.040.6  20.0+1.4#  20.1204  0.001 079 0.52
(cm)
Ab. Girth (cm) 255414  242+13  23.6+1.7#  23.6+15  0.03 025 022
LVS (mg/g)  1.64+0.11  1.79+0.18  1.69+0.21 1.90£0.19  0.19  0.009 0.64
RV (mg/g) 0.39£0.03  0.47£0.08  0.47+0.11 0.4940.06  0.08  0.08  0.36
F Body Wt (g) 409.2+77.4 408.2449.9 405.9+59.8  434.0£70.0 0.62 0.5 0.52

CR Length 17.1+£0.9 17.1+0.7 17.0+1.2 17.4+0.9 0.16 098  0.51
(cm)
Ab. Girth (ecm) 20.2+1.9 19.9+1.2 19.8+1.4 20.6+2.0 0.84 0.71 0.33

LVS (mg/g) 1.90+0.22 2.03+0.20 1.91+0.23 1.87+0.21 0.32 0.59  0.27
RV (mg/g) 0.49+0.09 0.48+0.07 0.50+0.09 0.49+0.10 0.72 0.84 097
Male offspring n=6-9, females n=7-9 offspring from different litters. Data are expressed as mean + SD and are analysed by two-way

ANOVA with Sidak’s post hoc test, #P<0.05 vs. CTL of the same salt diet group. Ab, abdominal; CR, crown-rump; CTL, control; F,
female; HS, high salt diet; ID, perinatal iron deficiency group; int, interaction; LVS, left ventricle-septum; M, male; NS, normal salt
diet; RV, right ventricle. Results describe outcomes that pertain to offspring used in this study, and represent a subset of data

previously published 3%,
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7.4.2 Ex-Vivo Vascular Function

Myography experiments were performed on isolated third order mesenteric
arteries from 6-month-old offspring. Responses to high-potassium PSS buffer yielded
similar levels of vasoconstriction in all male (CTL NS= 9.8+0.5 mN/mm, CTL HS=
8.6+£0.5 mN/mm, ID NS=8.9+0.5 mN/mm, ID HS=8.4+0.6 mN/mm; Pp=0.36, Pus=0.15,
Pinteraction=0.50) and female offspring (CTL NS=7.84+0.5 mN/mm, CTL HS=7.3+0.4
mN/mm, ID NS=7.4+£0.2 mN/mm, ID HS=7.2+0.3 mN/mm; Pip=0.54, Pus=0.41,
Pinteraction=0.75). Similarly, vasoconstriction profiles generated by PE were not affected by
perinatal ID or HS diet, albeit L-NAME treatment potentiated PE-induced
vasoconstriction in both male and female offspring (Table 7.3). When analysed as AUC,
there were no effects of perinatal ID or HS diet on PE-induced vasoconstriction (data not

shown).
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Table 7.3. Mesenteric artery responses to phenylephrine (PE) administration.

NS Group P-Value
Vehicle L-NAME
CTL (n=10) ID (n=6) CTL (n=10) ID (n=6) ID L-NAME INT
ECso (x10° M) 2.58+1.16 2.32+0.10 1.1740.44 *** 0.96+0.25 ** 0.42 <0.001 0.81
% Emax (%) 113.245.2 115.0+9.9 125.1+8.8 *** 126.3+9.7 ** 0.69 <0.001 0.88
s HS Group P-Value
Vehicle L-NAME
CTL (n=8) ID (n=7) CTL (n=8) ID (n=7) ID L-NAME INT
ECso (x10° M) 2.05+0.94 2.28+1.2 1.25+0.45 * 0.91+0.51 ** 0.84 <0.001 0.25
Emax (%) 111.3+£9.0 111.845.9 122.945.7 *** 122.14+5.0 ** 0.96 <0.001 0.72
NS Group P-Value
Vehicle L-NAME
CTL (n=8) ID (n=38) CTL (n=8) ID (n=3) ID L-NAME INT
¢ ECso (x10¢ M) 1.74+0.42 2.89+1.90 1.18+0.40 1.07+£0.37 ** 0.19 0.005 0.10
C Emax (%) 108.9+7.9 106.8+12.4 117.2+4.2 * 119.749.8 *** 0.78 <0.001 0.28
?, HS Group P-Value
- Vehicle L-NAME
CTL (n=7) ID (n=7) CTL (n=7) ID (n=7) ID L-NAME INT
ECso (x10° M) 1.93+0.75 1.86+0.66 1.04+0.47 ** 1.02+0.34 ** 0.87 <0.001 0.85
Emax (%) 107.3+£5.9 109.6+6.6 116.3+4.4 ** 121.1+3.6 *** 0.16 <0.001 0.39

Data are expressed as mean +SD and are analysed by two-way ANOVA with Sidak’s post hoc test; *P<0.05, **P<0.01, and
*#%P<0.001 vs. vehicle from the same perinatal treatment group. Shifts in ECso due to the administration of L-NAME were not altered
by perinatal ID or HS diet (data not shown). CTL; control; HS, high salt; ID, perinatal iron deficient; INT, interaction; L-NAME, L-

NOS-Nitroarginine methyl ester; NS, normal salt.
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Next, responses to the endothelial-dependent vasodilator MCh were tested in
vessels pre-constricted with PE. In male offspring fed a NS diet, L-NAME reduced
vascular responsiveness to MCh (P<0.001), and there was no effect of perinatal ID
(P=0.17; Figure 7.1A & D). In HS diet-fed offspring, L-NAME attenuated responses to
MCh (P=0.003), albeit this effect was blunted in the perinatal ID offspring (interaction
P=0.04, Figure 7.1B & E); thus, the L-NAME-induced shift in MCh ECso (AECs0) was
smaller in HS-fed perinatal ID offspring compared to HS-fed controls (interaction
P=0.03, Figure 7.1F). No differences in maximal vasodilation (Emax) values for MCh-
mediated vasodilation were observed due to either perinatal ID or HS diet in male
offspring (data not shown). Despite differences in ECso values for MCh, the relative
contribution of NO-dependent and NO-independent vasodilatory mechanisms, calculated
by AOC, were not different between groups (Figure 7.1C). In females, vascular
responses to MCh were attenuated by L-NAME administration in both NS and HS-fed
groups, and there was no effect of perinatal ID on these outcomes (Figure 7.1G-L).
Accordingly, the L-NAME-induced shift in MCh ECso was not altered by either perinatal
ID or HS diet (Figure 7.1L), nor were Emax values (data not shown). Interestingly, the
NO-independent component of the MCh-mediated vasodilation was impaired by HS diet
(P=0.04; Figure 7.11).
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Figure 7.1: Endothelium-dependent vasodilation. Responses to MCh in mesenteric arteries
from CTL or perinatal ID male (A-F) and female (G-L) offspring fed a NS or HS diet. Dose

response curves (A, B, G, H) and corresponding ECso values (D, E, J, K) are shown. The
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magnitude of shift in ECso attributed to L-NAME is shown (F, L). Finally, summarized vascular
responses attributed to NO-dependent, NO-independent and combined (NO-dependent + NO-
independent) components (calculated as absolute AOC) are also shown (C, I). Data are
presented +SEM (n=6-10) and analysed by mixed-model or two-way ANOVA as appropriate with
Sidak’s post hoc test; *P<0.05, **P<0.01, and ***P<0.001 versus veh or NS in the same perinatal
diet group; #P<0.05 compared to CTL in the same L-NAME or salt diet group. AOC; area over the
curve; CTL, control; HS, high salt; ID, perinatal iron deficient; L-NAME, L-N&-Nitroarginine methyl

ester; MCh, methacholine; NS, normal salt; veh, vehicle.

Similar experiments were conducted with the endothelial-independent vasodilator
SNP (an NO-donor) to further interrogate downstream vasodilatory pathways. Perinatal
ID had no overall effect on vascular reactivity to SNP in NS or HS fed male offspring
(Figure 7.2A-E). In all groups, L-NAME pre-treatment caused increased vascular
sensitivity to SNP (Figure 7.2A-E), corresponding to similar L-NAME-induced shifts in
SNP ECso in male offspring (Figure 7.2F). No differences in Emax in response to SNP
were observed due to either perinatal ID or HS diet in male offspring (data not shown),
nor in NO-dependent and -independent contributions (Figure 7.2C). In female offspring,
perinatal ID has no overall effect on SNP vascular responses (Figure 7.2G-L). L-NAME
similarly enhanced SNP-mediated vasodilation in all groups, corresponding to a similar
L-NAME-induced shift in SNP ECso, albeit a trend for a greater shift due to HS diet was
observed (P=0.06; Figure 7.2L). AOC revealed enhanced SNP-mediated vasodilation in
female vessels due to HS diet, which was largely attributed to an increase in NO-
independent pathways (P=0.07; Figure 7.21I). No differences in Emax in response to SNP

were observed due to either perinatal ID or HS diet in female offspring (data not shown).
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Figure 7.2: Endothelium-independent vasodilation. Responses to SNP in mesenteric arteries
from CTL or perinatal ID male (A-F) and female (G-L) offspring fed a NS or HS diet. Dose

response curves (A, B, G, H) and corresponding ECso values (D, E, J, K) are shown. The
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magnitude of shift in ECso attributed to L-NAME is shown (F, L). Finally, summarized vascular
responses attributed to NO-dependent, NO-independent and combined (NO-dependent + NO-
independent) components (calculated as absolute AOC) are also shown (C, I). Data are
presented +SEM (n=5-10) and analysed by mixed-model or two-way ANOVA as appropriate with
Sidak’s post hoc test; *P<0.05, **P<0.01, and ***P<0.001 versus veh or NS in the same perinatal
diet group; #P<0.05 compared to CTL in the same L-NAME or salt diet group. AOC; area over the
curve; CTL, control; HS, high salt; ID, perinatal iron deficient; L-NAME, L-N&-Nitroarginine methyl

ester; NS, normal salt; SNP, sodium nitroprusside; veh, vehicle.

Given the intimate relationship between NO and bEt-1/Et-1, we subsequently
studied vascular responses to the inactive precursor bEt-1 and vasoactive Et-1. In male
offspring fed a NS diet, vascular responses to bEt-1 were enhanced by perinatal ID
(P=0.02; Figure 7.3A & 7.3D), albeit this effect was not seen in offspring fed a HS diet
(Figure 7.3B & 7.3E). L-NAME administration enhanced response to bEt-1 in all groups
(P<0.0001), corresponding to similar increases in bEt-1 AUC (data not shown). Vascular
responses to Et-1, in the form of either ECso or Emax (data not shown), was not affected by
either perinatal ID or HS diet in male offspring (Figure 7.3C & 7.3F). In female
offspring, responses to bEt-1 were not altered by perinatal ID in either NS or HS-fed
offspring (Figure 7.3G, 7.3H, 7.3J, 7.3K). L-NAME enhanced bEt-1-mediated
vasoconstriction (P<0.0001), corresponding to similar increases in bEt-1 AUC in all
groups (data not shown). Interestingly, in female offspring HS diet caused a trend for an
increased vascular response to active Et-1 (P=0.06; Figure 7.31 & 7.3L), albeit no

differences in Emax were observed (data not shown).

218



bEt-1 Et-1
A NS B HS C
150--0- CTL (Veh) 1504-0- CTL (Veh) 1507 o= crins
-0 ID (Veh) -o- D (Veh) o CTLHS
~ o X ¥ ~ o Ny - —o- IDNS
g -0 CTL (L-NAME) gg S -0 CTL (L-NAME) Zﬁ g oo
1004~ ID (LNAME) 1004~ D (LNAME) 100
c / c % c
kel 3 9 f S
k3] k3] °
8 g0 2 504 2 50
o o o
o o o
0, - 07 '''''' OA ot 5
-85 -8.0 -7.5 -7.0 -6.5 6.0 -85 -80 -75 -7.0 -6.5 -6.0 -9.5-9.0-85-8.0-75-7.0-6.5
* Log[bEt-1] Log[bEt-1] Log[Et-1]
3]
© D NS E HS F
= Pin=0.87 P;n=0.07 P,,=0.86
P_n<0.0001 Px<0.0001 Phs=0.14
Pp=0.02 Pp=0.89 Pp=0.26
600 600 8x10-8+
*kk
o CITL o .
o ID k) 6x10-8
5 400+ %o 5 400 s
< o 8 oo < = 4x10-84 °
< 2004 oy I3 ° < 200 [ m
OOO 2X10‘8<
o
0 T T 0- 0-
Veh L-NAME
1504-0- CTL (Veh) 1504—0- CTL (Veh) 1507 o CTLNS
-0 ID (Veh) —o— D (Veh) o~ CTLHS
3 -~ CTL(L-NAME) o 3 --0-- CTL (L-NAME) 8 3 o= IDNS
< 1004~ ID(LNAME) O < 1004-o 1D (L-NAME) 'ﬁ < 1004
c I o c
S § S ‘g 2
g i/ g 2
£ 501 2 501 2 501
Q 3Q Q
o (&} o
w 07 z22in o, 22 -1
K] -85 -8.0 -75 -7.0 -6.5 -6.0 -85 -8.0 -7.5 -7.0 -6.5 -6.0 -9.5-9.0-85-8.0-7.5-7.0-6.5
g Log[bEt-1] Log[bEt-1] Log[Et-1]
o J NS K HS L
Pin=0.91 Pin=0.58 Py=0.38
P_n<0.0001 P_n<0.0001 Pys=0.06
Pp=0.39 Pp=0.22 Pp=0.27
600+ 600 1.5%x1074
*kk
o
o R¥kk
-~ i g0 = i —_ 74 e
5 400 o o ° 5 400 s 1x10
& ° o 50 B - °
8 ® o g O C)n
< 200 < 200+ w 5x108+
00 °
0 T T 0- -
Veh L-NAME

Figure 7.3: Endothelin mediated vasoconstriction. Responses to bEt-1 (A, B, D, E, G, H, J,
K) and Et-1 (C, F, I, L) in mesenteric arteries of male (A-F) and female (G-L) perinatal ID and

CTL offspring fed a NS or HS diet. Data are presented +SEM (n=4-10) and analysed by mixed-
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model or two-way ANOVA as appropriate with Sidak’s post hoc test; *P<0.05, **P<0.01, and
***P<0.001 versus veh or NS in the same perinatal diet group; #P<0.05 compared to CTL in the
same L-NAME treatment or salt diet group. AUC, area under the curve; bEt-1, big endothelin-1;
CTL, control; Et-1, endothelin-1; HS, high salt; ID, perinatal iron deficient; L-NAME, L-NC-

Nitroarginine methyl ester; NS, normal salt; veh, vehicle.

7.4.3 Vascular Superoxide and Nitric Oxide

Next, we performed fluorescence microscopy to assess NO and superoxide levels
in mesenteric artery sections. In male offspring, mesenteric artery superoxide levels were
increased by consumption of a HS diet (P=0.01), and this effect was driven
predominantly by the perinatal ID offspring (post hoc P=0.03; Figure 7.4C). Reductions
in NO levels in males were observed due to perinatal ID (P=0.005), predominantly in
offspring fed a HS diet (post hoc P=0.02), albeit no overall effect of HS diet was
observed (P=0.10; Figure 7.4D). In females, no significant alterations in superoxide
levels were observed due to either perinatal ID or HS diet (Figure 7.4E). Interestingly, a
significant reduction in NO was caused by HS diet in females (P=0.02), which was

driven largely by the reduction in perinatal ID offspring (post hoc P=0.049; Figure 7.4F).
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Figure 7.4: Vascular reactive species. Fluorescence staining in mesenteric arteries from male
(A-D) and female (E, F) perinatal ID and CTL offspring for superoxide (A, C, E) and NO (B, D, F).
Data are presented +SEM (n=4-5) and are analysed by two-way ANOVA with Sidak’s post hoc
test; *P<0.05 versus NS in the same perinatal treatment group; #P<0.05 compared to CTL in the
same salt diet group. Representative fluorescence staining images from male offspring show
DHE (red), DAF-FM (green), and DAPI (blue). Scale bar represents 225um. CTL, control; DAF-
FM, 4-Amino-5-methylamino-2’,7’-difluorofluorescein diacetate; DAPI, 4’,6-diamidino-2-
phenylindole; DHE, dihydroethidium; HS, high salt; ID, perinatal iron deficient; MFI, mean

fluorescent intensity; NS, normal salt.
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7.5 Discussion

ID is a common pregnancy complication, which can have severe impact on
pregnancy outcomes and perinatal health of the offspring. Using a model of maternal iron

restriction during pregnancy, offspring develop ID anaemia by the end of gestation 16°3%,

which persists for several weeks after birth despite maternal iron replenishment '°%17°,
Work from our laboratory and others show that perinatal ID can impact long-term cardio-

metabolic function '3%170309

, including blood pressure regulation, and renal function.
Here, we investigated the impact of perinatal ID on vascular function in male and female
offspring. We tested the hypothesis that vascular function is altered by perinatal ID in 6-
month-old offspring, and these effects are exacerbated by consumption of a HS diet. The
main findings can be summarized as follows: adult male perinatal ID offspring exhibited
(1) attenuated NO-dependence in MCh induced vasodilation following consumption of a
HS diet; (i) enhanced response to bEt-1, but not Et-1; and (iii) increased vascular
superoxide levels following consumption of a HS diet, concomitant with decreased
vascular NO levels. Finally, in adult female offspring, (iv) perinatal ID was associated
with no changes in vascular function, albeit reductions in vascular NO levels due to HS
were seen. Together, these results suggest that male offspring are susceptible to the
vascular programming effects of perinatal ID, which is exacerbated by a HS diet, whereas
females appear more resistant to these alterations.

Our study included the integration of a HS diet during adulthood, which is a
highly prevalent dietary issue. It is estimated that 89% of adults in the US consume
excess dietary salt 2. HS intake is a known risk factor for the development of
hypertension, renal dysfunction, and impaired vascular function *®!, and may otherwise
exacerbate underlying cardiovascular dysfunction. In the context of developmental
stressors, cardiovascular programming effects may be subtle, and the imposition of a
secondary stress such as chronic consumption of HS in adulthood could accelerate
decline and precipitate cardiovascular events earlier in life **>. Experimentally,
imposition of a HS diet provides a useful approach to interrogate underlying mechanisms
of developmental programming. Indeed, evidence of altered endothelial function
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programmed by perinatal ID in male offspring did not become apparent until the
imposition of a HS diet. In the presence of a HS diet, control male offspring exhibit an
increased reliance on NO-mediated signalling in response to MCh, consistent with
reports that NO production in vivo enhances sodium excretion and prevents excessive
increases in blood pressure **°. Interestingly, whereas L-NAME caused marked shifts in
ECso to MCh in CTL male offspring fed HS, the effect of HS on NO bioavailability in
perinatal ID offspring vasculature was blunted substantially. We have previously shown

that perinatal ID offspring exhibit sensitivity to high salt intake '>%!70

, resulting in
increased BP after prolonged high salt intake 3*. In this regard, whether the reduced NO
bioavailability in mesenteric arteries reflects a systemic consequence of altered sodium

handling, and hence driven by increased blood pressure !7%3%

, is not clear. It may be that
systemic and renal resistance arteries are similarly affected by perinatal ID, and the
systemic vascular dysfunction reflects an independent risk factor for hypertension and
cardiovascular dysfunction. These possibilities require further investigation.

The lack of differences in vascular responses to the endothelial-independent
vasodilator SNP suggests that differences in MCh responses are due to differences in
endothelial function, and not alterations in vascular smooth muscle signalling. One
interpretation of these findings is that male perinatal ID offspring have intrinsically low
levels of vascular NO production, and when challenged by a cardiovascular stress such as
a HS diet, these vessels depend on alternative vasodilator mechanisms to regulate
vascular tone. Indeed, in littermates of the offspring studied herein, baseline
haemodynamics of perinatal ID offspring were elevated in NS and HS conditions, and
infusion of L-NAME caused proportionally lower blood pressure increases %,
suggesting a reduced reliance on NO signalling. Other groups have also shown that adult
offspring exposed to prenatal hypoxia exhibit reduced NO-dependence with endothelial-
dependent vasodilators, whereas NO-independent mechanisms (e.g. endothelial derived
hyperpolarization, EDH) remain intact and compensate for reduced NO-signalling

121,162,233,391397 Eyrthermore, HS intake has also been shown to enhance EDH mediated

223



vasodilation 39339

, consistent with the possibility of compensatory increases occurring in
perinatal ID males.

Under baseline conditions, bEt-1 responses were enhanced in male perinatal ID
offspring compared to controls. The findings that Et-1 was not altered by either perinatal
ID or HS suggests the enhanced responses to bEt-1 are due to enhanced conversion of
bEt-1 to active Et-1. We have previously shown that alterations in NO bioavailability can
impact other vasoregulatory mechanisms, such as bEt-1/ Et-1 signalling 23%49%4°1 Here,
vascular pre-treatment with L-NAME potentiated bEt-1 induced constriction in all
groups, providing further evidence NO regulation of bEt-1 conversion, since NO
synthase inhibition has no effect on Et-1-mediated vasoconstriction *?°. Similarly,
enhanced response to bEt-1, but not Et-1, was reported in mesenteric arteries in 14-month
old in male offspring born from prenatal hypoxia 2*°.

Consistent with the evidence of reduced NO bioavailability in male perinatal ID
offspring fed a HS diet, we observed significant increases in superoxide levels
concomitant with decreases in NO. The patterns of increased superoxide and reduced NO
levels in mesenteric vessels of male perinatal ID offspring are in agreement with the
patterns found in the kidneys of these same offspring **. Upregulation of reactive oxygen
species have been previously observed in the mesenteric arteries of prenatal hypoxia
exposed males at 7 months of age, wherein superoxide dismutase treatment enhanced
responses to MCh in hypoxic, but not control offspring 2**. These reports suggest that
excess ROS generation may be an important etiological factor in the vascular dysfunction
observed, and therapeutic strategies focused on reducing oxidative stress may be useful in
several models of perinatal stress.

In female offspring, no alterations in mesenteric artery responses to vasodilators
or vasoconstrictors were observed due to perinatal ID. Our findings from this same cohort
of offspring showed that adult females do not exhibit the same hypertension, renal injury,
or increased ROS generation due to perinatal ID and a HS diet as their male counterparts

despite nearly identical severities of anaemia and patterns of asymmetric growth

restriction at birth '9>3%, Whether these outcomes are causally linked (i.e. vascular
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dysfunction only occurs secondary to overt hypertension), or whether male and female
offspring exhibit inherent differences in susceptibility to vascular dysfunction
independent of blood pressure, is not presently clear. It is possible that a more prolonged
HS diet treatment would exacerbate the comparatively subtle vascular dysfunction in the
female offspring 2%*; indeed, HS diet caused early signs of vasodilatory impairment in
female offspring in both perinatal treatment groups, and this may become more
pronounced with advanced age. In rodent models of prenatal hypoxia, male offspring
over 4 months of age consistently develop overt vascular dysfunction, whereas female
offspring develop dysfunction at later ages (12-14 months of age), albeit with less
consistency 62224.233.239.391.397 ‘Thig variability in outcomes may reflect, at least in part,
the influence of sex hormones. For example, oestrogen signalling promotes vascular
health, and can induce vasorelaxation through both NO-dependent and independent
pathways %2, Ovariectomy of female offspring exposed to developmental stressors
exacerbates the vascular and cardiac dysfunction compared to their intact littermates °’.

When fed a HS diet, female perinatal ID offspring had reduced NO levels, which
is consistent with the previously reported attenuated rise in blood pressure when
administered L-NAME 3% Interestingly, these changes did not occur in tandem with
increased DHE staining, suggesting the reduced NO bioavailability is attributed to factors
other than scavenging by excess superoxide. The notable lack of excess superoxide levels
may reflect intrinsically greater antioxidant capacity in females ***, which may mitigate
the oxidative stress in adulthood. This greater antioxidant capacity in females may also be
an important mechanism mitigating the programming effects caused by ID during
development, which are mediated, at least in part by excess reactive oxygen species in
foetuses '6°. Consistent with this, maternal vitamin C treatment was shown to attenuate
reductions in NO dependent vasodilation in a model of prenatal hypoxia 3.

In conclusion, we have shown that male and female offspring exhibit different
outcomes in the programming of vascular dysfunction by perinatal ID, and the effects of
high salt intake in adulthood. The current study emphasizes the importance of resistance

artery endothelial function and health. Isolated mesenteric arteries were used herein due
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to their importance in dictating total peripheral resistance, however the impact of
perinatal ID on other vascular beds must be considered. If reduced NO bioavailability is
pervasive in the circulation, the implications for long-term cardiovascular health could be
profound. Loss of NO is considered to be an initial step in the progression of vascular
dysfunction, and as such, lower bioavailability of NO due to perinatal stressors could be
an important aetiological factor in accelerated age-related cardiovascular disease. While
the data presented herein cannot be directly extrapolated to humans, this work and other
preclinical studies provide a rationale for clinical studies investigating altered NO and
oxidant status as mechanisms underlying the vascular dysfunction in subjects born to
complicated pregnancies. Finally, the results from this study and others should serve as
an impetus for agencies and health care providers to consider and educate the public on
the importance of pre- and perinatal health, including maternal and foetal iron status, on

susceptibility to long-term chronic disease.
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Chapter 8

Summary and Conclusions

8.1 Perinatal ID and the Global Burden of Cardiovascular Disease

Despite the control of anemia being declared a global health priority by the WHO
231D anemia remains an epidemic. ID is the most common nutritional deficiency
worldwide, affecting between 1-3 billion people, and is the number one cause of anemia
in reproductive age women 2>?*, ID anemia is the leading cause of years lived with
disability among women in 35 countries, and is in the top five causes of disability among
all populations globally 2*. Additionally, ID anemia is more common in populations of
lower socioeconomic status or from marginalized groups, highlighting the importance

developing accessible treatment strategies for all 2

. The high incidence of ID anemia in
reproductive age women places both potential mothers and fetuses at risk of pregnancy
complications *2. Perinatal ID is associated with enhanced maternal and neonatal
mortality, in addition to increasing risk of pre-term birth and intrauterine growth

restriction **#7. When further considering the propensity for perinatal ID to cause long-

170,230,232 159,160,390 41,63,252, the

term cardiovascular , metabolic , and cognitive dysfunction
true risks associated with this preventable condition are far greater than previously
realized.

The work presented herein, in addition to previous literature !70213-216227.230 haq
shown that perinatal ID increases susceptibility for offspring to develop cardiovascular
disease and chronic kidney disease in later life through risk factors such as hypertension.
Cardiovascular disease is the leading cause of death worldwide, estimated to be
responsible for over 30% of all deaths annually®*. Chronic kidney disease was the 12
leading cause of death in 2017, with global mortality rates increasing over 40% since
1990 . Hypertension is one of the most important risk factors for both cardiovascular
disease and chronic kidney disease ***°. Although hypertension prevention has
precipitated a decline in prevalence in developed nations since the 1970s, low and middle

income countries are seeing dramatic increases °*. Importantly, perinatal ID also
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contributes to other independent risk factors for related conditions, such as
cardiometabolic syndrome, through increased propensity for fat deposition %!’ Due to
the long-term programming effects evident from perinatal ID, it likely contributes greatly
to the global burden of cardiovascular and chronic kidney disease, especially in lower and

middle income countries where ID is most prevalent %949,

8.2 Mechanisms of Cardiovascular Programming by Perinatal ID

Two studies (Chapters 2 & 3) were completed in fetal offspring to assess the
acute health impacts of prenatal ID. The results from Chapter 2 are critical to
substantiate long-held assumptions that prenatal ID results in fetal hypoxia secondary to
reductions in oxygen carrying capacity caused by anemia. Importantly, we showed that
patterns of hypoxia were organ-specific, such that “vital” organs (i.e. brain) remained
normoxic during gestation at the expense of others (i.e. liver and kidney; Figure 8.1).
Moreover, these patterns were observed even when the degree of iron restriction was
modest, resulting in minimal decreases in maternal iron status (i.e. no change in serum
ferritin or transferrin) and no gross alterations in relative fetal organ weights. In contrast
to previous studies completed in sheep, where fetal or maternal anemia was induced by
blood loss 32260273404 "this was the first study to assess how dietary ID impacts such
outcomes. This distinction is important, as a recent study in fetal hearts exposed to either
prenatal hypoxia or ID emphasizes the differential response to each stressor.
Transcriptomic analysis comparing changes in gene expression from ID and hypoxia
show fewer than 10% of the >500 genes whose expression is perturbed by each stressor
are shared between them 27, As such, it is foreseeable that fetal organs may adapt to each

stressor differently, potentially leading to differences in patterns of hypoxia in utero.
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Figure 8.1: Gestational and early postnatal effects of perinatal iron deficiency on renal
development. The effects of hypoxia, IUGR, and altered cellular senescence were observed in
male and female perinatal ID offspring. The remaining effects were sex-specific such that
perinatal ID exposed males exhibited the most prominent alterations compared to females, with
the exception of intrarenal RAS mediator expression. Bone morphogenetic protein, Bmp;
Fibroblast growth factor, Fgf; Intrauterine growth restriction, IUGR; Renin angiotensin system,
RAS; Vitamin A, VitA; Wingless-related integration site, Wnt. Image created under license with

Biorender.com.

The results reported in Chapter 3 (see Figure 8.1) provide insights as to why
nephron endowment is reduced by perinatal ID in male but not female offspring. First,
male fetal kidneys exhibit enhanced oxidative stress and mitochondrial dysfunction due
to perinatal ID, whereas female offspring do not. Additionally, the results highlight the
relative susceptibility of the developing kidney to developmental stressors. Despite both
the fetal kidney and liver becoming hypoxic secondary to perinatal ID during gestation,

the kidney exhibits a greater degree of dysfunction. These findings are critical for several
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reasons: (1) male kidneys exposed to perinatal ID are likely to exhibit poor renal growth
potential and functional capacity due to reductions in energy production, (2) enhanced
ROS generation due to perinatal ID in male kidneys predispose the organ to damage and
induction of cellular stress responses (i.e. elevations in apoptosis), and (3) sex differences
in utero may contribute to feed-forward dysfunction in male but not female offspring.
Our work has uncovered several mechanisms acting in a sex-specific fashion,
which may explain why male but not female offspring exposed to perinatal ID exhibit
long-term cardiovascular dysfunction. A summary of acute mechanisms studied herein
which contribute to sex differences in offspring exposed to perinatal ID are summarized
in Figure 8.1. Despite seemingly similar exposure to perinatal ID in each sex, as
indicated by similar fetal and neonatal Hb levels and fetal growth restriction, it is possible
that the exposure is mitigated in female offspring. A recent study reported that perinatal
ID has a larger effect on gene expression profiles in male versus female placentae %,
consistent with a previous meta-analysis showing poorer placental development and
function in males due a plethora of stressors 2*°, While our work demonstrates
substantial differences in how male and female offspring respond to the effects of
perinatal ID in the developing kidney, the potential contribution of differential exposure

) 240 should be considered.

to perinatal ID (i.e. due to placental or maternal factors
Differential cellular stress responses to perinatal ID within the fetal kidney may
precipitate further dysfunction through transitioning to the postnatal environment. The
relatively hyperoxic postnatal environment, combined with the increased reliance on
renal function ex utero, may further exacerbate dysfunction in male perinatal ID
offspring. For instance, mitochondrial ROS production increases with availability of O, a
phenomenon which may be further exacerbated by the presence of pre-existing oxidative
stress 184%_ Furthermore, mitochondrial dysfunction reduces ATP production,
potentially limiting growth and maturation of the kidney through a variety of cellular

proliferation cascades '7'2%

, as well as limiting functional capacity of the kidney acutely.
Indeed, efficiency of energy production within the kidney is of paramount importance, as

increases in renal blood flow are matched with commensurate increases in metabolic
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demand due to the filtration functions of the kidney 2. As such, it is unsurprising that the
developing kidney is highly susceptible to dysfunction following perinatal stressors
151,171,209

In Chapter 4, perturbations cellular health and their role in postnatal kidney
development were studied. These results highlight the importance of cellular patterning in
renal development, which can be represented in part by the balance of developmental
senescence and apoptosis which occurs (Figure 8.1). In contrast to models of gestational
cigarette smoke exposure and postnatal overfeeding ***’7_ to our knowledge we are the
first to report reductions rather than increases in renal senescence secondary to a
developmental stressor in the immediate postnatal period. Notwithstanding, disruptions in
cellular senescence may be an understudied mechanism through which renal development
is altered, leading to long-term functional perturbations. Additionally, Male but not
female offspring exposed to perinatal ID exhibit enhanced apoptosis on PD1, presumably
in response to enhanced oxidative stress and mitochondrial dysfunction.

In Chapter 5, some mechanisms through which perinatal ID may reduce nephron
endowment were explored. Importantly, we recapitulated the finding that perinatal ID
results in reductions in nephron endowment >'*2!>_ and this outcome was observed only in
male offspring (Figure 8.1). Previously, Lisle ef al reported that perinatal ID affect
nephron endowment in both male and female offspring 2!°, but there are several
explanations that may account for this discrepancy. First, in the latter study, glomerular
number was assessed at 18 months of age, and as such the reduced nephron count
observed in female offspring could reflect age-related nephron loss rather than congenital
effects 1°!. Second, Lisle e al. quantified glomeruli using a non-stereological technique,
which may introduce bias *”, whereas the study presented herein utilized a
comprehensive approach shown to be comparable to MRI based stereological methods
337 Our results showing sex-differences in nephron endowment are consistent with those
of many developmental models, including prenatal hypoxia and maternal macronutrient

restriction, in which glomerular number is reduced primarily in male offspring °7.
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The results from Chapter S are also the first to implicate dysregulated vitamin A
metabolism in altered renal development due to perinatal ID. Our findings are consistent
with previous studies have shown that perinatal ID perturbs vitamin A metabolism in
other fetal organs, such as the liver and heart 22>??7 Additionally, dysregulation of
vitamin A metabolism may represent a common pathway through which nephron
endowment is reduced by developmental stressors. For instance, alterations in RA/RAR
signaling have been observed in the kidneys of male mice exposed to prenatal hypoxia
208 Furthermore, supplementation of RA in pregnancy reverses reductions in nephron
endowment in offspring caused by a maternal low protein diet >>!. Moreover, we have
also shown that perinatal ID impacts various signaling pathways which are crucial for
proper patterning of the ureteric bud and metanephric mesenchyme, including the WNT,
FGF, and BMP pathways (Figure 8.1).

Finally, Chapters 6 & 7 describe the long-term cardiovascular outcomes
associated with perinatal ID (Figure 8.2). We recapitulated previous findings of

hypertension in perinatal ID exposed offspring 170-30:232

, albeit the dysfunction was
largely evident only in male offspring. Moreover, we identified systemic NO deficiency
contributes to hypertension observed in perinatal ID male offspring, which is further
reduced by a high-salt diet. Similarly, we showed that renal NO levels are also decreased
by perinatal ID in males, which may be due in part to mitochondrial dysfunction induced
ROS generation. Consistent with these findings, morphological indicators that the
kidneys of male perinatal ID offspring struggle to compensate when a high salt diet is
introduced were identified, including glomerular hypertrophy and injury. The additional
findings in Chapter 7 highlight that decreases in vascular NO levels may also play a role
in the systemic NO deficiency observed in male perinatal ID offspring. Deficiencies in
resistance artery NO bioavailability may contribute to the potentiation of the activation of
endothelin, as well as decreased endothelial mediated vasodilation observed in male

perinatal ID offspring.
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Figure 8.2: Outcomes associated with perinatal iron deficiency in rats at 6 months of age.
Notably, apart from right ventricular hypertrophy, all effects observed herein occurred in male but

not female offspring. Nitric oxide, NO. Image created under license with Biorender.com.
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8.3 Controversies and Remaining Questions

Perhaps not surprisingly, elucidating how developmental stressors affect kidney
development and long-term function is challenging. Mechanistically linking
developmental changes to long-term adverse health outcomes is notoriously difficult
because overt functional deficits often only develop in later life. Moreover, fetal
responses to stressors tend to be systemic in nature, and therefore implicate multiple
organ systems; that is, separating the programming effects on renal developmental per se,
from the influences of other programmed systems, like the heart, vasculature, and
endocrine function, is deceptively complex. Even within the kidney, the study of one
parameter is complicated by the need to consider the breadth of changes that accompany
it.

A case in point is the role of reduced nephron endowment in the long-term
programming of hypertension and chronic kidney disease. Since nephrons do not
proliferate beyond late gestation in humans, or within the first weeks of life in rats, fewer
nephrons at this stage effectively means a lower complement throughout life !7!. The
Brenner hypothesis posits that reductions in congenital nephron endowment are
associated with hypertension and increased risk of developing chronic kidney disease

later in life '3

. With time and increased functional demands (i.e. high-sodium diet), the
increased filtration load on each nephron leads to glomerulosclerosis and tubular
dysfunction, culminating in kidney disease '>*»?!2, The results presented herein are
consistent with this hypothesis, which can be used as a framework to exemplify how the
observed short and long-term outcomes are interconnected in perinatal ID offspring
(Figure 8.3). Although a reduction in nephron endowment alone would be sufficient to
satisfy the central tenet of the Brenner hypothesis per se, the additional perturbations in
renal development likely contributed further to the dysfunction observed in adult
perinatal ID offspring. The potential role of alterations in renal health and function

beyond nephron endowment, and how they impact long-term health, will be discussed

further below.
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Figure 8.3: The Brenner hypothesis as a framework to explore long-term renal outcomes in
perinatal ID offspring. Male perinatal ID offspring exhibit congenital reductions in nephron
endowment, which can be exacerbated by introduction of a lifestyle stressor (i.e. a high salt diet).
Male perinatal ID offspring exhibit greater than two-fold increases in water intake and further
increases in blood pressure following consumption of a high salt diet, contributing further to
glomerular hyperfiltration. Signs of glomerular hypertrophy and injury were observed, likely
accelerating age-related loss of nephrons and predisposing offspring to further kidney dysfunction
(i.e. as indicated by enhanced renal oxidative stress and mitochondrial dysfunction). Critically,
female perinatal ID offspring, which did not exhibit reductions in nephron endowment, exhibited
no alterations in blood pressure, nor glomerular hypertrophy or injury. Glomerular basement
membrane, GBM. Figure is adapted from Didion, 2017 4%, and created under license with

Biorender.com.
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Since being published in 1988, several criticisms of the Brenner hypothesis have
emerged. For instance, offspring with a reduced nephron endowment do not invariably
develop hypertension and renal disease. What’s more, the Brenner Hypothesis doesn’t
explain the marked variability in nephron endowment between seemingly healthy
individuals, which can vary by more than 10-fold '*°. Thus, nephron endowment must be
considered in the context of concomitant developmental changes, as well as traditional
genetic and environmental risk factors which predispose an individual to chronic disease.
As a corollary to DOHaD programming of renal function, patterns of hypertension in
kidney donors serve as an informative exemplar of the importance of genetic and
environmental risk factors.

Living kidney donors have been studied extensively to identify the role of
nephron endowment in the pathogenesis of hypertension, eliminating the confounding
factors involved in development. Interestingly, undergoing a unilateral nephrectomy for
the purposes of donation, effectively reducing nephron endowment by a larger degree
than seen in DOHaD models, is not in itself a considered a risk factor for the
development of hypertension **°. Notwithstanding, long-term follow-ups on kidney
donors reveal modest elevations in mean arterial pressure versus non-donor controls, with
hypertension occurring in approximately one third of donors *!°. However, the incidence
of hypertension among donors did not exceed that which would be otherwise expected in
a control population with similar characteristics, suggesting that reductions in nephron
number alone may be insufficient for the development of hypertension 40410,
Furthermore, the development of hypertension post-donation was strongly associated
with older age, obesity, a family history of hypertension, and hyperlipidemia at the time
of donation *!°. As such, comorbidities and other factors likely contribute substantially to
cardiovascular dysfunction attributed to reductions in nephron endowment. The apparent
importance of the timing for the reduction in nephron endowment may also suggest
plasticity plays an important role in enhancing risk. Indeed, although the plastic
developing kidney may have superior capacity to adapt to a congenital loss of nephrons

via compensation, these changes likely contribute to greater risk of injury later in life 4.
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Similarly, many preclinical DOHaD studies also suggest that factors beyond a
reduction in nephron endowment may contribute to the long-term effects articulated by
the Brenner hypothesis !7!*!!. Congenital reductions in nephron number may best be
described as a marker of poor renal development, rather than the degree of reduction in
functional capacity of an otherwise healthy kidney. In other words, the physiologic
reserve of a kidney exposed to a developmental stressor is likely diminished to a greater
extent than could be explained by a reduction in nephron number alone. For instance,
Walton et al. have shown that prenatal hypoxia exposure results in abnormal collecting
duct structure and function, in addition to reductions in nephron endowment, in male
offspring %8218, Moreover, a variety of developmental programming models have
reported alterations in sodium transporter expression, RAS signaling, and renal
sympathetic activity !”!. Similarly, the results herein show that perturbations decreased
renal mitochondrial function, enhanced ROS, and decreased NO contribute to renal
dysfunction. However, the complexity of biological systems makes it difficult to interpret
how these mechanisms are interconnected. Many of these changes could arguably be
viewed as compensatory, and therefore secondary to reductions in nephron number.
Alternatively, the chronic nature of these observed structural and functional changes may
suggest that they further contribute to renal pathogenesis. When taken together with data
from kidney donors however, the evidence would suggest that they increase susceptibility
for kidney dysfunction, regardless or whether they are truly independent of glomerular
number.

Under the Guytonian view of the long-term regulation of blood pressure, renal
function is of paramount importance. Consistent with this view, our results highlight
mechanisms through which decreases in kidney function occur beyond reductions in
nephron endowment and directly influence pressure natriuresis. Male perinatal ID
offspring exhibit a systemic NO deficiency, which was also observed within both the
kidney, and may be a chief mechanism through which perinatal ID impairs renal function
(Figure 8.3). Deficiencies in NO signaling within the kidney are implicated in a variety

of disorders which reduce renal function !°*. Importantly, NO acts within the kidney to
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decrease tubular Na reabsorption and tubuloglomerular feedback, in addition to
decreasing myogenic responses and enhancing GFR ', Furthermore, NO deficiency and
excessive ROS formation are known to attenuate the slope of the natriuretic response to
increased arterial pressure, consistent with our previous findings in male offspring '7°.
Thus, deficiency of NO in fetal and adult male perinatal ID offspring, possibly due to
increased ROS generation, is likely to limit functional capacity of the kidney.

Importantly, although male perinatal ID offspring did exhibit salt-sensitivity in
the current study, the response was less exaggerated than expected based on previous
studies '7°. Indeed, in non-anesthetized male rats exposed to perinatal ID, changes in
dietary salt intake coincided with large blood pressure responses when compared to
controls, as measured by radiotelemetry !’°. However, in the current studies, blood
pressure appears to increase similarly in male control and perinatal ID offspring when fed
a high salt diet. One possible mechanism which may account for this difference is the use
of anesthesia during hemodynamics assessments in the present study, which is known to
reduce sympathetic outflow to both the mesentery and the kidney, thereby decreasing
vascular resistance *'2. Therefore, the discrepancy in our current findings may provide
indirect evidence of a role of sympathetic nervous activity in the pathogenesis of
perinatal ID-induced hypertension. Indeed, increased sympathetic activity is observed in
small for gestational age individuals that develop hypertension, as well as in preclinical
models of developmental stressors 2413414 These data provide an impetus to further
investigate the role of enhanced sympathetic responses in the pathogenesis of perinatal ID
induced cardiovascular dysfunction.

Finally, considerable attention has been paid to extra-renal factors which are
implicated in the control of long-term blood pressure in recent years. Similar to the
criticisms of the reductionist views of the Brenner hypothesis, many recent publications
have begun to question underlying assumptions of the Guytonian view of long-term
blood pressure regulation %1919 For instance, sympathetic nervous activity is known
to contribute to hypertension as described above. Interestingly, renal denervation results

in sustained reductions arterial pressure in patients with refractory hypertension one year
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415: highly suggestive that external inputs which may modulate pressure natriuresis can be
the root cause of the abnormal pressure natriuresis described by Guyton, rather than the
kidney itself 2. The extent to which sympathetic nervous activity may contribute to
long-term arterial pressure warrants further consideration.

Furthermore, considerable evidence exists that changes in TPR induced by the
vasculature are sufficient to alter long-term blood pressure. For instance, transgenic
models which raise TPR via manipulation of mineralocorticoid exposure, which do not
alter sodium excretion, induce sustained elevations in blood pressure '%2. Additionally,
genetic manipulation of cGMP-dependent protein kinase I, activated by NO via cGMP,
also results in sustained hypertension '8, Moreover, many preclinical and clinical studies
have shown that alterations in vascular function, which have the potential to raise TPR,
often precede the development of hypertension 13%!72344Ag such, a potential role for
altered TPR may be more important in the pathogenesis of blood pressure dysregulation
than originally considered within the Guytonian framework.

Despite their limitations, the models produced by Guyton and Brenner have
tremendous value in linking observed pathologies with physiologic mechanisms.
Importantly, emerging evidence within the field of DOHaD challenges these paradigms
through the variety of mechanisms discussed above. The numerous identified, and yet to
be identified, mechanisms through which renal development is impacted by perinatal
stressors such as ID likely act synergistically to induce dysfunction in later life. As such,
the importance of identifying novel mechanisms through which developmental stressors
impact the integrated systems of blood pressure control and renal function in offspring
cannot be understated. Broadening our understanding of how developmental stressors
result in increased blood pressure set point, is our best chance to develop therapeutics

which effectively treat future patients.
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8.4 Concluding Remarks

Perinatal ID, like many other developmental stressors, has a profound impact on
long-term cardiovascular function in offspring. By virtue of the prevalence of ID in
reproductive age women, it undoubtedly contributes to the global burden of chronic
disease through its effects as a developmental stressor. However, unlike other
developmental stressors, such as prenatal hypoxia, uteroplacental insufficiency, pre-
eclampsia, and others, perinatal ID is arguably entirely preventable. Importantly, this is
recognized by organizations such as the WHO, which committed in 2012 to reduce the
burden of anemia in reproductive age women by 50% by 2025 2*. However, such a
reduction will be insufficient to reduce the burden of perinatal ID induced chronic
disease, for a variety of reasons.

Iron supplementation during pregnancy does not appear to be sufficient to reduce
perinatal morbidity and mortality associated with ID, which are likely the best indicators
of chronic disease risk. This may seem counterintuitive, as many studies highlight the
efficacy of iron supplementation in pregnancy for a variety of formulations *'6. However,
the definition of efficacy most widely used, namely the improvement in maternal
hematologic or iron status indices *'°, but do not consider that such interventions do not
improve fetal/neonatal hematological indices or biomarkers of iron status ***°. Indeed,
our group has also shown that maternal and neonatal hematologic and iron status indices
correlate poorly !°, and therefore a greater emphasis on neonatal and birth outcomes in
supplementation studies is needed. Moreover, the use of maternal indices to identify
fetuses at risk of perinatal ID during gestation also remains a challenge, with an urgent
need for identification of biomarkers which better reflect fetal iron status to allow for
timely interventions >3,

Currently, evidence suggests that optimization of iron status prior to pregnancy is
the most effective method to reduce the deleterious impacts of perinatal ID on offspring
3241 Further study of the mechanisms by which perinatal ID predisposes offspring for
poor health outcomes, in conjunction with clinical studies corroborating the long-term

findings within the pre-clinical literature, will help emphasize the importance of ID
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prevention. Further investment into organizations such as the WHO to supply screening
and treatment options for those with ID in nations where it is most common, such as
south Asia and central and western Africa, appear to be most critical 2!,

Finally, preclinical DOHaD studies show significant promise for the targeting of
dysfunction secondary to developmental stressors !”!. However, the stringent regulatory
oversights surrounding therapeutics intended for use in pregnancy likely mean that any
therapeutic interventions currently under development are decades away from widespread
use. As such, a multifaceted approach must be undertaken to minimize the chronic
disease associated with perinatal ID. Continued focus on the prevention of perinatal ID,

in conjunction with the development of efficacious therapeutic interventions targeting

dysfunction in offspring, may be the best path forward to optimizing offspring health.
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