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CHAPTER 1

THESIS INTRODUCTION



Introduction

The in utero developmental environment is known to play an important role in shaping future
health and susceptibility to chronic diseases. Exposure to environmental factors during
pregnancy, including but not limited to uteroplacental insufficiency (UPI), suboptimal diets,
drugs, caffeine, or pathogen-induced immune activation results in the intrauterine growth
restriction (IUGR) of the developing fetus, otherwise known as “small for gestational age”
(SGA). Most IUGR babies are born with low birth weight and signs of aberrant cardiorenal or
metabolic function, predisposing them to late-onset health problems. Due to the difficulties in
obtaining the appropriate tissues for sampling, as well as carrying out both longitudinal and
generational studies in humans, rodent studies are more advantageous for investigating the
effects of [IUGR on offspring phenotypes, as well as the mechanisms behind the increased

disease risk.

This Thesis is comprised of 5 chapters. Chapter 1 is the Introduction, which provides the
general rationale for this PhD project and the layout of the Thesis. Chapter 2 is a published
review (2022) on health outcomes of the growth restricted offspring in both human and
rodent studies. The associations between IUGR and each specific chronic disease risk,
including hypertension, kidney disease, and diabetes were discussed in detail. Using tissues
extracted from offspring across different generations, epigenetic mechanisms such as DNA
methylation, histone modifications and long non-coding RNAs were investigated and
suggested to play a role in the sex-specific and multigenerational transmission of [UGR
phenotypes in these studies. One of the [UGR models mentioned in this chapter was a UPI-
induced IUGR model in rats, established by Professor Mary Wlodek (The University of

Melbourne). This model has been shown to reflect metabolic characteristics in humans. We



previously reported* changes to expression of a DNA methyltransferase and two imprinted
genes (Cdknlc and Kcngl) known to be important in both human and rodent kidney
development in kidneys of offspring from this model. The mentioned review and this article
provide the rationale for the remainder of the thesis, highlighting that the mechanisms
involved in the sex-specific differences and transgenerational transmission of [UGR

phenotypes requires further studies.

*Doan TNA, et al. Epigenetic mechanisms involved in intrauterine growth restriction and aberrant kidney development and function.

Journal of Developmental Origins of Health and Disease. 2021;12(6):952-962. doi:10.1017/52040174420001257.

In Chapter 3 (research article, recently published, 2024), we examined the epigenetic
alterations that may explain the changes to imprinted gene expression we had previously
reported in this IUGR rat model. DNA methylation of an imprinting control region
(KvDMR1) known to regulate expression of Cdknlc and Kcngl was studied using region-
specific DNA methylation analysis. Additionally, expression of the antisense long non-coding
Kcnglotl was investigated as well as additional neighbouring imprinted and non-imprinted

genes in this cluster.

Besides investigating the molecular mechanisms that may be involved in the IUGR induced
phenotypes, another focus of this Thesis was whether there was transmission of [UGR
phenotypes across generations down the paternal line of the UPI model, similar to the

published maternal line. In Chapters 4 and 5 (research manuscripts, unsubmitted), data of

growth profiles, cardiovascular function, metabolic function (Chapter 4) and renal function
(Chapter 5) of growth restricted offspring in the first (F1), second (F2), and third (F3)
generations from the paternal line were analysed. Results from Chapters 4 and 5 suggest that

there are changes to the metabolic and renal function of offspring in the paternal line, even in



the F2 and F3 generations which are not directly affected by the in utero insult. These
offspring are potentially at a higher risk of developing chronic diseases later in life, especially
if exposed to another environmental stress postnatally. For instance, the extensive vasculature
and haemodynamic changes occurring during a normal pregnancy (discussed in Appendix A
(review, published 2020)) might act as a “‘second hit” in the growth restricted females,
magnifying the early symptoms into clinical conditions. The final chapter, Chapter 6,
presents a general discussion of findings from this research, the significance of these

findings, and future directions.
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Abstract

A poorly functioning placenta results in impaired exchanges of oxygen, nutrition, wastes and
hormones between the mother and her fetus. This can lead to restriction of fetal growth.
These growth restricted babies are at increased risk of developing chronic diseases, such as
type-2 diabetes, hypertension, and kidney disease, later in life. Animal studies have shown
that growth restricted phenotypes are sex-dependent and can be transmitted to subsequent
generations through both the paternal and maternal lineages. Altered epigenetic mechanisms,
specifically changes in DNA methylation, histone modifications, and non-coding RNAs that
regulate expression of genes that are important for fetal development have been shown to be
associated with the transmission pattern of growth restricted phenotypes. This review will
discuss the subsequent health outcomes in the offspring after growth restriction and the
transmission patterns of these diseases. Evidence of altered epigenetic mechanisms in

association with fetal growth restriction will also be reviewed.

Introduction

Intrauterine growth restriction (IUGR) refers to poor growth during pregnancy, which results
in babies being born small for gestational age (SGA), and with low birth weight (LBW) (1).
One of the common causes of IUGR is uteroplacental insufficiency (UPI), in which the
placenta functions poorly, causing an insufficient supply of oxygen and nutrients to the

developing fetus (2).

There is a high prevalence of [UGR worldwide, especially in developing countries
(approximately 27% of all live births (3)), which is a significant concern, as epidemiological

studies have shown that being growth restricted is associated with an increased risk of
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developing chronic diseases later in life (1, 4-9). In addition, various animal models have
shown that [UGR offspring develop kidney dysfunction and cardiometabolic disease later in
life (2, 10-15). Interestingly, these IUGR phenotypes are sex-specific and their transmission

is multigenerational through both the maternal and paternal lines (11-14, 16-18).

The underlying mechanisms of how IUGR predispose offspring to chronic disease later in life
remains to be determined. However, epigenetic mechanisms may be involved as they have
been shown in several animal studies to be potential mechanisms for the multigenerational

transmission of disease (17).

Intrauterine growth restriction and chronic disease risk

Hypertension and kidney disease

Epidemiological studies in humans have reported that growth restricted infants have an
increased risk of developing chronic diseases later in life (Figure 1, (5-8, 19-24)). For
instance, IUGR children at 6 years of age have been shown to have a 1.8 times higher risk of
developing hypertension compared to non-IUGR children (6). Additionally, individuals born
SGA had increased systolic and diastolic blood pressure by 4.5 and 3.4 mmHg, respectively,
at the age of 50 (5). When these results were adjusted for confounding factors such as sex,
age, and body-mass index, [IUGR was still significantly associated with hypertension (5, 6).
In other studies, when sex is taken into consideration, the development of hypertension in
association with LBW can produce conflicting results. For example, there was one study that
found an association in [IUGR males only (24), while a different one found an association
only with IUGR females (23). However, differences in the size of the study (15600 vs 976

children), method of measuring blood pressure (one-time systolic and diastolic blood pressure

10



measurement vs 24h systolic blood pressure measurement), and the age of examined children
(3-6 years old (24) vs 6-16 years old (23)) may be factors that contributed to the observed
sex-specific differences. In line with this finding, an inverse relationship was found between
birthweight and blood pressure of IUGR infants in a study that examined 1310 junior high
school students (20). However, this relationship was then lost as the children reached
adolescence (12-14 years of age), even when adjusted for confounding factors. This suggests
that there might be a possible adaptation mechanism in the adolescents to overcome ITUGR-

related hypertension.

Intrautaring insults lqsults : Fetal blood DNA methylation: | /GF2 DMR
Uteroplacental insufficiency

Maternal undernutrition Umbilical cord | "iR-376-5p 1 HNF44 DNA methylation

Environmental exposures Q/@ | mitochondrial DNA methylation

IncRNA expression changes: | MEG, t H19, NEATI, Inc-PPM1D-
1, Inc-TCL1B-1, Inc-MRPS5-1, IncTRPM7-1, MED4-AS1, EGFR-
AS1, FLJ31356, Inc-VAPA-1 and STONI-GTF2AIL

Altered miRNAs: miR-499a-5p, miR-26a-5p, miR-103a-3p, miR-145-
Placenta Sp, miR-193b-5p, miR-210-5p, hsa-miR-210-3p, hsa-miR-193b-3p,
hsa-miR-5p, hsa-miR-365a-3p, hsa-miR-365b-3p, hsa-miR-520a-3p

Offspring phenotypes
Small for gestational age
1 insulin resistance

1 risk of type-2 diabetes

| nephron number DNA methylation: | /19 ICR, altered RLT1, AIMI and N4BP2L1
1 risk of kidney disease DNA methylation, 1 MCT7S2 DMR methylation, | SNU/3 DMR
1 risk of hypertension methylation

Figure 1. Small for gestational age (SGA) babies who were exposed to intrauterine insults
have altered epigenetic mechanisms and aberrant physiological changes, predisposing them
to an increased risk of developing various chronic diseases later in life (5-8, 19-24, 63-76, 91,

94).

Unlike the examination of hypertension by measuring blood pressure, the precise
determination of kidney disease mostly requires more invasive measurement methods, such
as counting of glomerular number after organ collection and sample sectioning (7, 8).

Therefore, few studies are carried out in humans, especially in growth restricted infants, to
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evaluate the association between IUGR and kidney disease. However, papers published by
Wang et al. in 2014 (9) and 2016 (25), respectively, were two of the rare studies that
investigated the effect of human aberrant fetal growth environment on kidneys of fetuses. In
both studies, fetuses and their kidney samples were collected from mothers who terminate
their pregnancy due to preeclampsia (9), placental abruption, deformities of fetuses, and other
intrauterine insults (25). Both papers reported negative effects that IUGR had on the fetuses,
including significantly low birth weight (< 2 kg), approximately 0.4 times less nephron
number, increased expression of pre-apoptosis proteins within kidney tissues (9), and reduced
renal renin-angiotensinogen RNA levels by half the non-growth restricted fetuses (25). This

is significant, as the renin-angiotensinogen system is known to play a crucial role in
maintaining the sodium homeostasis within the kidney, as well as regulating blood pressure,
especially during pregnancy (25). These papers are consistent with studies that have shown a
decline in glomerular number (more than 20%) in low birth weight individuals who died from
cardiovascular disease as adults, in comparison to normotensive people (7, 8). Together, these
studies suggest an important contribution of the kidney to hypertension development in [IUGR

individuals.

Using different animal models, the association between IUGR and the development of
chronic diseases can also be evaluated (Figure 2, (2, 10-15, 18, 26-41)). In the early 2000s,
the association between IUGR induced by UPI and blood pressure level was studied using a
model in which placental insufficiency was established by placing silver clips around the
abdominal aorta and on the branches of uterine arteries of pregnant rats at day 14 of
gestation, which severely reduced blood flow between mother and the fetus (27). UPI-
induced rats produced LBW offspring, 12% lighter in weight compared to control, with an
increased risk of developing hypertension in both IUGR males and females, as their mean

12



arterial pressure at 8 weeks of age was 12 mmHg higher than the control (27). However, at 12
weeks of age, only the increased mean arterial pressure in F1 male offspring was still
significant, suggesting a sex-specific hypertension maintenance mechanism. There was no
statistically significant association between the observed increased arterial pressure and renal
function of the offspring found in this study. Glomerular filtration rate, effective renal plasma
flow and 24-hour sodium excretion were not different in [UGR rats compared to the control,
even when they were adjusted for kidney weight (27). Meanwhile, the bilateral uterine vessel
ligation model produced restricted F1 male offspring that had higher blood pressure and an
enlargement of the heart’s left ventricle at 22 weeks of age, compared to the control, as a
consequence of persisting high blood pressure (10). Lower body weight and glomerular
number (clusters of capillaries in the kidney, reduced by 27% of the control) were also
reported at 6 months of age (10). These results were reproducible in other studies, with lower
kidney weight (measured at postnatal day 1 and 7) and nephron deficit (at 18 months of age)
occurring in both sexes and hypertension (at 18 months of age) being present only in male
rats (2, 11, 37). Glomerular hypertrophy, an outcome to compensate for the [IUGR-related
glomerulus reduction, was found to be higher in the F1 growth restricted male rats compared
to females at day 120 after birth, suggesting a sex-specific response of the growth restricted
offspring towards kidney injury (15). Similarly, 18-month-old growth restricted female rats
had preserved mesenteric and renal arterial smooth muscle and endothelial function, which
may in part explain why they did not develop hypertension (32). However, the mechanisms
behind this remains to be identified. Interestingly, the transmission of hypertension and
kidney diseases is multigenerational, as reduced nephron number, left ventricular hypertrophy

and hypertension were reported in the non-restricted F2 generation (13, 14).
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Offspring phenotypes

- F1 F2 F3
Intrautering insults
Uteraplacental insufficiency | birth weight | B-cell mass, | first-phase insulin response, T insulin | body weight; sex-specific

Maternal undermutrition | insulin secretion, T insulin resistance, T glucose intolerance, sex-specific resistanc specific altered glucose metabolism; sex-specific
High-fat diet | kidney weight, | glomerular numbe  renal cell apoptosis, 1 liver weig d hepatic de nove lipogenesis
Low-protein diet 1 mean arterial p .

ssure, Thlood pressure; sex-specific | nephron, 1

Restraint stress

IncRNA: aliered TCONS_0014139, TCONS_00014138, IncRNA: | HI9

Kidney TCONS 00017119 ’ Liver 1 HI9 DNA methylation, 9
| Dnmt3a expression, | pS3 DNA methylation | Lyra DNA methylation .
IncRNA: | Tugl: 1 Gehi DNA methylation L] Sperm | Lvra DNA methylation

Pancreas
L Pdxl promoter histone H3 and H4 acetylation
Epigenetic changes: miRNA: altered miR-709, miR-122, miR-192, miR-194,miR-26a,
Liver let-Ta, ler-7h, let-7c, miR-494, miR-483, miRNA19a-3p
! | genomic DNA methylation
1 H3 acetylation, | H3K4 dimethylation in /gf!

N L Dnmtl expression, | genomic DNA methylation,
Brain - .
H3 acetylation

Lung  MIRNA: altcred miR-29, miR-128-3p, miR-34c-Sp, miR-19-3p
R miR-449a-5p, miR-30e-5p

Created with BioRender.com

Figure 2. Intrauterine growth restriction (IUGR) phenotypes are sex-specific and can be
transmitted to subsequent generations, including the restricted F1 and non-restricted F2 and
F3 offspring (intergenerational). Similar to human studies, altered epigenetic mechanisms
such as non-coding RNA modifications, DNA methylation, and histone modifications were
also found in these offspring. Results obtained from differerent rat and mouse IUGR models

(2, 10-15, 18, 26-41, 47, 48, 78, 80-87, 89, 93).

Apart from rats, studies of UPI-induced IUGR in other animal models (e.g. rabbit (42) and
guinea pig (43)) also support the association between [UGR and reduced glomerular number
and/or hypertension in the growth restricted offspring. IUGR induced by other intrauterine
causes was also shown to be associated with hypertension or aberrant renal function and
development (34, 36, 40). For example, FO pregnant rats were fed a 50% deficit food intake
diet throughout pregnancy to produce growth restricted F1 offspring (40). F1 males were
mated with control healthy females to produce the F2 generation (paternal line). In a
normoxia environment (where the oxygen concentration is normal), mean pulmonary arterial
pressure, right ventricular hypertrophy index, and media wall area thickness were not
significantly different between IUGR and the control males, in both generations. However,

F1 and F2 male rats that were placed in an oxygen-deficient chamber for 2 weeks showed an

14



increase in all three mentioned parameters, indicating an increased risk of developing
pulmonary arterial hypertension later in life (40). In line with this finding, the expression of
endothelin-1 (ET-1), a vasoconstrictor that is important for cell proliferation, cell migration,
and blood vessel development, was significantly increased in pulmonary vascular endothelial
cells (PVECs) extracted from F1 and F2 IUGR males. This led to aberrant PVEC
proliferation, migration, and angiogenesis, all of which are signs of pulmonary vascular
endothelial dysfunction (40). On the other hand, in 6-month-old LBW restricted rats whose
mothers received only 50% the calories during pregnancy, there was a significant reduction in
kidney weight (maximal value only reached 91% of the control) and glomerular number (by
27% the control) (36). Meanwhile, a low-protein diet (reduced by 11% of the control) in
pregnant rats resulted in a significant decrease in glomerular number (by 22.6% the control,;

at 3 months of age) and increased renal cell apoptosis of LBW F1 offspring (34).

Diabetes

Besides hypertension and kidney dysfunction, diabetes is another disease that has been shown
to be associated with [UGR. Women whose birth weights were less than 2.5 kg (typically the
clinical definition for LBW (44)) have a 1.83 times higher risk of developing type 2 diabetes
as they age compared to women with birthweights above this threshold (19, 21). Decreased
insulin-stimulated glucose uptake, or insulin resistance, one of the common hallmarks of type
2 diabetes, was also reported in IUGR young adults whose birth weights were below the 10"

percentile for their gestational age (22).

Different animal models can be used to study the association between IUGR and the

development of type-2 diabetes, such as UPI model that has metabolic characteristics
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comparable to that of humans (18, 26, 29), IUGR rats induced by maternal calorie restriction
(41, 45), or IUGR fetal sheep induced by exposing pregnant ewes to an environment with
highly increased humidity and temperature (46). When both uterine arteries of pregnant rats
are ligated at day 19 of gestation to imitate UPI occurring in pregnancy, F1 growth restricted
rat offspring had significantly lower birth weight (5.96 g) compared to the sham control
offspring (7.00 g) (26). Rat offspring in both restricted and control group then reached
relatively similar body weights at approximately 7 weeks of age. However, as the IUGR F1
rats aged, they had significantly reduced insulin secretion of B-cells (by half the control at 1
week of age and completely absent at 26 weeks of age), insulin-resistance and glucose-
intolerance hence hyperglycemia (26). Similar findings were also reported in other studies
that applied the same UPI-inducing method of uterine arteries ligation (18, 29). Three months
old growth restricted F1 rats developed hepatic insulin resistance, which was represented by
its impaired insulin function in controlling the hepatic glucose production (HGP) important
for maintaining blood glucose equilibrium (1.6 times higher HGP in IUGR rats compared to
the control) (29). A decrease by 50% of pancreatic insulin content was also reported in the
LBW growth restricted rats compared to control at the same time point of age (18).
Moreover, there was a sex-specific reduction of B-cells mass in these restricted offspring
compared to the control, with 40% and 50% reduction in [IUGR males and females,

respectively (18).

Similar to the observations for hypertension and kidney disease risks in [UGR animal studies,
both of the F1 and F2 generations are at a higher risk of developing diabetes, suggesting that
there is a multigenerational transmission of [UGR phenotypes (12). When growth restricted
F1 female rats were mated with healthy males, 6-month-old F2 offspring also had altered
pancreatic -cell mass (reduced by 29% in males and increased by two-fold the control in

females) and first-phase insulin response (reduced by 35% in males and 38% in females)
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(12). The sex-specific differences in pancreatic B-cell mass between 3 months old F1 rats (18)
and 6 months old F2 rats might be due to the difference in time point in which they were
examined. For instance, at 6 months of age, female rats may have developed compensatory
mechanisms for the disease. Additionally, as these defects were resolved when the rats aged
(determined at 12 months of age (12)), male rats may have also developed similar
mechanisms at a later age. However, this remains to be shown. In a different [UGR model
where FO pregnant rats were injected with the corticosteroid dexamethasone, from day 15 to
21 of gestation, F2 offspring had reduced birth weight and F2 5-week-old males developed
glucose tolerance, represented by a significant increase in the activity of hepatic
phosphoenolpyruvate carboxykinase (PEPCK), an enzyme that is involved in glucose
metabolism (47). Additionally, these F2 growth restricted males were reported to have higher
plasma glucose level at 4 months of age, and higher basal insulin level at 6 months of age,
compared to the control (47). Similarly, when FO pregnant rats received a restricted diet (food
intake reduced by 50% the control) from day 11 to 21 of pregnancy, the effect of IUGR on
insulin resistance was also seen in a multigenerational pattern (41). Specifically, F1 restricted
females were also given a restricted diet from day 1 to day 21 postnatal. At 2 months of age,
F1 females were mate with control males, and F2 1-day-old embryos were transferred to
control recipient females. F2 female offspring from the [UGR group had significantly higher
liver weight, baseline fasting plasma glucose, and insulin concentrations, despite a similar
weight from birth to 15 months postnatal, compared to the control (41). The F2 IUGR group
also developed insulin resistance at 15 months of age, represented by reduced plasma
glucose/insulin ratio during glucose tolerant test, and lower concentration of plasma
membrane-associated GLUT4, a protein that plays an important role in insulin-dependent
glucose transport into skeletal muscles. Reduced function of PKCE, an enzyme involved in

insulin-signalling pathway, was also found in skeletal muscle of 15 months old F2 females in
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the IUGR group (41). Likewise, in a model of in utero low-protein consumption in rats, there
was an adverse effect of [IUGR on the glucose metabolism of F3 offspring at approximately 2
months of age (30). To be specific, there was a significantly higher fasting plasma glucose
level in F3 females compared to sham. Meanwhile, there was a significant increase in insulin
level of F3 males compared to sham at both fasting stage and 30 minutes after the glucose
injection (30), suggesting that [UGR phenotypes are sex-specific and their transmission can
be intergenerational. In line with this finding, reduced body weight at days 1 and 7 after birth
by 0.5g, compared to the control offspring, was also reported in the F3 rats whose
grandmothers were exposed to restraint stress during pregnancy (39). Additionally, these
animals were reported to have sensorimotor dysfunction at postnatal day 7, as their response
time during the inclined plane test was significantly slower compared to the control (39). On
the other hand, altered glucose tolerance and insulin secretion could be improved (determined
in F1 male rats at 6 months of age) by cross-fostering the UPI-induced growth restricted
offspring to a sham control mother for lactation, a period important for offspring
development (31). This proposed that there could be reversal strategies for [UGR-related
diseases and/or solution to modify their effects on the growth restricted offspring. However,
intervention studies are beyond the scope of this review. Additionally, it should be noted that
when IUGR was caused by a severe maternal protein-restriction diet (e.g. 5 g of protein/100 g
of diet) during pregnancy, postnatal catch-up could be impaired (48). Male and female rats at
6 months of age had significantly increased fasting serum glucose level (20% and 25% the
control values in F1 and F2 generation, respectively), despite being fed a control diet during
lactation (48). F1 and F2 male offspring also developed insulin resistance at 6 months of age

(48).
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In summary, the above observations of [IUGR infants having an increased risk of developing
various diseases later in life are in line with the Developmental Origins of Health and Disease
hypothesis, proposing that adverse events that occur during the maturation of gametes, at
conception and early embryonic development can program long-term risks of chronic
diseases in the LBW offspring (49). As the world-wide prevalence of type 2 diabetes, chronic
kidney disease and hypertension is significantly high (6.28 % for diabetes, 9.1% for kidney
disease, and approximately 30% for hypertension (in adults) (50-52)), there is an urgency for
researchers to investigate [IUGR and its mechanisms in programming chronic diseases in
humans. Nevertheless, due to the complexity and ethical rules in human research, most in-
depth experiments that study IUGR are carried out in rodents. Additionally, animal models
provide a mechanism for investigating the impact of IUGR across multiple generations and to

determine the possible molecular mechanisms involved.

Intrauterine growth restriction and the associated altered epigenetic mechanisms

Epigenetic mechanisms

Epigenetics can be described as heritable modifications to the chromatin that regulate gene
expression without altering the DNA nucleotide sequence (53). An example of a modification
that creates such changes is DNA methylation. DNA methylation involves the DNA
methyltransferase-catalysed addition of a methyl group to a DNA cytosine base (54). In
mammals, DNA methylation happens primarily at CpG sites, that is, a cytosine adjacent to a
guanine base in the 5°-3” direction. DNA methylation at gene regulatory regions such as
promoters is associated with gene silencing (55). Additionally, DNA methylation has an

important role in other processes such as X-chromosome inactivation and imprinting (56).
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Another epigenetic modification is histone modifications. These include histone acetylation,
which is the addition of an acetyl group to the lysine residue of the nucleosomal core
histones’ N-terminal tail (54). Histone deacetylation, specifically at histones H3 and H4 is
associated with gene repression (57). In addition to this, regulatory non-coding RNAs are
known to be involved in transcriptional, post-transcriptional, and translational regulation
hence are also involved in gene silencing (58, 59). Two large subsets of non-coding RNAs are
long non-coding RNAs which are > 200 nucleotide-long, and short non-coding RNAs like
microRNAs (miRNAs), short interfering RNAs (siRNAs), and piwi-interacting RNAs
(piRNAs) which are all less than 200 nucleotide-long (60). Altered expression of both
miRNAs and IncRNAs have been shown to be associated with altered histone modifications

and DNA methylation status of genes (61, 62).

Studies of blood samples

TUGR has been shown to be associated with altered epigenetic mechanisms (Figure 1, (63-

76)).

Blood samples from the Dutch Hunger Winter famine were used to investigate DNA
methylation from individuals exposed to reduced calorie intake in very early (60 people) or
late (62 people) gestation (77). Although there was no significant difference in birth weight
among the individuals (64), there was a decrease by 5.2 % in DNA methylation of the /IGF2
imprinted gene differentially methylated region (DMR) in people exposed to famine in early
gestation, compared to the same-sex siblings who were not exposed to famine during
pregnancy. Whilst, people exposed to famine in late gestation had no altered DNA
methylation (77). This observation suggests the importance of the timing of exposure to

intrauterine insults, specifically during the early developmental stage, in which epigenetic
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mechanisms within the fetus is programmed and may be permanently maintained into
adulthood. In a different study, blood samples from 24 IUGR infants were investigates using
[1lumina Human Methylation 450 k array to analyse differences in genome-wide DNA
methylation and gene expression, compared to data from 12 control healthy infants (78).
Within the IUGR group, 5460 differentially methylated CpG loci from 2254 genes were
identified. Using Kyoto Encyclopedia of Genes and Genomes database, more than 50
pathways affected by changes in the methylation status of these gene were determined, such
as metabolic pathways, antigen processing and presentation, apoptosis, insulin signalling
pathway, and neurological disorder pathways (78). In addition to this, increased DNA
methylation, by 6.1% the control, of the type 2 diabetes-related HNF44 gene promoter was
found in CD34+ stem cells from umbilical cord blood samples of IUGR newborns (65). More
than 800 genome differentially methylated positions (DMPs) was found in leucocytes from
umbilical cord blood samples of [IUGR neonates, compared to the control (79). These DMPs
were located within genes that are critical for key cellular processes that impact the fetal
growth and development, such as organogenesis, metabolism, and immunity. D-loop
hypomethylation of mitochondrial DNA found in fetal cord blood samples was also reported
in IUGR neonates who were exposed to placental insufficiency (70). The hypomethylation
was in association with higher mitochondrial biogenesis (i.e., increased mitochondrial DNA
levels), which is a possible mechanism to compensate for reduced oxygen by UPI. Results in
these studies were all adjusted for other complications that may have occurred during
pregnancy such as gestational hypertension, gestational diabetes and preeclampsia (65, 70,

79).

Besides DNA methylation, altered expression of miRNAs have been recently reported in
human umbilical cord tissues collected from IUGR pregnancies (73). To be specific, the study
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included samples from I[UGR children with or without growth catch-up at 1 and 6 years of
age, and control children who were born appropriate for gestational age (73). At 1 year of
age, the expression of a miRNA miR-576-5p, which is known to be involved in kidney and
liver diseases, was significantly enhanced in IUGR with catch-up children compared to both
ITUGR without catch-up and control children (73). Moreover, within the IUGR with catch-up
group, miR-576-5p expression was shown to have a significant association with weight,
height, catch-up weight, and catch-up height of the children, after being adjusted for
confounding factors such as sex, gestational age, maternal smoking status, etc. Besides the
mentioned parameters, at 6 years of age, miR-576-5p expression was also shown to be
associated with renal fat, suggesting an important role of miR-576-5p in cardiometabolic
diseases, and that alterations of this miRNA due to [IUGR may increase the risk of developing

these diseases later in life (73).

Studies of kidney tissues

Animal studies that specifically focused on altered epigenetic mechanisms in the UPI-
induced IUGR offspring have also been carried out in different organs and tissues (Figure 2,
(28, 33, 35, 37, 38, 80-87)). Decreased expression, by 19% the control, of Dnmt3a, a gene
that is responsible for de novo DNA methylation was found in kidney tissues of F1 IUGR rats
at embryonic day 20 (37). Meanwhile, decreased apoptosis-suppressing Bcl-2 gene
expression and increased pro-apoptotic protein-encoding Bax and p53 expression were
identified in kidneys of F1 IUGR rats at term, which was associated with reduced glomerular
number (by 23% the control) of rat pups (28). Correlatively, there was reduced DNA

methylation of CpG islands at the promoter region (by 56.3% the control) of p53 (28).
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Whilst, significantly altered expression of three long non-coding RNAs (IncRNAs)

(TCONS 0014139, TCONS 00014138, and TCONS _00017119) at day 1 and day 10
postpartum (pnl and pn10), confirmed by both microarray and qPCR, were found in kidneys
of LBW male rats whose mothers were also fed a low-protein diet during pregnancy (35).
The altered expression of these IncRNAs were associated with altered mRNA expression at
pnl and pn10 of MAPK4, which encodes for a protein that involves in renal ureteric bud
morphogenesis. Additionally, the aberrant expression of these IncRNAs is also correlated
with a decrease in nephron number of LBW rats at pnl, suggesting an important role of them
in nephron endowment (35). Furthermore, altered expression of Cdknlc and Kcngl, two
imprinted genes that are regulated by the Kcnglotl IncRNA, was found in kidney tissues of
UPI-induced IUGR rats at day 1 after birth (37). However, further research is required to
investigate whether changes to Kcnglotl was the epigenetic mechanism that affected the

imprinted gene expression in this study.

Studies of liver tissues and pancreas tissues

Similar to results obtained from blood samples and kidney tissues, abnormal DNA
methylation have also been found in hepatic tissues from IUGR studies (33, 84, 85).
Importantly, in hepatic tissues, the multigenerational transmission and reversibility of the
altered epigenetics was detected in F2 non-restricted offspring (85). Growth restricted F1 rats
that underwent intrauterine UPI were fed with either a control diet or essential nutrient
supplemented (ENS) diet (i.e. rich in methyl donors) and bred spontaneously to produce the
F2 offspring (85). Within the F2 generation, 21-day-old rats whose F1 mothers received a
control diet had statistically reduced DNA methylation of the H79 gene promoter (7% less

than the sham lineage), in association with reduced H/9 expression (0.4-fold the sham
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lineage) (85). Meanwhile, 21-day-old F2 rats whose F1 mothers received ENS diet had
increased H19 promoter methylation (34% more than the sham lineage), with a 6.6-fold
increase in H19 expression (85). In line with this finding, F2 offspring of pregnant mice that
were fed with only 50% the control group’s food intake had significantly lowered expression
of the Lxra gene (p < 0.01) in their liver tissues, which plays a key role in de novo
lipogenesis (33). Hepatic de novo lipogenesis was also impaired in the F2 adult mice (33).
Furthermore, this was associated with statistically reduced methylation within the 5S’UTR
region of Lxra, both in the sperm samples of [IUGR F1 males and liver samples of non-
restricted F2 fetuses and adult mice. Therefore, it is suggested that there was a
multigenerational transmission of altered Lxra methylation within both F1 and F2 generations
(33). Meanwhile, one of the first studies to investigate whole-genome DNA methylation from
pancreatic islet samples in the UPI-induced IUGR 7-week-old male rats discovered 1912
differentially methylated loci compared to the control, most of which occurred within the
non-coding intergenic sequences between genes rather than promoter regions (84).
Interestingly, the differential methylation was 45kb upstream of genes known to be important
for homeostasis-maintaining processes (e.g. Fgrfl, Gehl, and Vgf) and were correlated with

altered expression of these genes (84).

UPI-induced IUGR in several animal studies has also been shown to be associated with
altered histone modifications (80-82, 88, 89). Histone H3 hyperacetylation, increased to
2339% the control value, was detected in the liver of UPI-induced IUGR newborn rats, in
association with hepatic genomic DNA hypomethylation (reduced methylation by 13.7% the
control at day 21 after birth) (80). On the other hand, significantly reduced dimethylation at
H3K4 in the Igf1 region was reported in livers of IUGR rats whose mothers had a food
restriction during pregnancy (89). Meanwhile, locus-specific assessment of the Pdx/ gene, a
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gene important for B-cell development and function, showed loss of Pdx/ promoter H3 and
H4 acetylation at 6 months of age and significant DNA hypermethylation (increased by
51.3% the control) in the pancreatic islets of F1 IUGR adult rats, and was associated with
silencing of Pdx/ (mRNA level reduced by 50.4%) (82). This may contribute to the later

onset of type-2 diabetes in the growth restricted offspring.

In regards to non-coding RNAs, not many IUGR studies have been carried out to investigate
their changes in the growth restricted offspring. Nonetheless, in agreement with results
obtained from the placentas in human studies, reduced expression of the IncRNA H/79 and
reduced DNA methylation status of its promoter region were reported in hepatic tissues of F2
growth restricted rats whose grandmothers (F0) underwent UPI (85). In hepatic tissues of F1
growth restricted mice whose mothers were fed with a high-fat diet pre-, during and post-
pregnancy, there was also a significant reduction in expression of the miRNAs, including
miR-709, miR-122, miR-192, miR-194, miR-26a, let-7a, let-7b, let-7c, miR-494 and miR-483
(83). Interestingly, a major of the altered miRNAs are predicted to have a common target,
which is methyl-CpG binding protein 2 (83). In a different study where FO pregnant mice
were fed a low-protein/calorie-deficit (-40%) diet from week 3 of gestation, and growth
restricted pups were cross-fostered to 3 different groups right after birth, either normal milk
feeding (6 pups/dam), overfed (3 pups/dam), or nutrition restriction (10 pups/dam),
significantly reduced H3K4me3 (trimethylated histone H3 on lysine 4) region at the Akt
gene, a gene that is known to play an important role in insulin resistance, was found in livers
of 3-month-old IUGR males that either received normal milk feeding or were overfed, in
association with reduced expression of Akt/ (90). Interestingly, higher protein level of PTEN,
one of the Akt activation inhibitors, was also found in livers of overfed 3-month-old males. In
addition to this, significantly decreased levels of circulating miRNA19a-3p, a miRNA that
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acts to regulate PTEN, were found in both normally fed and overfed IUGR males (90). These
finding hence suggests an association between altered epigenetic mechanisms and the risk of
developing insulin resistance later in life of [UGR offspring. Indeed, compared to F1 healthy
control males, males that were either under nutrition restriction or overfed both had an
increase in sensitivity to insulin at 3 months of age (90). At 12 months of age, the sensitivity
to insulin increased for the nutrition restriction group but attenuated for the overfed group.
Meanwhile, [IUGR males that received normal milk feeding showed no difference in insulin
sensitivity compared to healthy control males at 3 months of age. However, at 12 months of
age, they developed insulin resistance (90). On the other hand, in pancreatic islets of growth
restricted mice whose mothers were fed a low-protein diet, the expression of 7ug/, a IncRNA
that involves in diabetes and tumour development, were significantly lower at 1 day, 8 weeks,
and 12 weeks post-partum, compared to the control (38). The aberrant glucose tolerance
observed at 10 weeks old IUGR mice could be partially rescued by injection of 150 pug of
Tugl overexpression sequence, suggesting that 7ug/ may play an important role in the mouse

pancreatic development and function (38).

Studies of placental tissues

Altered DNA methylation of genes that are important for fetal growth and development has
been reported in placentas from both human and animal IUGR pregnancies (72, 91-93). For
example, placenta samples from healthy and complicated human pregnancies were
investigated using the Illumina Infinium Human Methylation450 BeadChip arrays (HM450k)
array platform (67 samples) and quantitative pyrosequencing (127 samples) (91).
Specifically, 35 DMRs that are expressed across tissues (ubiquitous) were identified. In

general, DNA methylation status of all DMRs was not significantly different between
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complicated pregnancies and the control group. However, DNA hypermethylation was found
at the MCTS2 DMR, while hypomethylation was found at the SNU/3 and H/9 ICR in [IUGR
placentas (91). Additionally, RT-PCR and Sanger sequencing confirmed that H/9
hypomethylation results in the biallelic expression of H/9 in the [UGR group. Similarly, a
loss of methylation in SNU13 is associated with increased expression of this gene in the
IUGR placentas. Interestingly, despite a similar DNA methylation status compared to that of
the control, there was an increase in expression of ZNF331 and a decrease in expression of
PEGI10 and ZDBF?2 in the IUGR placentas (91). For DMRs that are placenta-specific, the
same HM450k array data was used, and results were also confirmed using pyrosequencing.
Out of 32 placenta-specific DMRs, methylation status of 4/M1 and N¢4BP2L1 was
significantly different in the [IUGR group compared to the control. However, using
microfluidic-based quantitative RT-PCR analysis, only four placenta-specific genes that had
altered expression in [IUGR samples compared to the control were identified, all of which
were reduced in [UGR, including ADAM?23, GPRI-ASI, LIN28B, and ZHX3 (91). In line with
this, altered DNA methylation of CpG island 1 of RLT, a gene known to be important in
placental development, was found in placenta samples from SGA and severe SGA foetuses,
compared to healthy controls (72). Whilst, genome-wide DNA methylation patterns were
investigated in placentas of [IUGR identical twins who shared the same placenta
(monochorionic twines) and had significant growth difference, represented by birthweight
variations in the range of 21-59% (92). In placental tissues of [UGR twins, altered DNA
methylation status (with differences larger than 10% compared to healthy control twins) were
identified in DMRs that overlapped the promoters of 8 genes that are known to be important
for lipid metabolism and neural development, including DECRI, ZNF300, DNAJA4, CCL2S,
LEPR, HSPAIA/L, GSTOI, and GNE (92). These results were still significant after being

adjusted for twins’ sex, gestational age, and maternal age. Interestingly, DECRI and GSTOI,
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the two genes play a role in fetal growth, have also been altered in other [UGR studies in
animal and human singleton pregnancies, suggesting potential shared molecular mechanisms
in comparison to the IUGR growth-discordant monochorionic twins (92). Meanwhile, at
embryonic day 10.5, altered DNA methylation was found within 20 different DMRs of
imprinted loci from the placentas of F2 mice, whose grandmothers had a hypomorphic
mutation in methionine synthase reductase (Mtrr), a gene that is important for methyl group
utilisation and maternal folate metabolism (93). Changes in DNA methylation status of these
DMRs were associated with changes in expression of imprinted genes such as Zdbf2, Igf2,
and DIkl all of which play a key role in fetal development (93). As expected, growth
restriction, delayed development, and defects of different organs including brain, heart and
placenta were also found in these offspring (93), suggesting a multigenerational transmission

of [IUGR phenotypes and altered epigenetic mechanisms.

Altered expression of long non-coding RNAs that are important for angiogenesis,
inflammation fetal growth has also been reported in placentas collected from pregnancies that
are affected by IUGR (63, 66, 69, 76, 94). The investigation of 30 IUGR and 46 gestational
age-matched non-IUGR placentas revealed decreased expression of MEG3, a IncRNA that is
involved in placental and fetal growth, by more than 50% in the [IUGR samples compared to
the non-IUGR control (63). In line with this, the expression of H/9, another IncRNA that is
important for fetal development, was also reduced by half the non-IUGR control in [UGR
placentas (69). This reduction in H79 expression was shown to be strongly correlated with a
50% decrease of expression of the type III TGF-f receptor (TBR3), one of the downstream
signalling molecules that control trophoblast cell migration and invasion (69). However, in a
different study, the expression of H/9 was shown to be similar between [IUGR and non-IUGR
placental tissues (66). Nonetheless, in [UGR placentas, there was a significantly lower DNA
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methylation status in the imprinting control region 1 (ICR1), which regulates the expression
of H19, in comparison to the control (66). Increased expression of another IncRNA NEATI, a
gene expression regulator which expression in usually up-regulated in human cancers, was
also seen in placentas from IUGR pregnancies with a 4.14-fold increase in [UGR placentas
compared to the control (67). In contrasts, in a different study, NEATI expression in the
placentas was not statistically different between IUGR and the non-IUGR group (95).
Differences in sample size, ethnicity, or maternal age might be an explanation for the
differences in H19 and NEATI expression in [IUGR placentas in the above studies. In a recent
study, altered expression of 133 IncRNAs (36 increased in expression and 98 decreased in
expression, in comparison to non-IUGR control) was reported in placentas from 12 pregnant
women whose pregnancies were complicated with IUGR (76). Interestingly, the
overexpression of several IncRNAs such as lnc-PPMI1D-1, Inc-TCL1B-1, Inc-MRPS5-

1, IncTRPM7-1, MED4-AS1, EGFR-AS1, FLJ31356, Inc-VAPA-I and STONI-GTF2A1L in
the [IUGR group was also found in placentas from the pregnancy group affected by
preeclampsia (76). Most of these IncRNAs have been shown to play a role in pathways that
lead to placental ischemia, which results in reduced blood supply to the placenta (76). This
suggests that these pregnancy complications might act via some shared mechanisms and/or

there are similar signalling pathways can be activated by them.

Similar to the observations for IncRNAs, there are miRNAs that have been shown to be
altered in placentas from both [UGR and preeclampsia pregnancies, such as miR-499a-5p,
miR-26a-5p, miR-103a-3p, miR-145-5p (68), miR-193b-5p (74), miR-210-5p (75), hsa-miR-
210-3p, hsa-miR-193b-3p, hsa-miR-5p, hsa-miR-365a-3p, hsa-miR-365b-3p, and hsa-miR-

520a-3p (71), most of which play a role in cellular functions, including cellular
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differentiation, migration and invasion, suggesting shared signalling pathways and

mechanisms between these pregnancy complications.

Studies of other tissues

The focus of this review is on the risk of developing renal and cardiometabolic diseases, such
as hypertension and diabetes, in association with IUGR induced by UPI. Therefore, most of
the studies reported are on either blood samples, kidneys, livers, pancreas, or placentas.
However, it should be noticed that there are other tissues that can also be affected by IUGR,
such as lungs or brains. For example, when FO pregnant rats were fed a 50% deficit food
intake diet throughout pregnancy, in PVECs extracted from the F1 and F2 IUGR rats, there
was a significant enrichment of H3K4me3 regions in F1 IUGR males, and a significant
reduction in DNA methylation at ET-1 CpG sites in both F1 and F2 ITUGR males, compared
to the control (40). Interestingly, ET-1 CpG methylation was also significantly reduced in F1
ITUGR rat sperm, suggesting epigenetic modifications as a potential mechanism for the
multigenerational transmission of these [IUGR phenotypes, via the paternal line (40). In line
with this finding, altered expression of various miRNAs were found in lung tissues at day 10,
day 21, and 5 months after birth of [IUGR rat offspring whose mothers were either
undernutrition (87) or fed with a low-protein diet (86) during pregnancy. Most of these
miRNAs (miR-29, miR-128-3p, miR-34c-5p, miR-19b-3p, miR-449a-5p, and miR-30e-5p) are
involved in lung development and injury-repair (86, 87). Microarray analysis and
homologous analysis of brain tissues containing hippocampus from growth restricted F1 rats
whose mothers received a 50% reduction in food intake throughout pregnancy also revealed
49 rat genes that are homologous in humans, and had a negative correlation between gene

expression and DNA methylation status (78). Most of these genes are involved in metabolism
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pathways, nervous system dysfunction, cancer, and immune response regulation (78).
Increased cerebral total H3 acetylation (to 157% of control values), decreased genome-wide
DNA methylation (to 52.8% the control), and decreased CpG island methylation (to 65.0%
the control) were also found in brains of IUGR rat offspring (81). Simultaneously, the
expression of cerebral chromatin-affecting enzymes DNA methyltransferase 1 and methyl-
CpG binding protein 2 were decreased in neonatal IUGR rats, with the mRNA abundances of

50% and 38% the control values, respectively (81).

4. Discussion

From the above evidence it is clear that the effects of intrauterine growth restriction may have
on the long-term health and well-being of infants are extensive. Diabetes, hypertension, and
kidney dysfunction in growth restricted offspring are the most common diseases that were
shown to be related to IUGR. Moreover, as the frequency of this pregnancy complication and
its associated diseases is high, especially in developing countries, there is a need to determine
the mechanisms of how aberrant phenotypes are programmed and the diseases are transferred
to subsequent generations. In comparison to humans, the examination of tissues and organs in
animals is more accessible for scientists, ethically. Therefore, the proposed potential
mechanisms for the diseases’ multigenerational transmission will come from in-depth studies
of animal experimental models. Additionally, sex-specific expression of the diseases’
phenotypic outcomes was also observed in animal offspring. Therefore, further assessments
are required to determine whether epigenetic mechanisms are responsible for the sex-specific
differences of IUGR related diseases. Subsequently, future studies may focus on investigating
similar mechanisms and markers in humans, which will help identify people who are at risk

and/or identify potential prevention strategies for these diseases.
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A poorly functioning placenta results in impaired exchanges of oxygen, nutrition, wastes
and hormones between the mother and her fetus. This can lead to restriction of fetal
growth. These growth restricted babies are at increased risk of developing chronic
diseases, such as type-2 diabetes, hypertension, and kidney disease, later in life.
Animal studies have shown that growth restricted phenotypes are sex-dependent and
can be transmitted to subsequent generations through both the paternal and maternal
lineages. Altered epigenetic mechanisms, specifically changes in DNA methylation,
histone modifications, and non-coding RNAs that regulate expression of genes that are
important for fetal development have been shown to be associated with the transmission
pattemn of growth restricted phenotypes. This review will discuss the subsequent health
outcomes in the offspring after growth restriction and the transmission patterns of these
diseases. Evidence of altered epigenetic mechanisms in association with fetal growth
restriction will also be reviewed.

Key i ine growth | insufficiency, small for i age,
i igeneti i kidney i

INTRODUCTION

Intrauterine growth restriction (IUGR) refers to poor growth during pregnancy, which results in
babies being born small for gestational age (SGA), and with low birth weight (LBW) (1). One of the
common causes of IUGR is uteroplacental insufficiency (UPI), in which the placenta functions
poorly, causing an insufficient supply of oxygen and nutrients to the developing fetus (2).

There is a high prevalence of IUGR worldwide, especially in developing countries
[approximately 27% of all live births (3)], which is a significant concern, as epidemiological
studies have shown that being growth restricted is associated with an increased risk of developing
chronic diseases later in life (1, 4-9). In addition, various animal models have shown that IUGR
offspring develop kidney dysfunction and cardiometabolic disease later in life (2, 10-15).
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Interestingly, these IUGR phenotypes are sex-specific and their
transmission is multigenerational through both the maternal and
paternal lines (11-14, 16-18).

The underlying mechanisms of how IUGR predispose
offspring to chronic disease later in life remains to be
determined. However, epigenetic mechanisms may be involved
as they have been shown in several animal studies to be potential
mechanisms for the multigenerational transmission of
disease (17).

INTRAUTERINE GROWTH RESTRICTION
AND CHRONIC DISEASE RISK

Hypertension and Kidney Disease

Epidemiological studies in humans have reported that growth
restricted infants have an increased risk of developing chronic
diseases later in life [Figure 1 (5-8, 19-24)]. For instance, IUGR
children at 6 years of age have been shown to have a 1.8 times
higher risk of developing hypertension compared to non-IUGR
children (6). Additionally, individuals born SGA had increased
systolic and diastolic blood pressure by 4.5 and 3.4 mmHg,
respectively, at the age of 50 (5). When these results were
adjusted for confounding factors such as sex, age, and body-
mass index, IUGR was still significantly associated with
hypertension (5, 6). In other studies, when sex is taken into
consideration, the development of hypertension in association
with LBW can produce conflicting results. For example, there was
one study that found an association in [UGR males only (24),
while a different one found an association only with IUGR
females (23). However, differences in the size of the study
(15600 vs 976 children), method of measuring blood pressure
(one-time systolic and diastolic blood pressure measurement vs
24h systolic blood pressure measurement), and the age of
examined children [3-6 years old (24) vs 6-16 years old (23)]
may be factors that contributed to the observed sex-specific
differences. In line with this finding, an inverse relationship was
found between birthweight and blood pressure of IUGR infants in
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Matemzl undemutriticm
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Dfspring phenotypes
Small for gestational age Placents

1 insulin resisiance
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a study that examined 1310 junior high school students (20).
However, this relationship was then lost as the children reached
adolescence (12-14 years of age), even when adjusted for
confounding factors. This suggests that there might be a
possible adaptation mechanism in the adolescents to overcome
TUGR-related hypertension.

Unlike the examination of hypertension by measuring blood
pressure, the precise determination of kidney disease mostly
requires more invasive measurement methods, such as counting
of glomerular number after organ collection and sample
sectioning (7, 8). Therefore, few studies are carried out in
humans, especially in growth restricted infants, to evaluate the
association between IUGR and kidney disease. However, papers
published by Wang et al. in 2014 (9) and 2016 (41), respectively,
were two of the rare studies that investigated the effect of human
aberrant fetal growth environment on kidneys of fetuses. In both
studies, fetuses and their kidney samples were collected from
maothers who terminate their pregnancy due to preeclampsia (9),
placental abruption, deformities of fetuses, and other intrauterine
insults {41). Both papers reported negative effects that IUGR had
on the fetuses, including significantly low birth weight (< 2 kg,
approximately 0.4 times less nephron number, increased
expression of pre-apoptosis proteins within kidney tissues (9),
and reduced renal renin-angiotensinogen RNA levels by half the
non-growth restricted fetuses (41). This is significant, as the
renin-angiotensinogen system is known to play a crucial role in
maintaining the sodium homeostasis within the kidney, as well
as regulating blood pressure, especially during pregnancy (41).
These papers are consistent with studies that have shown a
decline in glomerular number (more than 20%) in low birth
weight individuals who died from cardiovascular disease as
adults, in comparison to normaotensive people (7, 8). Together,
these studies suggest an important contribution of the kidney to
hypertension development in IUGR individuals.

Using different animal models, the association between IUGR
and the development of chronic diseases can also be evaluated
[Figure 2 (2, 10-15, 18, 42-57)]. In the early 2000s, the
association between IUGR induced by UPI and blood pressure
level was studied using a model in which placental insufficiency
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FIGURE 2 | Intrauterine growth resiriction (IUGR) phenotypes are sex-specific and can be transmitted 1o subsequent generations, induding the restricted F1 and
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methylation, and histone modifications were also found in these offepring. Results obtained from difiersrent rat and mouse IUGR models (2, 10-15, 18, 42-70.

was established by placing silver clips around the abdominal
aorta and on the branches of uterine arteries of pregnant rats at
day 14 of gestation, which severely reduced blood flow between
mother and the fetus (43). UPl-induced rats produced LBW
offspring, 12% lighter in weight compared to control, with an
increased risk of developing hypertension in both IUGR males
and fernales, as their mean arterial pressure at 8 weeks of age was
12 mmHg higher than the control (43). However, at 12 weeks of
age, only the increased mean arterial pressure in F1 male
offspring was still significant, suggesting a sex-specific
hypertension maintenance mechanism. There was no
statistically significant association between the observed
increased arterial pressure and renal function of the offspring
found in this study. Glomerular filtration rate, effective renal
plasma flow and 24-hour sodium excretion were not different in
IUGR rats compared to the control, even when they were
adjusted for kidney weight (43). Meanwhile, the bilateral
uterine vessel ligation model produced restricted F1 male
offspring that had higher blood pressure and an enlargement
of the heart's left ventricle at 22 weeks of age, compared to the
control, as a consequence of persisting high blood pressure (10).
Lower body weight and glomerular number (clusters of
capillaries in the kidney, reduced by 27% of the control) were
also reported at & months of age (10). These results were
reproducible in other studies, with lower kidney weight
(measured at postnatal day 1 and 7) and nephron deficit (at 18
months of age) occurring in both sexes and hypertension (at 18
months of age) being present only in male rats (2, 11, 53).
Glomerular hypertrophy, an outcome to compensate for the
IUGR-related glomerulus reduction, was found to be higher in
the F1 growth restricted male rats compared to females at day
120 after birth, suggesting a sex-specific response of the growth
restricted offspring towards kidney injury (15). Similarly, 18
month old growth restricted female rats had preserved
mesenteric and renal arterial smooth muscle and endothelial
function, which may in part explain why they did not develop

hypertension (48). However, the mechanisms behind this
remains to be identified. Interestingly, the transmission of
hypertension and kidney diseases is multigenerational, as
reduced nephron number, left ventricular hypertrophy and
hypertension were reported in the non-restricted F2 generation
(13, 14).

Apart from rats, studies of UPl-induced IUGR in other
animal models [e.g. rabbit (71) and guinea pig (72)] also
support the association between IUGR and reduced glomerular
number and/or hypertension in the growth restricted offspring.
IUGR induced by other intrauterine causes was also shown to be
associated with hypertension or aberrant renal function and
development (50, 52, 56). For example, FO pregnant rats were
fed a 50% deficit food intake diet throughout pregnancy to
produce growth restricted F1 offspring (56). F1 males were
mated with control healthy females to produce the F2
generation (paternal ling). In a normoxia environment (where
the oxygen concentration is normal), mean pulmonary arterial
pressure, right ventricular hypertrophy index, and media wall
area thickness were not significantly different between IUGR and
the control males, in both generations. However, F1 and F2 male
rats that were placed in an oxygen-deficient chamber for 2 weeks
showed an increase in all three mentioned parameters, indicating
an increased risk of developing pulmonary arterial hypertension
later in life (56). In line with this finding, the expression of
endothelin-1 (ET-1), a vasoconstrictor that is important for cell
proliferation, cell migration, and blood vessel development, was
significantly increased in pulmonary vascular endothelial cells
(PVECs) extracted from F1 and F2 IUGR males. This led to
aberrant PVEC proliferation, migration, and angiogenesis, all of
which are signs of pulmonary vascular endothelial dysfunction
(56). On the other hand, in 6-month-old LEW restricted rats
whose mothers received only 50% the calories during pregnancy,
there was a significant reduction in kidney weight (maximal
value only reached 91% of the control) and glomerular number
(by 27% the control) (52). Meanwhile, a low-protein diet
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(reduced by 11% of the control) in pregnant rats resulted in a
significant decrease in glomerular number (by 22.6% the contral;
at 3 months of age) and increased renal cell apoptosis of LEW F1
offspring (50).

Diabetes

Besides hypertension and kidney dysfunction, diabetes is another
disease that has been shown to be associated with IUGR. Women
whose birth weights were less than 2.5 kg [typically the clinical
definition for LBW (73)] have a 1.83 times higher risk of
developing type 2 diabetes as they age compared to women
with birthweights above this threshold (19, 21). Decreased
insulin-stimulated glucose uptake, or insulin resistance, one of
the common hallmarks of type 2 diabetes, was also reported in
IUGR young adults whose birth weights were below the 0™
percentile for their gestational age (22).

Different animal models can be used to study the association
between IUGR and the development of type-2 diabetes, such as
UPI model that has metabolic characteristics comparable to that
of humans (18, 42, 45), IUGR rats induced by maternal calorie
restriction (57, 74), or IUGR fetal sheep induced by exposing
pregnant ewes to an environment with highly increased
humidity and temperature (75). When both uterine arteries of
pregnant rats are ligated at day 19 of gestation to imitate UPI
occurring in pregnancy, F1 growth restricted rat offspring had
significantly lower birth weight (5.96 g) compared to the sham
control offspring (7.00 g) (42). Rat offspring in both restricted
and control group then reached relatively similar body weights at
approximately 7 weeks of age. However, as the IUGR F1 rats
aged, they had significantly reduced insulin secretion of B-cells
(by half the control at 1 week of age and completely absent at 26
weeks of age), insulin-resistance and glucose-intolerance hence
hyperglycemia (42). Similar findings were also reported in other
studies that applied the same UPI-inducing method of uterine
arteries ligation (18, 45). Three months old growth restricted F1
rats developed hepatic insulin resistance, which was represented
by its impaired insulin function in controlling the hepatic glucose
production (HGP) important for maintaining blood glucose
equilibrium (1.6 times higher HGP in [UGR rats compared to
the control) (45). A decrease by 50% of pancreatic insulin
content was also reported in the LBW growth restricted rats
compared to control at the same time point of age (18).
Moreover, there was a sex-specific reduction of f-cell mass in
these restricted offspring compared to the control, with 40% and
50% reduction in IUGR males and females, respectively (18).

Similar to the observations for hypertension and kidney
disease risks in IUGR animal studies, both the F1 and F2
generations are at a higher risk of developing diabetes,
suggesting that there is a multigenerational transmission of
IUGR phenotypes (12). When growth restricted F1 female rats
were mated with healthy males, 6-month-old F2 offspring also
had altered pancreatic B-cell mass (reduced by 29% in males and
increased by two-fold the control in females) and first-phase
insulin response (reduced by 35% in males and 38% in females)
(12). The sex-specific differences in pancreatic f-cell mass
between 3 months old F1 rats (18) and 6 months old F2 rats

might be due to the difference in time point in which they were
examined. For instance, at & months of age, female rats may have
developed compensatory mechanisms for the disease.
Additionally, as these defects were resolved when the rats aged
|determined at 12 months of age (12)], male rats may have also
developed similar mechanisms at a later age. However, this
remains to be shown. In a different IUGR model where FO
pregnant rats were injected with the corticosteroid
dexamethasone, from day 15 to 21 of gestation, F2 offspring
had reduced birth weight and F2 5-week-old males developed
glucose tolerance, represented by a significant increase in the
activity of hepatic phosphoenolpyruvate carboxykinase (PEPCK]),
an enzyme that is involved in glucose metabolism (58).
Additionally, these F2 growth restricted males were reported to
have higher plasma glucose level at 4 months of age, and higher
basal insulin level at & months of age, compared to the control
(58). Similarly, when FO pregnant rats received a restricted diet
(food intake reduced by 50% the control) from day 11 to 21 of
pregnancy, the effect of [UGR on insulin resistance was also seen
in a multigenerational pattern (57). Specifically, F1 restricted
females were also given a restricted diet from day 1 to day 21
postnatal. At 2 months of age, F1 females were mated with control
males, and F2 1-day-old embryos were transferred to control
recipient females. F2 female offspring from the IUGR group had
significantly higher liver weight, baseline fasting plasma glucose,
and insulin concentrations, despite a similar weight from birth to
15 months postnatal, compared to the control (57). The F2 IUGR
group also developed insulin resistance at 15 months of age,
represented by reduced plasma glucose/insulin ratio during
glucose tolerant test, and lower concentration of plasma
membrane-associated GLUT4, a protein that plays an
important role in insulin-dependent glucose transport into
skeletal muscles. Reduced function of PKCL, an enzyme
involved in insulin-signalling pathway, was also found in
skeletal muscle of 15 month old F2 females in the IUGR group
(57). Likewise, in a model of in utero low-protein consumption in
rats, there was an adverse effect of IUGR on the glucose
metabolism of F3 offspring at approximately 2 months of age
(46). To be specific, there was a significantly higher fasting plasma
glucose level in F3 females compared to sham. Meanwhile, there
was a significant increase in insulin level of F3 males compared to
sham at both fasting stage and 30 minutes after the glucose
injection (46), suggesting that [UGR phenotypes are sex-specific
and their transmission can be intergenerational. In line with this
finding, reduced body weight at days 1 and 7 after birth by 0.5 g,
compared to the control offspring, was also reported in the F3 rats
whose grandmothers were exposed to restraint stress during
pregnancy (55). Additionally, these animals were reported to
have sensorimotor dysfunction at postnatal day 7, as their
response time during the inclined plane test was significantly
slower compared to the control (55). On the other hand, altered
glucose tolerance and insulin secretion could be improved
(determined in F1 male rats at 6 months of age) by cross-
fostering the UPl-induced growth restricted offspring to a sham
control mother for lactation, a period important for offspring
development (47). This proposed that there could be reversal
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strategies for IUGR-related diseases and/or solution to modify
their effects on the growth restricted offspring. However,
intervention studies are beyond the scope of this review.
Additionally, it should be noted that when IUGR was caused by
a severe maternal protein-restriction diet (e.g. 5 g of protein/100 g
of diet) during pregnancy, postnatal catch-up could be impaired
(59). Male and female rats at 6 months of age had significantly
increased fasting serum glucose level (20% and 25% the control
values in F1 and F2 generation, respectively), despite being fed a
control diet during lactation (59). F1 and F2 male offspring also
developed insulin resistance at 6 months of age (59).

In summary, the above observations of IUGR infants having an
increased risk of developing various diseases later in life are in line
with the Developmental Origins of Health and Disease hypothesis,
proposing that adverse events that occur during the maturation of
gametes, at conception and eardy embryonic development can
program long-term risks of chronic diseases in the LBW offspring
(76). As the world-wide prevalence of type 2 diabetes, chronic
kidney disease and hypertension is significantly high [6.28% for
diabetes, 9.1% for kidney disease, and approximately 30% for
hypertension (in adults) (77-79)], there is an urgency for
researchers to investigate IUGR and its mechanisms in
programming chronic diseases in humans. Nevertheless, due
to the complexity and ethical rules in human research, most in-
depth experiments that study IUGR are carried out in rodents.
Additionally, animal models provide a mechanism for
investigating the impact of IUGR across multiple generations
and to determine the possible molecular mechanisms involved.

INTRAUTERINE GROWTH RESTRICTION
AND THE ASSOCIATED ALTERED
EPIGENETIC MECHANISMS

Epigenetic Mechanisms

Epigenetics can be described as heritable modifications to the
chromatin that regulate gene expression without altering the
DNA nucleotide sequence (80). An example of a modification
that creates such changes is DNA methylation. DNA
methylation involves the DNA methyltransferase-catalysed
addition of a methyl group to a DNA cytosine base (81). In
mammals, DNA methylation happens primarily at CpG sites,
that is, a cytosine adjacent to a guanine base in the 5°-3" direction.
DMNA methylation at gene regulatory regions such as promoters
is associated with gene silencing (82). Additionally, DNA
methylation has an important role in other processes such as
X-chromosome inactivation and imprinting (83).

Another epigenetic modification is histone modifications.
These include histone acetylation, which is the addition of an
acetyl group to the lysine residue of the nucleosomal core
histones” MN-terminal tail (81). Histone deacetylation,
specifically at histones H3 and H4 is associated with gene
repression (84). In addition to this, regulatory non-coding
RNAs are known to be involved in transcriptional, post-
transcriptional, and translational regulation hence are also
involved in gene regulation (85, 86). Two large subsets of non-

coding RNAs are long non-coding RNAs which are > 200
nucleotide-long, and short non-coding RNAs like microRNAs
{miRNAs), short interfering RNAs (siRNAs), and piwi-
interacting RNAs (piRNAs) which are all less than 200
nucleotide-long (87). Altered expression of both miRNAs and
IncRMNAs have been shown to be associated with altered histone
maodifications and DNA methylation status of genes (88, 89).

Studies of Blood Samples
TUGR has been shown to be associated with altered epigenetic
mechanisms [Figure 1 (25-38])].

Blood samples from the Dutch Hunger Winter famine were
used to investigate DNA methylation from individuals exposed
to reduced calorie intake in very early (60 people) or late (62
people) gestation (90). Although there was no significant
difference in birth weight among the individuals (26), there
was a decrease by 5.2% in DNA methylation of the IGF2
imprinted gene differentially methylated region (DMR) in
people exposed to famine in early gestation, compared to the
same-sex siblings who were not exposed to famine during
pregnancy. Whilst, people exposed to famine in late gestation
had no altered DN A methylation (90). This observation suggests
the importance of the timing of exposure to intrauterine insults,
specifically during the early developmental stage, in which
epigenetic mechanisms within the fetus is programmed and
may be permanently maintained into adulthood. In a different
study, blood samples from 24 IUGR infants were investigated
using IMumina Human Methylation 450 k array to analyse
differences in genome-wide DMNA methylation and gene
expression, compared to data from 12 control healthy infants
(60). Within the [UGR group, 5460 differentially methylated
CpG loci from 2254 genes were identified. Using Kyoto
Encyclopedia of Genes and Genomes database, more than 50
pathways affected by changes in the methylation status of these
gene were determined, such as metabolic pathways, antigen
processing and presentation, apoptosis, insulin signalling
pathway, and neurological disorder pathways (60). In addition
to this, increased DNA methylation, by 6.1% the control, of the
type 2 diabetes-related HNF4A gene promoter was found in
CD34+ stem cells from umbilical cord blood samples of IUGR
newborns (27). More than 800 genome differentially methylated
positions (DMPs) was found in leucocytes from umbilical cord
blood samples of IUGR neonates, compared to the control (91).
These DMPs were located within genes that are critical for key
cellular processes that impact the fetal growth and development,
such as organogenesis, metabolism, and immunity. D-loop
hypomethylation of mitochondrial DNA found in fetal cord
blood samples was also reported in IUGR neonates who were
exposed to placental insufficiency (32). The hypomethylation
was in association with higher mitochondrial biogenesis (ie.
increased mitochondrial DNA levels), which is a possible
mechanism to compensate for reduced oxygen by UPL Besults
in these studies were all adjusted for other complications that
may have occurred during pregnancy such as gestational
hypertension, gestational diabetes and preeclampsia (27, 32, 91).

Besides DNA methylation, altered expression of miRNAs
have been recently reported in human umbilical cord tissues
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collected from IUGR pregnancies (35). To be specific, the study
included samples from IUGR children with or without growth
catch-up at 1 and 6 years of age, and control children who were
born appropriate for gestational age (35). At 1 year of age, the
expression of a miRNA miR-576-5p, which is known to be
involved in kidney and liver diseases, was significantly
enhanced in IUGR with catch-up children compared to both
TUGR without catch-up and control children (35). Moreover,
within the IUGR with catch-up group, miR-576-5p expression
was shown to have a significant association with weight, height,
catch-up weight, and catch-up height of the children, after being
adjusted for confounding factors such as sex, gestational age,
maternal smoking status, etc. Besides the mentioned parameters,
at 6 years of age, miR-576-5p expression was also shown to be
associated with renal fat, suggesting an important role of miR-
576-5p in cardiometabolic diseases, and that alterations of this
miRNA due to IUGR may increase the risk of developing these
diseases later in life (35).

Studies of Kidney Tissues

Animal studies that specifically focused on altered epigenetic
mechanisms in the UPI-induced ITUGR offspring have also been
carried out in different organs and tissues [Figure 2 (44, 49, 51,
53, 54, 61-68)]. Decreased expression, by 19% the control, of
Dnmt3a, a gene that is responsible for de nove DNA methylation
was found in kidney tissues of F1 IUGR rats at embryonic day 20
(53). Meanwhile, decreased apoptosis-suppressing Bel-2 gene
expression and increased pro-apoptotic protein-encoding Bax
and p53 expression were identified in kidneys of F1 IUGR rats at
term, which was associated with reduced glomerular number (by
23% the control) of rat pups (44). Correlatively, there was
reduced DNA methylation of CpG islands at the promoter
region (by 56.3% the control) of p53 (44).

Whilst, significantly altered expression of three long non-
coding RNAs (IncRNAs) (TCONS_0014139, TCONS_00014138,
and TCONS_00017119) at day 1 and day 10 postpartum (pnl and
pnl0), confirmed by both microarray and gPCR, were found in
kidneys of LBW male rats whose mothers were also fed a low-
protein diet during pregnancy (51). The altered expression of these
IncRMAs were associated with altered mRNA expression at pnl
and pnl0 of MAPK4, which encodes for a protein that involves in
renal ureteric bud morphogenesis. Additionally, the aberrant
expression of these IncRNAs is also correlated with a decrease in
nephron number of LEW rats at pnl, suggesting an important role
of them in nephron endowment (51). Furthermore, altered
expression of Cdknlc and Kengl, two imprinted genes that are
regulated by the Kcnglotl IncRNA, was found in kidney tissues of
UPl-induced ITUGR rats at day 1 after birth (53). However, further
research is required to investigate whether changes to Kenglot!
was the epigenetic mechanism that affected the imprinted gene
expression in this study.

Studies of Liver Tissues and

Pancreas Tissues

Similar to results obtained from blood samples and kidney tissues,
abnormal DNA methylation have also been found in hepatic
tissues from IUGR studies (49, 65, 66). Importantly, in hepatic

tissues, the multigenerational transmission and reversibility of the
altered epigenetics was detected in F2 non-restricted offspring
(66). Growth restricted F1 rats that underwent intrauterine UPI
were fed with either a control diet or essential nutrient
supplemented (ENS) diet (ie. rich in methyl donors) and bred
spontaneously to produce the F2 offspring (66). Within the F2
generation, 21-day-old rats whose F1 mothers received a control
diet had statistically reduced DNA methylation of the H19 gene
promoter (7% less than the sham lineage), in association with
reduced H19 expression (0.4-fold the sham lineage) (66).
Meanwhile, 21-day-old F2 rats whose F1 mothers received ENS
diet had increased HI19 promoter methylation (34% more than the
sham lineage), with a 6.6-fold increase in H19 expression (66). In
line with this finding, F2 offspring of pregnant mice that were fed
with only 50% the control group’s food intake had significantly
lowered expression of the Lxra gene (p < 0.01) in their liver tissues,
which plays a key role in de novo lipogenesis (49). Hepatic de novo
lipogenesis was also impaired in the F2 adult mice (49).
Furthermore, this was associated with statistically reduced
methylation within the 5UTR region of Lxra, both in the sperm
samples of [UGR F1 males and liver samples of non-restricted F2
fetuses and adult mice. Therefore, it is suggested that there was a
multigenerational transmission of altered Lxra methylation within
both F1 and F2 generations (49). Meanwhile, ane of the first
studies to investigate whole-genome DNA methylation from
pancreatic islet samples in the UPl-induced IUGR 7-week-old
male rats discovered 1912 differentially methylated loci compared
to the control, most of which occurred within the non-coding
intergenic sequences between genes rather than promoter regions
(65). Interestingly, the differential methylation was 45kb upstream
of genes known to be important for homeostasis-maintaining
processes (e.g. Fgrfl, Gohl, and Vgf) and were correlated with
altered expression of these genes (65).

UPl-induced TUGR in several animal studies has also been
shown to be associated with altered histone modifications (61-
63, 69, 92). Histone H3 hyperacetylation, increased to 233% the
control value, was detected in the liver of UPI-induced IUGR
newborn rats, in association with hepatic genomic DNA
hypomethylation (reduced methylation by 13.7% the control at
day 21 after birth) (61). On the other hand, significantly reduced
dimethylation at H3K4 in the Igfl region was reported in livers of
IUGR rats whose mothers had a food restriction during
pregnancy (69). Meanwhile, locus-specific assessment of the
Pdx] gene, a gene important for f-cell development and
function, showed loss of Pdx] promoter H3 and H4 acetylation
at & months of age and significant DNA hypermethylation
{increased by 51.3% the control) in the pancreatic islets of F1
IUGR adult rats, and was associated with silencing of PdxI
(mRNA level reduced by 50.4%) (63). This may contribute to the
later onset of type-2 diabetes in the growth restricted offspring.

In regards to non-coding RNAs, not many IUGR studies have
been carried out to investigate their changes in the growth
restricted offspring. Nonetheless, in agreement with results
obtained from the placentas in human studies, reduced
expression of the IncRNA HI9 and reduced DNA methylation
status of its promoter region were reported in hepatic tissues of
F2 growth restricted rats whose grandmothers (F0) underwent
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UPI (66). In hepatic tissues of F1 growth restricted mice whose
mothers were fed with a high-fat diet pre-, during and post-
pregnancy, there was also a significant reduction in expression of
the miRNAs, including miR-709, miR-122, miR-192, miR-194,
miR-26a, let-7a, let-7h, let-7c, miR-494 and miR-483 (64).
Interestingly, a major of the altered miRNAs are predicted to
have a common target, which is methyl-CpG binding protein 2
(64). In a different study where F0 pregnant mice were fed a low-
protein/calorie-deficit (-40%) diet from week 3 of gestation, and
growth restricted pups were cross-fostered to 3 different groups
right after birth, either normal milk feeding (6 pups/dam),
overfed (3 pupsidam), or nutrition restriction (10 pups/dam),
significantly reduced H3K4me3 (trimethylated histone H3 on
lysine 4) region at the AktI gene, a gene that is known to play an
important role in insulin resistance, was found in livers of 3-
month-old IUGR males that either received normal milk feeding
or were overfed, in association with reduced expression of Akl
(93). Interestingly, higher protein level of PTEN, one of the Akt
activation inhibitors, was also found in livers of overfed 3-
month-old males. In addition to this, significantly decreased
levels of circulating miRNA19a-3p, a miRNA that acts to regulate
PTEN, were found in both normally fed and overfed I[UGR males
(93). These finding hence suggests an association between altered
epigenetic mechanisms and the risk of developing insulin
resistance later in life of [UGR offspring. Indeed, compared to
F1 healthy control males, males that were either under nutrition
restriction or overfed both had an increase in sensitivity to
insulin at 3 months of age (93). At 12 months of age, the
sensitivity to insulin increased for the nutrition restriction
group but attenuated for the overfed group. Meanwhile, [UGR
males that received normal milk feeding showed no difference in
insulin sensitivity compared to healthy control males at 3
months of age. However, at 12 months of age, they developed
insulin resistance (93). On the other hand, in pancreatic islets of
growth restricted mice whose mothers were fed a low-protein
diet, the expression of Tugl, a IncRNA that involves in diabetes
and tumour development, were significantly lower at 1 day, 8
weeks, and 12 weeks post-partum, compared to the control (54).
The aberrant glucose tolerance observed at 10 weeks old [UGR
mice could be partially rescued by injection of 150 pg of Tugl
overexpression sequence, suggesting that Tugl may play an
important role in the mouse pancreatic development and
function (54).

Studies of Placental Tissues

Altered DNA methylation of genes that are important for fetal
growth and development has been reported in placentas from
both human and animal IUGR pregnancies (34, 39, 70, 94). For
example, placenta samples from healthy and complicated human
pregnancies were investigated using the Illumina Infinium
Human Methylation450 BeadChip arrays (HM450k) array
platform (67 samples) and quantitative pyrosequencing (127
samples) (39). Specifically, 35 DMRs that are expressed across
tissues (ubiquitous) were identified. In general, DNA
methylation status of all DMRs was not significantly different
between complicated pregnancies and the contrel group.

However, DNA hypermethylation was found at the MCTS2
DMR, while hypomethylation was found at the SNUI3 and
HI9 ICR in IUGR placentas (39). Additionally, RT-PCR and
Sanger sequencing confirmed that H19 hypomethylation results
in the biallelic expression of H19 in the [UGR group. Similarly, a
loss of methylation in SNUI3 is associated with increased
expression of this gene in the IUGR placentas. Interestingly,
despite a similar DNA methylation status compared to that of the
control, there was an increase in expression of ZNF331 and a
decrease in expression of PEGI0 and ZDBF2? in the IUGR
placentas (39). For DMRs that are placenta-specific, the same
HM450k array data was used, and results were also confirmed
using pyrosequencing. Out of 32 placenta-specific DMRs,
methylation status of AIMI and N4BP2ZLI was significantly
different in the IUGR group compared to the control.
However, using microfluidic-based quantitative RT-PCR
analysis, only four placenta-specific genes that had altered
expression in IUGR samples compared to the control were
identified, all of which were reduced in IUGR, including
ADAM23, GPRI-ASI, LIN28B, and ZHX3 (39). In line with
this, altered DNA methylation of CpG island 1 of RLTI, a gene
known to be important in placental development, was found in
placenta samples from SGA and severe 5GA foetuses, compared
to healthy controls (34). Whilst, genome-wide DNA methylation
patterns were investigated in placentas of [UGR identical twins
who shared the same placenta (monochorionic twines) and had
significant growth difference, represented by birthweight
variations in the range of 21-59% (94). In placental tissues of
IUGR twins, altered DNA methylation status (with differences
larger than 10% compared to healthy control twins) were
identified in DMRs that overlapped the promoters of 8 genes
that are known to be important for lipid metabolism and neural
development, including DECRI, ZNF300, DNAJA4, CCL28,
LEPR, HSPAIA/L, GSTO1, and GNE (94). These results were
still significant after being adjusted for twins’ sex, gestational age,
and maternal age. Interestingly, DECRI and GSTOI, the two
genes play a role in fetal growth, have also been altered in other
IUGR studies in animal and human singleton pregnancies,
suggesting potential shared molecular mechanisms in
comparison to the IUGR growth-discordant monochorionic
twins (94). Meanwhile, at embryonic day 10.5, altered DNA
methylation was found within 20 different DMRs of imprinted
loci from the placentas of F2 mice, whose grandmothers had a
hypomorphic mutation in methionine synthase reductase
(Mtrr), a gene that is important for methyl group utilisation
and maternal folate metabolism (70). Changes in DNA
methylation status of these DMRs were associated with
changes in expression of imprinted genes such as Zdbf2, Igf2,
and kI, all of which play a key role in fetal development (70).
As expected, growth restriction, delayed development, and
defects of different organs including brain, heart and placenta
were also found in these offspring (70), suggesting a
multigenerational transmission of IUGR phenotypes and
altered epigenetic mechanisms.

Altered expression of long non-coding RNAs that are
important for angiogenesis, infliammation fetal growth has also
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been reported in placentas collected from pregnancies that are
affected by IUGR (25, 28, 31, 38, 40). The investigation of
30 IUGR and 46 gestational age-matched non-IUGR placentas
revealed decreased expression of MEG3, a IncRNA that is
invalved in placental and fetal growth, by more than 50% in
the IUGR samples compared to the non-IUGR control (25). In
line with this, the expression of Hi19, another IncRNA that is
important for fetal development, was also reduced by half the
non-IUGR control in IUGR placentas (31). This reduction in
H19 expression was shown to be strongly correlated with a 50%
decrease of expression of the type IIl TGF- receptor (TRR3),
one of the downstream signalling molecules that control
trophoblast cell migration and invasion (31). However, in a
different study, the expression of HI19 was shown to be similar
between IUGR and non-IUGR placental tissues (28).
Nonetheless, in IUGR placentas, there was a significantly lower
DNA methylation status in the imprinting control region 1
(ICR1), which regulates the expression of HI19, in comparison
to the control (28). Increased expression of another IncRNA
NEAT1, a gene expression regulator which expression in usually
up-regulated in human cancers, was also seen in placentas from
IUGR pregnancies with a 4.14-fold increase in IUGR placentas
compared to the control (29). In contrasts, in a different study,
MNEATI expression in the placentas was not statistically different
between IUGR and the non-IUGR group (95). Differences in
sample size, ethnicity, or maternal age might be an explanation
for the differences in HI9 and NEATI expression in IUGR
placentas in the above studies. In a recent study, altered
expression of 133 IncRNAs (36 increased in expression and 98
decreased in expression, in comparison to non-IUGR control)
was reported in placentas from 12 pregnant women whose
pregnancies were complicated with IUGR (38). Interestingly,
the overexpression of several IncRNAs such as Inc-PPMID-1,
Inc-TCLIB-1, Inc-MRPS5-1, IncTRPM7-1, MED4-AS1, EGFR-
ASI1, FLJ31356, Inc-VAPA-1 and STONI-GTF2AIL in the
IUGR group was also found in placentas from the pregnancy
group affected by preeclampsia (38). Most of these IncRNAs have
been shown to play a role in pathways that lead to placental
ischemia, which results in reduced blood supply to the placenta
(38). This suggests that these pregnancy complications might act
via some shared mechanisms and/or there are similar signalling
pathways can be activated by them.

Similar to the observations for IncRNAs, there are miRNAs
that have been shown to be altered in placentas from both IUGR
and preeclampsia pregnancies, such as miR-499a-5p, miR-26a-
5p, miR-103a-3p, miR-145-5p (30), miR-193b-5p (36), miR-210-
5p (37), hsa-miR-210-3p, hsa-miR-193b-3p, hsa-miR-5p, hsa-
miR-365a-3p, hsa-miR-365b-3p, and hsa-miR-520a-3p (33),
most of which play a role in cellular functions, including
cellular differentiation, migration and invasion, suggesting
shared signalling pathways and mechanisms between these
pregnancy complications.

Studies of Other Tissues
The focus of this review is on the risk of developing renal and
cardiometabolic diseases, such as hypertension and diabetes, in

association with IUGR induced by UPL Therefore, most of the
studies reported are on either blood samples, kidneys, livers,
pancreas, or placentas. However, it should be noted that there are
other tissues that can also be affected by IUGR, such as lungs or
brains. For example, when FO pregnant rats were fed a 50%
deficit food intake diet throughout pregnancy, in PVECs
extracted from the F1 and F2 TUGR rats, there was a
significant enrichment of H3K4me3 regions in F1 IUGR males,
and a significant reduction in DNA methylation at ET-1 CpG
sites in both F1 and F2 IUGR males, compared to the
control (56). Interestingly, ET-1 CpG methylation was also
significantly reduced in F1 IUGR rat sperm, suggesting
epigenetic modifications as a potential mechanism for the
multigenerational transmission of these IUGR phenotypes, via
the paternal line (56). In line with this finding, altered expression
of various miRNAs were found in lung tissues at day 10, day 21,
and 5 months after birth of IUGR rat offspring whose mothers
were either undernourished (68) or fed with a low-protein diet
(67) during pregnancy. Most of these miRNAs (miR-29, miR-
128-3p, miR-34c-5p, miR-19b-3p, miR-44%a-5p, and miR-30e-5p)
are involved in lung development and injury-repair (67, 68).
Microarray analysis and homologous analysis of brain tissues
containing hippocampus from growth restricted F1 rats whose
mothers received a 50% reduction in food intake throughout
pregnancy also revealed 49 rat genes that are homologous in
humans, and had a negative correlation between gene expression
and DNA methylation status (60). Most of these genes are
involved in metabolism pathways, nervous system dysfunction,
cancer, and immune response regulation (60). Increased cerebral
total H3 acetylation (to 157% of control values), decreased
genome-wide DNA methylation (to 52.8% the control), and
decreased CpG island methylation (to 65.0% the control) were
also found in brains of IUGR rat offspring (62). Simultaneously,
the expression of cerebral chromatin-affecting enzymes DNA
methyltransferase 1 and methyl-CpG binding protein 2 were
decreased in neonatal IUGR rats, with the mRNA abundances of
50% and 38% the control values, respectively (62).

DISCUSSION

From the above evidence it is clear that the effects of intrauterine
growth restriction may have on the long-term health and well-
being of infants are extensive. Diabetes, hypertension, and
kidney dysfunction in growth restricted offspring are the most
common diseases that were shown to be related to IUGR.
Moreover, as the frequency of this pregnancy complication and
its associated diseases is high, especially in developing countries,
there is a need to determine the mechanisms of how aberrant
phenotypes are programmed and transferred to subsequent
generations. In comparison to humans, the examination of
tissues and organs in animals is more accessible for scientists,
ethically. Therefore, the proposed potential mechanisms for the
diseases’ multigenerational transmission will come from in-
depth studies of animal experimental models. Additionally,
sex-specific expression of the diseases’ phenotypic outcomes
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was also observed in animal offspring. Therefore, further
assessments are required to determine whether epigenetic
mechanisms are responsible for the sex-specific differences of
TUGR related diseases. Subsequently, future studies may focus on
investigating similar mechanisms and markers in humans, which
will help identify people who are at risk and/or identify potential
prevention strategies for these diseases.
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ABSTRACT

Altered epigenetic mechanisms have been previously reported in growth restricted offspring
whose mothers experienced environmental insults during pregnancy in both human and
rodent studies. We previously reported changes in the expression of the DNA
methyltransferase Dnmt3a and the imprinted genes Cdknlc (Cyclin dependent kinase
inhibitor 1C) and Kcngl (Potassium voltage-gated channel subfamily Q member 1) in the
kidney tissue of growth restricted rats whose mothers had uteroplacental insufficiency
induced on day 18 of gestation, at both embryonic day 20 (E20) and postnatal day 1 (PN1).
To determine the mechanisms responsible for changes in the expression of these imprinted
genes, we investigated DNA methylation of KvDMR1, an imprinting control region (ICR)
that includes the promoter of the antisense long non-coding RNA Kcnglotl (Kcngl opposite
strand/antisense transcript 1). Kcnglotl expression decreased by 51% in growth restricted
offspring compared to sham at PN1. Interestingly, there was a negative correlation between
Kcnglotl and Kcngl in the E20 growth restricted group (Spearman’s p = 0.014). No
correlation was observed between Kcnglotl and Cdknlc expression in either group at any
time point. Additionally, there was a 11.25% decrease in the methylation level at one CpG
site within KvDMR1 ICR. This study, together with others, support that long non-coding

RNAs may mediate the changes seen in tissues obtained from growth restricted offspring.

Keywords Intrauterine growth restriction, uteroplacental insufficiency, epigenetic

mechanisms, long non-coding RNA, DNA methylation
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INTRODUCTION

Development is susceptible to environmental insults, such as uteroplacental insufficiency,
maternal suboptimal diets, and other environmental exposures to chemicals, infections, drugs
and alcohol [1, 2, 3, 4, 5, 6, 7]. Developmental environmental exposure early in life has been
shown to be associated with epigenetic changes, including changes in DNA methylation,
histone modifications, long non-coding RNA (IncRNA), and micro-RNA (miRNA)
expression, in both human and rodent studies, which can have a significant impact on short-
and long-term offspring health [1, 4, 5, 6, 8, 9, 10]. Additionally, altered epigenetic
mechanisms and physiology due to environmental exposure during gametogenesis/gestation
have been reported to have multigenerational or transgenerational effects that occur in a sex-

specific manner [4, 5, 6, 7,9, 10, 11, 12, 13, 14, 15, 16, 17].

We have recently shown in our rodent model of uteroplacental insufficiency (UPI) that the
expression of Dnmt3a, a de novo DNA methyltransferase, but not Dnmt!, which primary role
is maintaining the DNA methylation landscape, was decreased in the kidney of embryonic
day 20 (E20) offspring, which is during the embryonic nephron formation period [12].
Concurrently, expression of imprinted genes that are known to be important in kidney
development, Cdknlc and Kcng 1, were also altered at both E20 (Cdknc; sex-specific) and
postnatal day 1 (PN1; Cdknlc and Kcngl) [12]. Specifically, at E20, Cdknc expression was
only reduced in growth restricted females. At PN1, regardless of sex, CdknIc expression was
lower and Kcnql expression was higher in growth restricted offspring, in association with
reduced absolute and percentage left kidney weight [12]. Interestingly, Kcng !l and Cdknlc are
both known to be regulated by KvDMRI1, an imprinting control region (ICR), which includes

the promoter of the imprinted antisense IncRNA Kcnglotl [18, 19]. These results raised a
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question of whether epigenetic mechanisms, such as DNA methylation or IncRNAs, can
explain the multigenerational and sex-specific alterations in both gene expression and growth

phenotypes in the kidneys of growth restricted offspring.

In the current study, we investigated the relationship between Kcngl and Cdknlc with
Kcnglotl and KvDMRI1 by examining the expression of Kcnglotl and the DNA methylation
status of two CpG islands within the KvDMRI1 ICR in the kidneys of F1 growth restricted
offspring. The study will contribute to the understanding of the potential mechanisms
controlling the gene expression of imprinted genes in the kidney that might be susceptible to

adverse in utero environments.

MATERIALS AND METHODS

Kidney tissue collection

The intrauterine growth restricted (IUGR) Wistar Kyoto rat model was generated as
previously described (The University of Melbourne AEC 04138, 1011865, and 1112130; La
Trobe University AEC 12-42) [12, 20, 21]. In short, pregnant female rats (FO) underwent
bilateral uterine vessel (artery and vein) ligation at day 18 of pregnancy (late gestation; term
= 22 days) to induce UPI. The control group underwent sham surgery (no vessel ligation).
Left kidney samples were collected at embryonic day 20 (E20) and post-natal day 1 (PN1)
from the first-generation rat offspring, with one male and one female examined per litter [12].

Samples were snap frozen in liquid nitrogen and stored at -80°C.
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RNA and DNA extraction

RNA was extracted from samples as described previously [12]. For DNA extraction, 30 mg of
left kidney tissue was quickly cut on a plastic weight boat on ice. Only PN1 tissues were
available for DNA extraction as the whole E20 kidney was used in RNA extraction [12].
Tissue homogenisation was carried out in 500 pL of TES (10 mM Tris (pH 8.0), ImM EDTA,
0.1M NaCl; Invitrogen) with the following PowerLyser settings: time “T” = 15 s, cycles “C”
=1, dwell/pause time “D” = 0 s, and speed “S” = 3,500 rpm. DNA was then extracted using
the salting out method [22] with modifications. Thirty microliters of 20 ng/uL Proteinase K
(Invitrogen) was added to each tube of homogenised tissue (mixed by inversion), followed by
60 pL of 20% SDS (Invitrogen) (mixed by inversion). The samples were then incubated at
37°C for 24 h. After incubation, 300 pL of 3M NaCl was added to each tube and mixed
vigorously by shaking for at least 10 s. Tubes were placed on ice for 10 min, followed by
centrifugation at 13,000 rpm for 15 min, and a maximum of 450 pL of the supernatant was
collected. Two microliters of glycogen (Invitrogen) was added to each tube, followed by 900
pL of 100% molecular biology grade ethanol (Sigma-Aldrich) (mixed by inversion). The
DNA was pelleted by centrifugation at 13,000 rpm for 2 min. The DNA pellet was washed
with 900 pL 70% ethanol (mixed by inversion) and centrifuged at 13,000 rpm for 1 min. The
supernatant was then removed and the DNA pellet was centrifuged at 13,000 rpm for 1 min.
The DNA pellet was dried at room temperature before resuspension in TE buffer (Invitrogen)
(50 pL, pH 8.0). Samples were stored at 4°C and the DNA concentration was quantitated
using a NanoDrop spectrophotometer (Thermo Fisher Scientific). DNA integrity was checked

using 1% agarose gel electrophoresis.
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Genomic DNA (gDNA) contamination check and reverse transcription

RNA samples (20 ng, in duplicate) were checked for contamination of gDNA as previously
described [12] using the SsoAdvanced™ Universal SYBR® Green Supermix (Bio-Rad) and
primers that targeted an Actb intronic region. Contaminated RNA samples (Cq < 35) were
DNase-treated using the TURBO DNA-freeTM kit (Thermo Fisher Scientific) and checked

again using the same qPCR method.

qPCR gene expression analysis

Thbp and Ywhaz were determined to be the two most stable reference genes in our previous
study [12]. As the IncRNA Kcnglotl sequence is not available on the rat assembly (UCSC
Genome Browser Nov. 2020 (mRatBN7/m7)), Kcnglotl sequence from the mouse genome
(UCSC Genome Browser Jun. 2020 (GRCm39/mm39)) was submitted to a UCSC BLAT
search against the rat genome. Primers for Kcnglotl, Slc22al8, and Cars were then designed
using NCBI Primer-BLAST (Table S1). Primer optimisation, master mix preparation and
qPCRs were performed as previously described [12], with cycling conditions shown in Table

S1.

DNA methylation analysis

A total of 34 rat PN1 DNA samples (1000 ng each) were sent to the Australian Genome
Research Facility (AGRF) for region-specific quantitative DNA methylation analysis.
Primers targeting two CpG islands (chr1:198,492,806 - 198,493,065 (CpG: 23) and
chr1:198,493,269 - 198,493,580 (CpG: 20) (mRatBN7/rn7)) on the KvDMR1 imprinting
control region were designed by AGRF (Table S2). DNA samples were bisulfite modified,
followed by analyses using EpiTYPER Agena MassArray and Mass Cleave Chemistry test

methods [23].
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Data analysis

Data were analyzed using a linear mixed-effect model, with adjustments for litter size and
relatedness between litter siblings as previously reported [12], using R version 4.1.1 [24, 25].
Power of the linear mixed-effect model was determined to be 0.998 and 0.993 for the analysis
of gene expression and DNA methylation, respectively, calculated using the "pwr.f2.test"
function (“pwr” package) in the R environment, with n (sample size) = 38 for our expression
studies and n = 33 for the DNA methylation analyses, respectively. Correlation between gene
expression levels were determined using Spearman’s non-parametric correlation coefficient
(no assumptions regarding data distribution), calculated using PAST 4.03 software [26].
Sham and IUGR data were combined to investigate whether there was a relationship between
expression of different pairs of genes, regardless of treatment. The relationships within each
group were then examined to determine whether a correlation present in one group was

absent/altered in the other group, potentially indicating disruption due to growth restriction.

RESULTS

Expression of imprinted and non-imprinted genes in the kidney

The expression of Kcnglotl was not different between the sham and IUGR offspring at E20
(Fig. 1a). However, at PN1, there was a significantly lower expression of Kcnglotl in IUGR
offspring than in sham offspring (reduced by approximately 50%, p < 0.01). The expression
of another imprinted gene in the same KvDMR1 ubiquitously imprinted cluster (Slc22al8)
and a non-imprinted gene (Cars) was also examined to determine whether the changes
observed in Kcnglotl, Kcngl and Cdknlc extended to other genes in this imprinting cluster.
There was no significant difference in the expression of either Sic22al8 (Fig. 1b) or Cars

(Fig. 1¢) between the sham and IUGR offspring at any time point.
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Figure 1. Normalised expression of the imprinted genes Kcnglotl (a), Slc22al8 (b), and the
non-imprinted gene Cars (c¢) in kidney tissues of sham and IUGR rat offspring at embryonic

day 20 (E20) and postnatal day 1 (PN1). Significance was determined by linear mixed effect
models, followed by a Tukey’s post hoc test (**p < 0.01). Data is expressed as mean + SD; n

= 8-10/group.

Correlation between gene expression levels in rat kidney

Pairwise non-parametric correlation analyses were carried out to investigate the potential
correlations between the expression levels of genes in sham and IUGR offspring at E20 and
PNI1, including between pairs of imprinted genes known to be important in kidney
development and regulated by the KvDMRI1 ICR (Cdknic, Kengl and Kcenglotl; Fig. 2 and

Table S3), as well as between imprinted genes and other genes (Dnmtla, Dnmt3a, Peg3,
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Snrpn, Slc22al8, and Cars; Fig. S1 and Table S3). The expression of Cdknlc, Kcngl,

Dnmtla, Dnmt3a, Peg3 and Snrpn has been previously reported [12].
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Figure 2. Spearman’s non-parametric correlation matrices between 3 imprinted genes known

to be important in kidney development and regulated by the KvDMR1 imprinting control

region (Kcnglotl, Cdknlc and Kcngl) in kidney tissues of sham and IUGR rat offspring at

embryonic day 20 (E20) and postnatal day 1 (PN1). Sham and IUGR data were combined in

(a) for E20 and (d) for PN1. Spearman correlation coefficients (top number) and p-values

(bottom number) are displayed on the right triangles. A cross through the box indicates a non-

significant p-value. The size of the circle indicates how strong the correlation is

(corresponded to the Spearman correlation coefficients).
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When sham and IUGR data were combined, there was a significant negative correlation
between the expression of Dnmt3a and IncRNA Kcnglotl at E20 (Spearman’s p =-0.455, p
=0.006, Fig. S1a and Table S3), as well as significant positive correlations between Dnmt3a
and Kcngl and Dnmt3a and Cdknlc (Spearman’s p = 0.896, p < 0.0001 and Spearman’s p =
0.349, p =0.040, respectively; Fig. S1a and Table S3). Additionally, at E20, there was a
negative correlation between Kcnglotl and Kcngl and a positive correlation between Kcngl
and Cdknlc (Spearman’s p =-0.606, p < 0.0001 and Spearman’s p = 0.427, p = 0.009,
respectively; Fig. 2a and Table S3). The relationships between these pairs of genes (except

Dnmt3a-Kcngl) were no longer present at PN1 (Fig. S1b and Table S3).

Interestingly, when sham and IUGR were investigated individually at each time point, the
negative correlation between Kcnglotl and Kcngl was significant only in the E20 [IUGR
group (Spearman’s p = -0.583, p = 0.014, Fig. 2¢, 2e, 2f, S1c-f and Table S3). Additionally,
there was a significant positive correlation between Kcngl and Cdknlc in the E20 [UGR
group (Spearman’s p = 0.551, p = 0.022), but not in the E20 sham group (Fig. 2b, 2¢, Slc,
S1e and Table S3). No correlation was observed between Kcnglotl and Cdknlc expression
in any of the groups at any time point. On the other hand, there was an inverse relationship
between Dnmt3a and Kcngotl in the [UGR group, whereby at E20, there was a negative
association (Spearman’s p = -0.421) and at PN1, there was a positive association (Spearman’s
p =0.370) (Fig. S1e, S1f and Table S3). However, these differences were not statistically

significant.
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DNA methylation status of the KvDMR1 imprinting control region

Base-specific cleavage of bisulfite-modified DNA yielded usable signals for four out of 16
(amplicon 1, Fig. 3a) and seven out of 20 (amplicon 13, Fig. 3b) CpG positions within CpG
23 and CpG 20 islands, respectively, in KvDMR1 ICR. There was hypomethylation (p <
0.05) at CpG site 6 of the CpG 23 island in [IUGR males only (] 11.25%, methylation level in
ITUGR males 6% vs. sham males 17.25%, amplicon 1, Fig. 3a). Interestingly, unlike other
CpG sites within this region where the DNA methylation level was ~50% (as expected for
imprinted genes), there was a lower than 20% methylation level at CpG site 6, even in the
sham animals. There was no statistically significant difference in the methylation status

between sham and IUGR offspring at any site of the CpG 20 island (amplicon 13, Fig. 3b).
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Figure 3. DNA methylation status of the KvDMR1 imprinting control region containing (a)

CpG 23 (amplicon 1 (ampl), chr1:198,492,806 - 198,493,065, UCSC Genome Browser Nov.
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2020 (mRatBN7/rm7)) and (b) CpG 20 (amplicon 13 (amp13), chr1:198,493,269 -
198,493,580 (mRatBN7/rn7)) in sham and IUGR rat offspring at postnatal day 1 (PN1),
determined using EpiTYPER Agena MassArray and Mass Cleave Chemistry analyses. For
CpG fragments that had the same mass peaks as other fragments containing same number of
CpGs (Amp13, CpG_5.6 versus CpG_7.8 and CpG_14 versus CpG_18), methylation % was
calculated between CpGs. Significance was determined by linear mixed effect models,
followed by a Tukey’s post hoc test (*p < 0.05). Data is expressed as mean = SD; n = 8-

9/group.

KvDMRI1 ICR was further analyzed to identify the location of these CpG sites. As mentioned
previously, the Kcnglotl sequence is not available in the mRatBN7/rn7 rat genome.
However, there was an uncharacterized IncRNA named LOC120099961 found in the rat
mRatBN7.2 genome (NCBI Reference Sequence: NC _051336.1), which is located in a
similar position as Kcnglotl in other species genomes. Therefore, this rat sequence, together
with other mouse sequences including the KvDMRI1 region [27], Kcnglotl transcriptional
repressor CTCF binding sites [28], enhancer, promoter [29], and TSS [29, 30] were used in a
BLAT search against the rat genome. The results for the (approximate) positions are shown in
Fig. 4. While amplicon 13 (CpG 20) was located within both Kcnglotl TSS and CTCF
binding site 2, amplicon 1 (CpG 23) was not located within any of the sequences mentioned
above (Fig. 4). Using TFBIND software (weight matrix in transcription factor database
TRANSFAC R.3.4, similarity > 80%) [31] and TRANSFAC FACTOR TABLE (Release
2017.2), CpG site 6 (amplicon 1) was determined to correspond to different transcription
factor binding sites (TFBSs) (Table 1). Among these, there were 4 TF that have been
previously reported to play a role in kidney development and disease, as well as to be
regulated by DNA methylation, including Chicken Ovalbumin Upstream Promoter
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Transcription Factor 2 (COUP-TF2) [32, 33, 34, 35], GATA-binding Factor 2 (GATA-2) [36,
37], Serum Response Factor (SRF) [38, 39, 40], and Activating enhancer binding Protein 2
alpha (AP-2a) [41, 42]. When data from all examined CpG sites within each CpG island were
combined, no significant difference in DNA methylation levels was found between the sham

and IUGR kidney samples (Fig. S2).
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Figure 4. Approximate positions of the two amplicons (amplicon 1 and 13, targeting CpG
island 23 (chr1:198,492,806 - 198,493,065) and 20 (chr1:198,493,269 - 198,493)
(mRatBN7/rn7), respectively) in the rat KvDMRI1 imprinting control region (modified from
Doan et al. [12]), examined using region-specific quantitative DNA methylation analysis.
DNA methylation of KvDMR1 and/or expression of the IncRNA Kcnglot! is known to play a
role in controlling the monoallelic expression of imprinted genes in the KvDMRI1 imprinting
cluster. Primers were designed by the Australian Genome Research Facility (AGRF). There
was a hypomethylation (| 11.25%, p < 0.05) at CpG site 6 of CpG 23 island in PN1 growth
restricted male kidneys. Kcnglotl sequence is not available on the mRatBN7/rn7 rat genome.
Hence, sequence from the uncharacterized IncRNA named LOC120099961 found on the rat

mRatBN7.2 genome (NCBI Reference Sequence: NC _051336.1, similar position) was used.
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Mouse sequences, including KvDMRI1 region [27], Kcnglotl transcriptional repressor CTCF
binding sites [28], enhancer, promoter [29], and transcription start site [29, 30] were used in a
BLAT search against the rat genome. |: expression decreased; 1: expression increased; (-): no
change in gene expression. Note that the annotations of gene expressions in this figure is
based on the circumstance that in a healthy animal, the imprinted genes Kcng/ and Cdknlc
are expressed on the maternal allele, while Kcnglotl is preferentially expressed on the

paternal allele.

Table 1. Transcription factor binding sites (TFBSs) correspond to CpG:23 island (amplicon
1, chr1:198,492,806 - 198,493,065, rat), where there was hypomethylation at CpG site 6
(coloured in red) in [IUGR male kidneys. TFBSs were determined using TFBIND software
(weight matrix in transcription factor database TRANSFAC R.3.4) [31] and TRANSFAC
FACTOR TABLE (Release 2017.2). Left to right: TF name, matrix ID (from TRANSFAC
R.3.4), label in TFBIND, similarity compared to input sequence, strand that the transcription

factor binds, and sequence of the TFBS.

Factor ID Label Similarity Forward (+) or reverse (-) Sequence
COUP-TF2 | M00155 | ARP1 01 0.806 +) CGCGGCCATGAAACG®C
GATA-2 MO00076 | GATA2 01 0.806 O] CG°CCAACCGG
SRF MO00215 SRF_C 0.803 +) GCCATGAAACGCCAA
AP-2a MO00189 AP2_Q6 0.801 ) CG°CCAACCGGGC
DISCUSSION

The imprinted gene Kcnglotl has been previously shown to be altered in growth restricted
offspring due to environment exposure during early life [43, 44]. Specifically, reduced
expression of this IncRNA has been reported in placentae of E16.5 growth restricted male

mice whose mothers were exposed to 50 ppm of the heavy metal cadmium throughout pre-
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conception, mating, and pregnancy [43], as well as in E18.5 growth restricted mice who were
conceived through in vitro fertilisation (IVF) [44]. In our current study, as expected, there
was a significant decrease in Kcnglotl expression in kidneys of F1 growth restricted rat
offspring at PN1. From studies in mice, the function of Kcnglotl is suggested to partially
control the allele-specific expression of other imprinted genes in the same KvDMR1
imprinting cluster, including those investigated in this current study, in a tissue-specific
manner; however, the exact mechanism is still unclear [28, 45, 46]. For instance, deletion of
the whole KvDMR1 ICR (2.8 kb [45] or 3.6 kb [46], which abolished Kcnglotl expression),
deletion of Kcnglotl promoter and TSS region (224 bp) [46], producing a shorter transcript
by inserting a transcription stop element at 1.5 kb downstream of the IncRNA TSS [46], or
truncation of Kcnglotl (2.6 kb downstream of its promoter) [28], on the paternal allele, was
reported to be associated with activation of the normally paternally silenced genes in mouse
embryonic tissues (E11.5-16.5). Biallelic gene expression was reported for Slc22al8
(placenta [28, 46], liver, gut, kidney, lung, heart, brain, and fibroblast [28]), Kcng! (placenta
[28, 46], liver [28, 45], gut, kidney, lung, heart, brain, and fibroblast [28]), and Cdknlc
(whole embryo, placenta [28, 46], liver [45], heart, brain, and gut [28]). However,
monoallelic expression of Cdknlc has been reported in the liver, kidney, lung, and fibroblasts

of mice at E15.5, despite the Kcnglotl truncation, which remains to be explained [28].

In line with the above findings, studies in mouse IUGR models also reported alterations to the
imprinted genes that are known to be regulated by KvDMRI, in association with decreased
Kcnglotl expression [43, 44]. Growth restricted mice conceived through IVF have decreased
placental Cdknic expression compared to in vivo controls at E18.5, despite a similar
expression at E14.5 [44]. In contrast, CdknIc overall expression was increased in the
placentae of E18.5 growth restricted mice whose mothers were exposed to Cadmium [43].
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Meanwhile, there was no alteration in placental Kcngl expression in these mice [43].
Additionally, allele-specific expression analysis indicated no difference in Cdknlc expression
between growth restricted and sham animals [43]. In our study of growth restricted rat
kidneys, Cdknic expression was reduced only in [IUGR females at E20, while PN1 [TUGR
offspring had decreased Cdknlc and increased Kcngl expression compared to sham [12].
Together with the above-mentioned findings, the fact that our results report decreased
Kcnglotl only in PN1, but not E20, IUGR rats as well as no correlation between Kcnglotl
and Cdknlc expression in any of the groups, at any timepoint, suggests that changes in
IncRNA Kcnglotl expression alone is not sufficient to explain changes in Cdknlc in [IUGR
rat kidneys. Allele-specific expression analysis of these imprinted genes would provide a

better understanding of their potential relationships.

As Dnmt3a was reported in our previous study to be decreased in [IUGR kidneys at E20 [12],
we hypothesized that there were alterations in the DNA methylation profile, including that of
the KvDMRI1 ICR, which is involved in dysregulation of the expression of imprinted genes
that are known to be important in fetal kidney development. In babies diagnosed with
Russell-Silver syndrome, characterised by intrauterine and postnatal growth restriction,
alterations in KvDMR1 DNA methylation, either hypermethylation [47, 48, 49] or
hypomethylation [50], have been reported in their blood samples. In human IUGR studies,
KvDMR1 DNA methylation status was mostly studied using placental tissues, with no
significant difference observed between growth restricted tissues and healthy controls [51, 52,
53, 54]. In the current study of rat kidneys, hypomethylation was found at a CpG site of CpG
23 island (chr1:198,492,806 - 198,493,065) within KvDMR1 in PN1 IUGR males. This CpG
site was not located within any of the Kcnglotl regulatory regions that we were able to
assess. However, this position is a potential target for several TFs known to be important in
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kidney development and disease, including but not limited to COUP-TF2, GATA-2, SRF, and
AP-20. Future studies should investigate the potential interaction of these TFs within the
KvDMRI1 and the biological function of such events. Furthermore, as these TFs have been
previously shown to be impacted by DNA methylation [32, 33, 37, 38, 41], alteration to the
Dnmt3a expression in our study could also impact their expression. Another important point
to mention here is DNA methylation level of this specific site was also lower than 50% in
sham animals, which is not typical for imprinted genes where the silenced allele is often
methylated. Meanwhile, investigation of the CpG 41 island in the placentae of E18.5 growth
restricted female mice (conserved sequence of KvDMR1 CpG 23 island in rats) showed no
change in DNA methylation of any other CpG sites within this region (chr1:198,493,086-
198,493,233) [43]. In addition, our results show that the mean DNA methylation levels within
this CpG 23 island as well as within the CpG 20 island (chr1:198,493,269 - 198,493,580) of
the KvDMRI1 ICR were also not different between sham and IUGR offspring. Nonetheless,
apart from the differences in tissues examined, it should be noted that different regions within
and near the KvDMRI1 ICR were investigated in the above studies, which could be a potential
limitation of the present study. Additionally, the kidney is a complex organ that comprises of
more than 20 differentiated cell types [55]. Recent single-cell RNA sequencing databases in
both adult mice [56, 57] and rats [58] suggest that the 3 imprinted genes (Cdknlc, Kcngl, and
Kcnglotl) investigated in our study have different expression levels in different renal cell
types. Specifically, Cdknlc is highly expressed in stromal cells and podocytes (visceral
epithelium), while Kcng! is highly expressed in collecting duct intercalated cells and
connecting tubule principal-like cells. Kcnglotl (mouse data) is also highly expressed in
podocytes. Since we only assessed DNA methylation of one region using a region-specific
quantitative DNA methylation analysis method, this did not allow for assessing or adjusting

for different cell types.
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Besides KvDMR1, DNA methylation of the Cdknc promoter region is also an important
mechanism that needs to be explored, as it is known to be important in maintaining allele-
specific gene expression during embryonic development in healthy mice [59]. However, in
the mouse Kcnglotl truncation model, where CdknIc allele-specific expression was shown to
be either altered or unchanged in different embryonic tissues, there was no difference in
Cdknlc promoter DNA methylation levels in all tissues at E15.5, suggesting a different
mechanism for maintaining Cdknlc monoallelic expression [28]. In contrast, in the placentae
of E18.5 Cadmium-exposed growth restricted mice, where expression of Kcnglotl decreased
and expression of Cdknlc increased, there was a reduction in DNA methylation in one out of
23 investigated CpG sites in the Cdknlc promoter region [43]. However, the mean
methylation level of the whole CpG island did not change compared with that of the sham
offspring [43]. Future studies should investigate epigenetic alterations in the Cdknlic

promoter region.

In summary, at PN1, there was a 50% decrease in the expression of an antisense IncRNA
(Kcnglotl) in IUGR rats compared to that in sham animals. This is the first study to report
changes in Kcnglotl in UPI-induced growth restricted rat kidneys. H19 is another IncRNA
and imprinted gene that plays an important role in development. H/9 has also been shown to
be altered in rodent and human IUGR studies, with significant changes in its expression and
DNA methylation in many tissues (e.g., sperm, liver, blood, and placenta [1, 60, 61, 62]). In
this study, there was a negative correlation between Kcnglotl and the gene that it is located
within (Kcngl), only in E20 IUGR kidneys. As Kcngl was also altered at PN1 [12], these
results suggest that an abnormal event occurred early during fetal nephron formation, which
later affected the expression of imprinted genes within the KvDMR1 ICR. In contrast,
changes in Kcnglotl were not sufficient to explain the decrease in the expression of another
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imprinted gene within the same KvDMR1 imprinting cluster, Cdknlc, at both E20 (IUGR
females) and PN1 (IUGR males and females) [12], as no correlation was found between the
two genes in any group at any time point. As there was a decrease in Dnmt3a expression in
E20 IUGR kidneys [12] and significant correlations between Dnmt¢3a and
Kcengl/Kenglotl/Cdknlc at E20, the DNA methylation profile of KvDMR1 was investigated.
Hypomethylation was found at a CpG site only in PN1 IUGR males. However, the
importance of the alteration of this specific CpG site and its effect on the [IUGR kidney is yet
to be determined. Future studies should investigate the allele-specific expression of these
genes, the reason for DNA methylation changes at one CpG site in KvDMRI1, and other

epigenetic mechanisms.
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SUPPLEMENTARY TABLES

Table S1. Primer sequences for the rat reference (7bp and Ywhaz), imprinted (Kcnglotl (long
non-coding RNA), Sic22al8), and non-imprinted (Cars) genes. Primers were optimised at the
following qPCR cycling conditions: 98°C for 3 minutes, (98°C for 10 seconds, 60 or 63°C for
30 seconds (*)) — repeated for 40 cycles, followed by melt curve analysis: 65°C to 90°C with

0.5°C increment per 5 seconds.

Primer | PCR product | Annealing

Gene Primers Sequence (5’ to 3°)
length length (bp) temperature (*)
RTTbpF CTAACCACAGCACCATTG 18
Tbp 152 63°C
RTTbpR TTACAGCCAAGATTCACG 18
RTYwhazF ACCCACTCCGGACACAGAAT 20
Ywhaz 111 63°C
RTYwhazR GACTTCATGCAGGCTGCCA 19

RTKcnglotlF | AAAATGAAAAGGGTGAGACATGG | 23
Kcnglotl 150 63°C
RTKcnglotlR | TCACAAATTTGGTTTTTCTACCCA | 24

RTSIc22a18F | CTCTTCGCCTCGCGTCTAC 19

Slc22a18 152 60°C
RTSIc22a18R | AGCAGGGAGCCGAAGATAAC 20
RTCarsF ATCGGGAGCAGAAACCTTCG 20

Cars 152 60°C
RTCarsR TGGTTCTGTGGCAAGCTTCA 20
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Table S2. Primer sequences for DNA methylation analysis of two CpG islands (chr1:198,492,806 - 198,493,065 (CpG: 23, Amp 1) and
chr1:198,493,269 - 198,493,580 (CpG: 20, Amp 13) (mRatBN7/r7)) on the rat KvDMR1 imprinting control region. Primers were designed by
the Australian Genome Research Facility (AGRF) using EpiDesigner (Agena Bioscience). Blue texts denote CpG site positions that were

investigated.

Amplicon
name

Primers

Direction

Target sequence

Target
length

Target
CpG

CpG
analysed
inT

CpG
analysed
in C

Primer
C

Amp 1

Left

GTTTAGGGGTTTAATGGATTTTAAG

Right

CAAACACACATAACCAAAAACAAAA

GCTTAGGGGCTCAATGGACCTCAAGACC
ACCTCG'GCTTCTGTGAGCCTGGGCTGC
G’AAGATGGAGCCCTGCCTGGGGAGATG
TGGCCCAAGGATGAGAACCG3AGCCG*C
G’GCCATGAAACGPCCAACCG'GGCCG!
CG’GCCG''TAAATCG"AATACG'> GAGCC
CCAACCG"CCAAACG"AATCCCGPAGC
CACTGTTGCAAAACG'*AAGATGGAGCC
CCAGCCATGGAGGTAAGCAATGGATTCA
TCTCTGCTTCTGGCCATGTGTGCTTG

260

16

11

Amp 13

Left

GGATTTTGGTTGGTTAAAGAATGTT

Right

ATTCACAATTCTTTTAAATCTACCTCT

GGACCCTGGCTGGCTAAAGAATGCTGAG
AAGCAAAGCG'GAGCG’CG*CCAAGGCA
GCCG*ACCG’CG’CTGGAGACCG'CG®TT
GGAGTGATCCG’TACTGAAATGATCCACA
CTTAAGTGACCCG!"’ATTGCTGAGGTAGA
TCAGACTGTAGCG"AGGACCACCATGCC
G?AAACAAGATAAAGACCTCACCG"AG
GAGGTCTATGCTCAGGAGAAACTGAGGC
CG"“ATCGPCG'*TTGAGCAAAGCACACT
GATGATGGCTGGTCG'"GGACTGAGGCG!
SCACCG""CACTCAAGTGATCCG*’AGCAG
AGGCAGATCCAAAAGAATTGTGAAC

312

20
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Table S3. Values of correlations matrices displayed in Figure 2 and Figure S1. The lower
triangle displays the Spearman correlation coefficients and the upper triangle displays the p-
value. In the lower triangle, blue text denotes a positive correlation (> 0) while red text
denotes a negative correlation (< 0). Significant correlations (p < 0.05) are bolded and, in the
upper triangle, not greyed out.

E20 Sham + IUGR
Cars 0.000 0.002
0.255 | Cdknilc 0.040 0.009 0.017 0.000
-0.250 | 0.033 Dnmt1 0.000 0.000
0.041 0.349 0.795 | Dnmt3a | 0.000 0.006
-0.038 | 0.427 0.736 0.896 Kenql 0.000
0.056 | -0.149 | -0.308 -0.455 -0.606 | Kcngqlotl

-0.179 | -0.042 0.233 0.066 0.265 -0.324 Peg3
0.673 0.395 -0.325 -0.157 -0.032 0.168 -0.173 | Slc22a18 | 0.000
0.501 0.719 -0.119 0.105 0.232 -0.064 -0.192 0.607 Snrpn
E20 Sham

Cars 0.000 0.016
0.242 | Cdknic 0.046

-0.370 | -0.082 | Dnmtl 0.000 0.000
-0.261 0.058 0.920 | Dnmt3a | 0.000
-0.160 | 0.211 0.865 0.922 Kenql
0.275 0.323 -0.307 -0.140 -0.305 | Kengloti

-0.060 0.054 0.151 -0.112 0.247 -0.397 Peg3

0.774 0.296 -0.220 -0.311 -0.032 0.393 0.195 | Slc22a18 | 0.004
0.560 0.463 0.012 0.137 0.223 0.339 -0.077 0.639 Snrpn
E20 IUGR

Cars 0.034

0.309 | Cdknic 0.022 0.045 0.000

-0.065 | 0.038 Dnmt1 0.000 0.039
0.288 0.412 0.824 | Dnmt3a | 0.001
0.100 0.551 0.521 0.765 Kenql 0.014

-0.103 | -0.294 | -0.285 -0.421 -0.583 | Kcnglotl

-0.282 | -0.189 0.191 0.065 0.115 -0.096 Peg3 0.042
0.517 0.493 -0.382 -0.015 0.056 0.093 -0.498 | Slc22a18 | 0.004
0.456 0.824 -0.335 -0.044 0.213 -0.174 -0.343 0.654 Snrpn
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PN1 Sham + IUGR

Cars 0.000 0.000 0.000 0.028 0.000 0.000

-0.046 | Cdknic 0.043
0.696 0.124 Dnmt1 0.000 0.000 0.000 0.000

0.604 0.246 0.936 Dnmt3a | 0.000 0.000 0.000

0.751 -0.058 0.694 0.686 Keng1 0.000 0.000

0.357 0.129 0.173 0.116 -0.111 Kcnqglotl

0.751 -0.035 0.744 0.663 0.616 0.171 Peg3 0.000

0.821 -0.041 0.633 0.587 0.710 0.269 0.616 | Slc22a18

0.268 0.330 0.208 0.211 0.087 0.100 0.162 0.251 Snrpn
PN1 Sham

Cars 0.000 0.008 0.000 0.006 0.000

-0.218 | Cdknlc

0.759 0.096 Dnmt1 0.000 0.000 0.000 0.020

0.604 0.414 0.870 Dnmt3a | 0.001 0.001

0.761 -0.009 0.798 0.725 Kcngl 0.021 0.009

0.373 -0.356 0.098 0.065 0.046 | Kcnglotl

0.624 0.086 0.740 0.703 0.540 0.071 Peg3 0.021

0.835 -0.354 0.544 0.430 0.595 0.323 0.540 | Slc22a18

0.154 0.131 0.174 0.199 0.127 -0.030 0.191 0.269 Snrpn
PN1 IUGR

Cars 0.008 0.034 0.001 0.002 0.000 0.001

0.248 | Cdknic 0.010
0.577 0.215 Dnmt1 0.000 0.003 0.003 0.002

0.477 0.195 0.943 Dnmt3a | 0.003 0.015 0.003

0.662 0.206 0.627 0.621 Kecngl 0.018 0.001

0.638 | 0.179 0.395 0.370 0.220 Kenglotl | 0.011 0.027

0.717 0.018 0.635 0.534 0.522 0.555 Peg3 0.007

0.666 | 0.253 0.650 0.636 0.695 0.493 0.585 | Slc22a18

0.280 | 0.562 0.245 0.218 0.078 0.102 0.183 0.173 Snrpn
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Figure S1. Spearman’s non-parametric correlation matrices between expression levels of
DNA methyltransferases (Dnmtl and Dnmt3a), imprinted (Cdknlc, Kengl, Kenglotl, Peg3,
Snrpn, and Slc22al8) and non-imprinted (Cars) genes in kidney tissues of sham and [UGR
rat offspring at embryonic day 20 (E20) and postnatal day 1 (PN1). Sham and IUGR data
were combined in (a) for E20 and (b) for PN1. Spearman correlation coefficients and p-
values are reported in Table S3. A cross through the box indicates a non-significant p-value.

The size of the circle indicates how strong the correlation is (corresponded to the Spearman

correlation coefficients).
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Figure S2. Mean DNA methylation level of two CpG islands within the KvDMR1 imprinting
control region, including (a) CpG 23 (amplicon 1 (amp1), chr1:198,492,806 - 198,493,065,
UCSC Genome Browser Nov. 2020 (mRatBN7/rn7)) and (b) CpG 20 (amplicon 13 (amp13),
chr1:198,493,269 - 198,493,580 (mRatBN7/rn7)) in sham and IUGR rat offspring at
postnatal day 1 (PN1), determined using EpiTYPER Agena MassArray and Mass Cleave

Chemistry analyses. Data is expressed as mean = SD; n = 8-9/group.
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ABSTRACT ARTICLE HISTORY
Altered epigenetic mechanisms have been previously reported in growth restricted offspring Received 31 July 2023

whose mothers experienced environmental insults during pregnancy in both human and rodent Revised & December 2023
studies. We previously reported changes in the expression of the DNA methyltransferase Dnmt3a  Accepted 6 December 2023
and the imprinted genes Cdknic (Cyclin-dependent kinase inhibitor 1C) and Kengl (Potassium
voltage-gated channel subfamily Q member 1) in the kidney tissue of growth restricted rats whose
mathers had uteroplacental insufficiency induced on day 18 of gestation, at both embryonic day restriction; Uteroplacental
20 (E20) and postnatal day 1 (PN1). Te determine the mechanisms responsible for changes in the insufficiency; epigenetic
expression of these imprinted genes, we investigated DNA methylation of KvDMR1, an imprinting mechanisms; long nan-
control region (ICR) that includes the promoter of the antisense long non-coding RMA Kcnglot]  coding RNA; DNA
(Kcng1 opposite strand/antisense transcript 1). Kcnglot] expression decreased by 51% in growth methylation

restricted offspring compared to sham at PN1. Interestingly, there was a negative correlation

between Kcnglot! and Kcng? in the E20 growth restricted group (Spearman's p=0.014). No

correlation was observed between Kenglot! and Cdknlc expression in either group at any time

point. Additionally, there was a 11.25% decrease in the methylation level at one CpG site within

KvDMR1 ICR. This study, together with others in the literature, supports that long non-coding

RMAs may mediate changes seen in tissues of growth restricted offspring.
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Introduction . p
reported to have multigenerational or transgenera-

Development is susceptible to environmental tional effects that occur in a sex-specific manner in
insults, such as uteroplacental insufficiency, mater-  rodent studies [4-7,9-17]. These animal models
nal suboptimal diets, and other environmental have been suggested to be more appropriate for
exposures to chemicals, infections, drugs, and transgenerational studies, as besides the availabil-
alecohol [1-7]. Developmental environmental ity of tissues for sampling, inbred strains and
exposure early in life has been shown to be asso-  strictly controlled experimental environments can
ciated with epigenetic changes, including changes  help reduce biases found in human studies, such as
in DNA methylation, histone modifications, long  genetic, ecological, and cultural factors [18].

non-coding RNA (IncRNA), and micro-RNA We have recently shown in our rodent model
(miRNA) expression, in both human and rodent  of uteroplacental insufficiency (UPI) that the
studies, which can have a significant impact on  expression of Dnmt3a, a de novo DNA methyl-
short- and long-term offspring health [1,4-6,8-  transferase, but not Dnmtl, whose primary role is
10]. Additionally, altered epigenetic mechanisms  maintaining the DNA methylation landscape, was
and physiology due to environmental exposure decreased in the kidney of embryonic day 20
during  gametogenesis/gestation have been  (E20) offspring, which is during the embryonic
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nephron formation period [12]. Concurrently,
expression of imprinted genes that are known to
be important in kidney development, Cdknlc and
Kcngl, was also altered at both E20 (Cdknlc; sex-
specific) and postnatal day 1 (PN1; Cdknlic and
Kengl) [12]. Specifically, at E20, Cdknlc expres-
sion was only reduced in growth restricted
females. At PN1, regardless of sex, CdknIc expres-
sion was lower and Kengl expression was higher
in growth restricted offspring, in association with
reduced absolute and percentage left kidney
weight [12]. Interestingly, Kengl and Cdknlc are
both known to be regulated by KvDMRI, an
imprinting control region (ICR), which includes
the promoter of the imprinted antisense IncRNA
Kenglotl [19,20]. These results raised a question
of whether epigenetic mechanisms, such as DNA
methylation or IncRNAs, can explain the multi-
generational and sex-specific alterations in both
gene expression and growth phenotypes in the
kidneys of growth restricted offspring.

In the current study, we investigated the rela-
tionship between Kengl and Cdknlc with
Kenglotl and KvDMRI by examining the expres-
sion of Kenglotl and the DNA methylation status
of two CpG islands within the KvDMRI1 ICR in
the kidneys of F1 growth restricted offspring. The
study will contribute to the understanding of the
potential mechanisms controlling the gene
expression of imprinted genes in the kidney that
might be susceptible to adverse in utero
environments.

Materials and methods
Kidney tissue collection

The intrauterine growth restricted (IUGR) Wistar
Kyoto rat model was generated as previously
described (The University of Melbourne AEC
04138, 1011865, and 1112130; La Trobe
University AEC 12-42) [12,21,22]. In short, preg-
nant female rats (FO) underwent bilateral uterine
vessel (artery and vein) ligation at day 18 of preg-
nancy (late gestation; term=22days) to induce
UPL The control group underwent sham surgery
(no vessel ligation). Left kidney samples were col-
lected at embryonic day 20 (E20) and post-natal
day 1 (PN1) from the first-generation rat
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offspring, with one male and one female examined
per litter [12]. Samples were snap frozen in liquid
nitrogen and stored at -80°C.

RNA and DNA extraction

RNA was extracted from samples as described pre-
viously [12]. For DNA extraction, 30 mg of left kidney
tissue was quickly cut on a plastic weight boat on ice.
Only PN1 tissues were available for DNA extraction as
the whole E20 kidney was used in RNA extraction
[12]. Tissue homogenization was carried out in 500 pL
of TES (10 mM Tris (pH 8.0), 1 mM EDTA, 0.1M
NaCl; Invitrogen) with the following PowerLyser set-
tings: time “T" =15 s, cycles 'C’ = 1, dwell/pause time
‘D’'=0 s, and speed ‘S’ = 3,500 rpm. DNA was then
extracted using the salting out method [23] with mod-
ifications. Thirty microlitres of 20 pg/uL Proteinase
K (Invitrogen) was added to each tube of homoge-
nized tissue (mixed by inversion), followed by 60 pL of
20% SDS (Invitrogen) (mixed by inversion). The sam-
ples were then incubated at 37°C for 24 h. After incu-
bation, 300 pL of 3 M NaCl was added to each tube
and mixed vigorously by shaking for at least 10
s. Tubes were placed on ice for 10 min, followed by
centrifugation at 13,000 rpm for 15min, and
a maximum of 450 uL of the supernatant was col-
lected. Two microlitres of glycogen (Invitrogen) was
added to each tube, followed by 900 pL of 100% mole-
cular biology grade ethanol (Sigma-Aldrich) (mixed
by inversion). The DNA was pelleted by centrifuga-
tion at 13,000 rpm for 2 min. The DNA pellet was
washed with 900 pL 70% ethanol (mixed by inversion)
and centrifuged at 13,000 rpm for 1 min. The super-
natant was then removed, and the DNA pellet was
centrifuged at 13,000 rpm for 1 min. The DNA pellet
was dried at room temperature before resuspension in
TE buffer (Invitrogen) (50 uL, pH 8.0). Samples were
stored at 4°C, and the DNA concentration was quan-
titated using a NanoDrop spectrophotometer
(Thermo Fisher Scientific). DNA integrity was
checked using 1% agarose gel electrophoresis.

Genomic DNA (gDNA) contamination check and
reverse transcription

RNA samples (20 ng, in duplicate) were checked
for contamination of gDNA as previously
described [12] using the SsoAdvanced™ Universal



SYBR" Green Supermix (Bio-Rad) and primers
that targeted an Acth intronic region.
Contaminated RNA samples (Cq<35) were
DNase-treated using the TURBO DNA-freeTM
kit (Thermo Fisher Scientific) and checked again
using the same qPCR method.

gPCR gene expression analysis

Tbp and Ywhaz were determined to be the two
most stable reference genes in our previous study
[12]. As the IncRNA Kcnglotl sequence is not
available on the rat assembly (UCSC Genome
Browser Nov. 2020 (mRatBN7/rn7)), Kcnglotl
sequence from the mouse genome (UCSC
Genome Browser Jun. 2020 (GRCm39/mm39))
was submitted to a UCSC BLAT search against
the rat genome. Primers for Kenglotl, Slc22al8,
and Cars were then designed using NCBI Primer-
BLAST (Table S1). Primer optimization, master
mix preparation and qPCRs were performed as
previously described [12], with cycling conditions
shown in Table S1.

DNA methylation analysis

A total of 34 rat PN1 DNA samples (1000 ng each)
were sent to the Australian Genome Research
Facility (AGRF) for region-specific quantitative
DNA methylation analysis. Primers targeting two
CpG islands (chrl:198,492,806-198,493,065 (CpG:
23) and chrl:198,493,269-198,493,580 (CpG: 20)
(mRatBN7/rn7)) on the KvDMRI imprinting con-
trol region were designed by AGRF (Table 52).
DNA samples were bisulphite modified, followed
by analyses using EpiTYPER Agena MassArray
and Mass Cleave Chemistry test methods [24].

Data analysis

Data were analysed using a linear mixed-effect
model, with adjustments for litter size and related-
ness between litter siblings as previously reported
[12], using R version 4.1.1 [25,26]. Power of the
linear mixed-effect model was determined to be
0.998 and 0.993 for the analysis of gene expression
and DNA methylation, respectively, calculated
using the “pwr.f2.test’ function (‘pwr’ package) in
the R environment, with n (sample size) =38 for
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our expression studies and n =233 for the DNA
methylation analyses, respectively. Correlation
between gene expression levels were determined
using Spearman’s non-parametric correlation coef-
ficient (no assumptions regarding data distribu-
tion), calculated using PAST 4.03 software [27].
Sham and IUGR data were combined to investi-
gate whether there is a relationship between
expression of different pairs of genes, regardless
of treatment. The relationships within each group
were then examined to explore whether a certain
correlation is present in one group and is absent/
altered in the other group, potentially indicating
disruption due to growth restriction.

Results

Expression of imprinted and non-imprinted
genes in the kidney

The expression of Kcnglotl was not different
between the sham and IUGR offspring at E20
(Figure la). However, at PNI1, there was
a significantly lower expression of Kcnglotl in
IUGR offspring than in sham offspring (reduced
by approximately 50%, p < 0.01). The expression
of another imprinted gene in the same KvDMRI
ubiquitously imprinted cluster (Slc22a18) and
a non-imprinted gene (Cars) was also examined
to determine whether the changes observed in
Kenglotl, Kengl and Cdknlc extended to other
genes in this imprinting cluster. There was no
significant difference in the expression of either
Slc22a18 (Figure 1b) or Cars (Figure 1c) between
the sham and ITUGR offspring at any time point.

Correlation between gene expression levels in rat
kidney

Pairwise non-parametric correlation analyses were
carried out to investigate the potential correlations
between the expression levels of genes in sham and
IUGR offspring at E20 and PNL, including
between pairs of imprinted genes known to be
important in kidney development and regulated
by the KvDMR1 ICR (Cdknilc, Kengl, and
Kcnglotl; Figure 2 and Table 83), as well as
between imprinted genes and other genes
(Dnmtla, Dnmt3a, Peg3, Snrpn, Slc22al8, and
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Figure 1. Normalised expression of the imprinted genes Kenglot? (a), Sic22a18 (b), and the non-imprinted gene Cars (c) in kidney
tissues of sham and IUGR rat offspring at embryonic day 20 (E20) and postnatal day 1 (PN1). Significance was determined by linear
mixed effect models, followed by a Tukey's post hoc test (**p < 0.01). Data is expressed as mean +5D; n = 8-10/group.

Cars; Fig. S1 and Table $3). The expression of
Cdknle, Kcnql, Dnmtla, Dnmt3a, Peg3, and
Snrpn has been previously reported [12].

When sham and IUGR data were combined,
there was a significant negative correlation
between the expression of Dnmt3a and IncRNA
Kenglotl at E20 (Spearman’s p=-0455, p =
0.006, Fig. Sla and Table 53), as well as significant
positive correlations between Dnmt3a and Kcngl
and Dnmt3a and Cdknlc (Spearman’s p=0.896,
p < 0.0001 and Spearman’s p=0.349, p = 0.040,
respectively; Fig. Sla and Table 53). Additionally,
at E20, there was a negative correlation between
Kenglot]l and Kengl and a positive correlation
between Kengl and Cdknlc (Spearman’s p=
~0.606, p < 0.0001 and Spearman’s p =0.427, p =
0.009, respectively; Figure 2a and Table §3). The
relationships between these pairs of genes (except
Dnmt3a-Kengl) were no longer present at PN1
(Fig. S1b and Table S3).

Interestingly, when sham and IUGR were inves-
tigated individually at each time point, the nega-
tive correlation between Kcnglotl and Kengl was
significant only in the E20 IUGR group
(Spearman’s p=-0.583, p = 0.014, Figure 2c-f,
Slc-f and Table $3). Additionally, there was
a significant positive correlation between Kcngl
and Cdknic in the E20 TUGR group (Spearman’s
p=0551, p = 0.022), but not in the E20 sham
group (Figure 2b,c, Slc, Sle and Table 53). No
correlation was observed between Kenglotl and
Cdknlc expression in any of the groups at any
time point. On the other hand, there was an
inverse relationship between Dnmit3a and
Kengotl in the IUGR group, whereby at E20,
there was a negative association (Spearman’s p=
-0.421) and at PNI, there was a positive associa-
tion (Spearman’s p=0.370) (Fig. Sle, SIf and
Table S3). However, these differences were not
statistically significant.
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Figure 2. Spearman’s non-parametric correlation matrices between three imprinted genes known to be important in kidney
development and regulated by the KvDMR1 imprinting control region (Kcnglotl, Cdknic and Kcngl) in kidney tissues of sham
and IUGR rat offspring at embryonic day 20 (E20) and postnatal day 1 (PN1). Sham and IUGR data were combined in (a) for E20 and
(d) for PN1. Spearman correlation coefficients (top number) and p-values (bottom number) are displayed on the right triangles.
A cross through the box indicates a non-significant p-value. The size of the circle indicates how strong the correlation is

(corresponded to the Spearman correlation coefficients).

DNA methylation status of the KvDMR1
imprinting control region

Base-specific cleavage of bisulphite-modified DNA
yielded usable signals for four out of 16 (amplicon 1,
Figure 3a) and seven out of 20 (amplicon 13,
Figure 3b) CpG positions within CpG 23 and CpG
20 islands, respectively, in KvDMRI ICR. There was
hypomethylation (p < 0.05) at CpG site 6 of the CpG
23 island in IUGR males only (|11.25%, methylation
level in TUGR males 6% vs. sham males 17.25%,
amplicon 1, Figure 3a). Interestingly, unlike other
CpG sites within this region where the DNA methyla-
tion level was ~50% (as expected for imprinted genes),

there was a lower than 20% methylation level at CpG
site 6, even in the sham animals. There was no statis-
tically significant difference in the methylation status
between sham and TUGR offspring at any site of the
CpG 20 island (amplicon 13, Figure 3b).

KvDMRI ICR was further analysed to identify the
location of these CpG sites. As mentioned pre-
viously, the Kcnglotl sequence is not available in
the mRatBN7/rn7 rat genome. However, there was
an uncharacterized IncRNA named LOC120099961
found in the rat mRatBN7.2 genome (NCBI
Reference Sequence: NC_051336.1), which is located
in a similar position as Kcnglotl in other species
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Figure 3. DNA methylation status of the KvDMR1 imprinting control region containing (a) CpG 23 (amplicon 1 (amp1), chr1:198,492,-
806-198493,065, UCSC genome Browser Nov. 2020 (mRatbn7/m7]) and (b) CpG 20 (amplicon 13 (amp13), chr1:198,493,269-
198,493,580 (mRatbn7/m7)) in sham and IUGR rat offspring at postnatal day 1 (PN1), determined using EpiTYPER Agena MassArray
and mass cleave chemistry analyses. For CpG fragments that had the same mass peaks as other fragments containing same number
of CpGs (Amp13, CpG_5.6 versus CpG_7.8 and CpG_14 versus CpG_18), methylation % was calculated between CpGs. Significance
was determined by linear mixed effect models, followed by a Tukey's post hoc test (*p < 0.05). Data is expressed as mean £50; n=

8-9/group.

genomes. Therefore, this rat sequence, together with
other mouse sequences including the KvDMRI
region [28], Kcnglotl transcriptional repressor
CTCF binding sites [29], enhancer, promoter [30],
and TSS [30,31] were used in a BLAT search against
the rat genome. The results for the (approximate)
positions are shown in Figure 4. While amplicon 13
(CpG 20) was located within both Kcnglotl TSS and
CTCF binding site 2, amplicon 1 (CpG 23) was not
located within any of the sequences mentioned
above (Figure 4). Using TFBIND software (weight
matrix in transcription factor database TRANSFAC
R34, similarity 280%) [32] and TRANSFAC
FACTOR TABLE (Release 2017.2), CpG site 6
(amplicon 1) was determined to correspond to

different transcription factor binding sites (TFBSs)
(Table 1). Among these, there were four TF that have
been previously reported to play a role in kidney
development and disease, as well as to be regulated
by DNA methylation, including Chicken Ovalbumin
Upstream Promoter Transcription Factor 2 (COUP-
TF2) [33-36], GATA-binding Factor 2 (GATA-2)
[37,38], Serum Response Factor (SRF) [39-41], and
Activating enhancer binding Protein 2 alpha (AP-
2a) [42,43]. When data from all examined CpG sites
within each CpG island were combined, no signifi-
cant difference in DNA methylation levels was found
between the sham and IUGR kidney samples
(Fig. $2).
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Figure 4. Approximate positions of the two amplicons (amplicon 1 and 13, targeting CpG island 23 (chr1:198,492,806-198,493,065)
and 20 (chr1:198,493,260-198,493) (mRatbn?/m?7), respectively) in the rat KvDMR1 imprinting control region (modified from Doan
et al [12].), examined using region-specific quantitative DNA methylation analysis. DNA methylation of KvDMR1 and/or expression of
the IncRNA Kenglotl is known to play a role in controlling the monoallelic expression of imprinted genes in the KvDMR1 imprinting
cluster. Primers were designed by the Australian genome Research Facility (AGRF). There was a hypomethylation (| 11.25%, p < 0.05)
at CpG site 6 of CpG 23 island in PN1 growth restricted male kidneys. Kcnglot? sequence is not available on the mRatbn7/rn7 rat
genome. Hence, sequence from the uncharacterized IncRNA named LOC120099961 found on the rat mRatbn7.2 genome (NCBI
reference sequence: NC_051336.1, similar position) was used. Mouse sequences, including KvDMR1 region [28], Kenglot] transcrip-
tional repressor CTCF binding sites [29], enhancer, promoter [30], and transcription start site [30,31] were used in a BLAT search
against the rat genome. |: expression decreased; T: expression increased; (-): no change in gene expression. Note that the
annotations of gene expressions in this figure is based on the circumstance that in a healthy animal, the imprinted genes Kecng?
and Cdknlc are expressed on the maternal allele, while Kcnglot! is preferentially expressed on the paternal allele.

Table 1. Transcription factor binding sites (TFBSs) correspond to CpG:23 island (amplicon 1, chr1:198,492,806-198,493,065),
where there was a hypomethylation at CpG site 6 (coloured in red) in IUGR male kidneys. TFBSs were determined using TFBIND
software (weight matrix in transcription factor database TRANSFAC R3.4) [32] and TRANSFAC FACTOR TABLE (release 2017.2).
Left to right: TF name, matrix ID (from TRANSFAC R.3.4), label in TFBIND, similarity compared to input sequence, strand that the
transcription factor binds, and sequence of the TFBS.

Factor D Label Similarity Forward (+) or reverse (-} Sequence

COUP-TF2 MO0155 ARP1_07 0.806 (+) CGOGGOCATGAAACGSC

GATA-2 Mooo7e GATAZ_ 0 0,806 5] CGACCAMCCGG

SRF Moo215 SRF_C 0.803 (+) GCCATGAAACGECCAM

AP-2a Moa189 AP2_O6 0,801 (+) CGACCAMCGGGEE
Discussion

Kcnglotl expression in kidneys of F1 growth
restricted rat offspring at PN1. From studies in
mice, the function of Kenqlotl is suggested to

The imprinted gene Kcnglotl has been previously
shown to be altered in growth restricted offspring

due to environmental exposure during early life
[44,45]. Specifically, reduced expression of this
IncRNA has been reported in placentae of E16.5
growth restricted male mice whose mothers were
exposed to 50 ppm of the heavy metal cadmium
throughout pre-conception, mating, and preg-
nancy [44], as well as in E18.5 growth restricted
mice who were conceived through in vitro fertili-
zation (IVF) [45]. In our current study, as
expected, there was a significant decrease in

partially control the allele-specific expression of
other imprinted genes in the same KvDMRI
imprinting cluster, including those investigated in
this current study, in a tissue-specific manner;
however, the exact mechanism is still unclear
[29,46,47]. For instance, deletion of the whole
KvDMRI1 ICR (2.8 kb [46] or 3.6 kb [47], which
abolished Kcnqlotl expression), deletion of
Kcnglotl promoter and TSS region (224 bp)
[47], producing a shorter transcript by inserting
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a transcription stop element at 1.5 kb downstream
of the IncRNA TSS [47], or truncation of Kcnglotl
(2.6 kb downstream of its promoter) [29], on the
paternal allele, was reported to be associated with
activation of the normally paternally silenced
genes in mouse embryonic tissues (E11.5-16.5).
Biallelic gene expression was reported for
Slc22a18 (placenta [29,47], liver, gut, kidney,
lung, heart, brain, and fibroblast [29]), Kcngl (pla-
centa [29,47], liver [29,46], gut, kidney, lung,
heart, brain, and fibroblast [29]), and Cdknlc
(whole embryo, placenta [29,47], liver [46], heart,
brain, and gut [29]). However, monoallelic expres-
sion of Cdknlc has been reported in the liver,
kidney, lung, and fibroblasts of mice at E15.5,
despite the Kcnglotl truncation, which remains
to be explained [29].

In line with the above findings, studies in mouse
IUGR models also reported alterations to the
imprinted genes that are known to be regulated by
KvDMRI, in association with decreased Kcnglotl
expression [44,45]. Growth restricted mice con-
ceived through IVF have decreased placental
CdknlIc expression compared to in vivo controls at
E18.5, despite a similar expression at E14.5 [45]. In
contrast, Cdknlc overall expression was increased in
the placentae of E18.5 growth restricted mice whose
mothers were exposed to Cadmium [44].
Meanwhile, there was no alteration in placental
Kcngl expression in these mice [44]. Additionally,
allele-specific expression analysis indicated no dif-
ference in Cdknlc expression between growth
restricted and sham animals [44]. In our study of
growth restricted rat kidneys, Cdknlc expression
was reduced only in IUGR females at E20, while
PN1 IUGR offspring had decreased Cdknlc and
increased Kcngl expression compared to sham
[12]. Together with the above-mentioned findings,
the fact that our results report decreased Kcnglotl
only in PN1, but not E20, IUGR rats as well as no
correlation between Kenglot! and Cdknlc expres-
sion in any of the groups, at any timepoint, suggests
that changes in IncRNA Kenglotl expression alone
is not sufficient to explain changes in Cdknlc in
IUGR rat kidneys. Allele-specific expression analysis
of these imprinted genes would provide a better
understanding of their potential relationships.

As Dnmt3a was reported in our previous study
to be decreased in IUGR kidneys at E20 [12], we

hypothesized that there were alterations in the
DNA methylation profile, including that of the
KvDMR1 ICR, which is involved in dysregulation
of the expression of imprinted genes that are
known to be important in foetal kidney develop-
ment. In babies diagnosed with Russell-Silver
syndrome, characterized by intrauterine and
postnatal growth restriction, alterations in
KvDMR1 DNA methylation, either hypermethy-
lation [48-50] or hypomethylation [51], have
been reported in their blood samples. In human
IUGR studies, KvDMR1 DNA methylation status
was mostly studied using placental tissues, with
no significant difference observed between
growth restricted tissues and healthy controls
[52-55]. In the current study of rat kidneys,
hypomethylation was found at a CpG site of
CpG 23 island (chrl:198,492,806-198,493,065)
within KvDMRI1 in PN1 IUGR males. This CpG
site was not located within any of the Kcnglot!
regulatory regions that we were able to assess.
However, this position is a potential target for
several TFs known to be important in kidney
development and disease, including but not lim-
ited to COUP-TF2, GATA-2, SRF, and AP-2a.
Future studies should investigate the potential
interaction of these TFs with KvDMRI1 and the
biological function of such event. Furthermore, as
these TFs have been previously shown to be
impacted by DNA methylation [33,34,38,39,42],
alteration to the Dnmt3a expression in our study
could also have an effect on their expression and/
or function. Another important point to mention
here is that DNA methylation level of this specific
site was also lower than 50% in sham animals,
which is not typical for imprinted genes where
the silenced allele is often methylated. Meanwhile,
investigation of the CpG 41 island in the placen-
tae of E18.5 growth restricted female mice (con-
served sequence of KvDMR1 CpG 23 island in
rats) showed no change in DNA methylation of
any other CpG sites within this region
(chr1:198,493,086-198,493,233) [44]. In addition,
our results show that the mean DNA methylation
levels within this CpG 23 island as well as within
the CpG 20 island  (chrl:198,493,269-
198,493,580) of the KvyDMRI1 ICR were also not
different between sham and IUGR offspring.
Nonetheless, apart from the differences in tissues
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examined, it should be noted that different
regions within and near the KvDMR1 ICR were
investigated in the above studies, which could be
a potential limitation of the present study.
Additionally, the kidney is a complex organ that
comprises more than 20 differentiated cell types
[56]. Recent single-cell RNA sequencing data-
bases in both adult mice [57,58] and rats [59]
suggest that the three imprinted genes (Cdknlc,
Kengl, and Kenglotl) investigated in our study
have different expression levels in different renal
cell types. Specifically, Cdknlc is highly expressed
in stromal cells and podocytes (visceral epithe-
lium), while Kcnql is highly expressed in collect-
ing duct intercalated cells and connecting tubule
principal-like cells. Kenglotl (mouse data) is also
highly expressed in podocytes. Since we only
assessed DNA methylation of one region using
region-specific quantitative DNA  methylation
analysis method, this did not allow for assessing
or adjusting for different cell types.

Besides KvDMRI1, DNA methylation of the
Cdknlc promoter region is also an important
mechanism that needs to be explored, as it is
known to be important in maintaining allele-
specific gene expression during embryonic devel-
opment in healthy mice [60]. However, in the
mouse  Kenglotl  truncation model, where
Cdknlc allele-specific expression was shown to
be either altered or unchanged in different
embryonic tissues, there was no difference in
Cdknlc promoter DNA methylation levels in all
tissues at E15.5, suggesting a different mechanism
for maintaining Cdknlc monoallelic expression
[29]. In contrast, in the placentae of E18.5
Cadmium-exposed growth restricted mice, where
expression of Kcnglotfl decreased and expression
of Cdknlc increased, there was a reduction in
DNA methylation in one out of 23 investigated
CpG sites in the Cdknlc promoter region [44].
However, the mean methylation level of the whole
CpG island did not change compared with that of
the sham offspring [44]. Future studies should
investigate epigenetic alterations in the Cdknlc
promoter region.

In summary, at PN1, there was a 50% decrease in
the expression of an antisense IncRNA (Kcnglotl)
in IUGR rats compared to that in sham animals.
This is the first study to report changes in Kenglotl
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in UPI-induced growth restricted rat kidneys. H19
is another IncRNA and imprinted gene that plays
an important role in development. H19 has also
been shown to be altered in rodent and human
IUGR studies, with significant changes in its
expression and DNA methylation in many tissues
(e.g., sperm, liver, blood, and placenta [1,61-63]).
In this study, there was a negative correlation
between Kcnglotl and the gene that it is located
within (Kengl), only in E20 IUGR kidneys. As
Kcngl was also altered at PN1 [12], these results
suggest that an abnormal event occurred early dur-
ing foetal nephron formation, which later affected
the expression of imprinted genes within the
KvDMRI1 ICR. In contrast, changes in Kcnglotl
were not sufficient to explain the decrease in the
expression of another imprinted gene within the
same KvDMRI imprinting cluster, Cdknlc, at
both E20 (IUGR females) and PN1 (IUGR males
and females) [12], as no correlation was found
between the two genes in any group at any time
point. As there was a decrease in Dnmi3a expres-
sion in E20 TUGR kidneys [12] and significant
correlations between Dnmt3a and Kcngl/
Kenglotl/Cdknlc at E20, the DNA methylation
profile  of KvDMRI  was  investigated.
Hypomethylation was found at a CpG site only in
PN1 IUGR males. However, the importance of the
alteration of this specific CpG site and its effect on
the IUGR kidney is yet to be determined. Future
studies should investigate the allele-specific expres-
sion of these genes, the reason for DNA methyla-
tion changes at one CpG site in KvDMRI, and
other epigenetic mechanisms.
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Introduction

As previously discussed in Chapter 2, the rat uteroplacental insufficiency (UPI; induced at
day 18 of gestation) model of intrauterine growth restriction (IUGR) mimics metabolic
characteristics in humans and provides evidence for the sex-specific and multigenerational
transmission of [IUGR phenotypes, such as increased blood pressure, left ventricle
hypertrophy, impaired glucose tolerance, reduced p-cell response to glucose, and reduced
glomerular number [1, 2, 3, 4, 5, 6, 7]. Specifically, F1 offspring had reduced birth weight
compared to sham [4, 8, 9, 10, 11], while F2 offspring birth weight remained within the
normal range [4, 12]. Blood pressure has been shown to be higher in both F1 and F2 ITUGR
males, from the juvenile period to adulthood [5, 6, 8, 11]. Meanwhile, contrasting results
have been reported for the F2 offspring first-phase insulin secretion at 6 months of age, either
lower [4] or similar [12] to the sham controls, in both sexes. Nephron number was reduced in
F1 male and female rats at 6 months of age, as well as in F2 males and females at embryonic
day 20 (E20) [1, 2, 6, 8, 11]. However, there was no alteration to the renal function of F2 rats

at both 6 and 12 months of age.

It should be noted that the above results of cardio-metabolic and kidney functions came from
offspring in the maternal line (F1 females, F2 males and females), or just the F1 males in the
paternal line. F2 and F3 rat offspring from the paternal line of this UPI model have only been
investigated for bone health at 6, 12 and 16 (males only) months of age, and there was no
significant difference compared to sham being reported [10]. Other [IUGR models have
reported the transgenerational transmission of [IUGR-related metabolic and renal dysfunction
phenotypes down to the F2 generation in the paternal line [13], and F3 generation in the

maternal line [14, 15, 16, 17]. Specifically, inducing UPI at day 19.5 of gestation was
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reported to result in reduced body weight at postnatal day (PN) 21 in F2 male and female rats
from the paternal line [13]. In utero exposure to caffeine (~120 mg.kg'.d!) resulted in
growth restricted F1 females and inheritance of adrenal gland dysfunction in the F2 and F3
offspring [14, 15]. F1 female rats whose mother had a low-protein diet (8%) during
pregnancy had reduced insulin secretion, while their grand-offspring in the F3 generation,
had increased fasting plasma glucose (F3 females), increased plasma fasting insulin, and
increased plasma insulin at 30 minutes post-glucose injection (F3 males) (glucose tolerance
test), compared to control animals [16]. Restraint stress and forced swimming from day 12 to
18 of pregnancy in FO rats resulted in significantly lower body weights at PN1 and 7 of F3
offspring from the maternal line [17]. Meanwhile, rodent studies of other non [IUGR-inducing
in utero insults, such as exposure of the FO pregnant animal to a high-fat diet [18, 19] have
reported the transmission of metabolic disease phenotypes down to the F3 generation in the

paternal line.

To determine whether there is a sex-specific and transgenerational transmission of cardio-
metabolic or renal disease phenotypes in the paternal line of the UPI-induced IUGR model,
we investigated the F2 and F3 male and female offspring generated from F1 IUGR rats.
Animals were examined from early postnatal life through to lactation, puberty, juvenile

period, and adulthood.

Materials and Methods

Rat model of intrauterine growth restriction (IUGR)

The use of animals (rats) in this study has been approved by the University of Melbourne’s
Animal Experimentation Sub-Committee (AEC 04138, 1011865, and 1112130) and the La

Trobe University’s Animal Ethics Committee (AEC 12-42). The animal model was
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established by Professor Mary E. Wlodek (The University of Melbourne). Animal surgery
and physiological data collection (including body weights, postmortem organ weights, blood
pressure, glucose tolerance test, insulin challenge, nephron number, renal function) were
performed by Professor Wlodek’s laboratory. Laboratory books and excel sheets with
collected data were sent to the researcher (TNAD) for proofing and statistical analyses.

Kidney samples in formalin/ 70% alcohol were also received for histological analysis.

Model: Uteroplacental insufficiency (UPI) was induced by uterine vessel (artery and vein)
ligation in FO pregnant rats at embryonic day 18 (E18; term is 22 days), as previously
described [10, 11, 20]. Pregnant rats in the sham (control) group underwent a similar surgical
procedure without uterine vessel ligation. F1 males were mated with normal females to
produce F2 offspring (paternal line), with no additional in utero insult being introduced
during F1 pregnancy. Similarly, F2 males were mated with normal females to produce the F3
paternal generation [10]. All pups remained with their mother until weaning (postnatal day 35

(PN35)).

Body weight measurement

Offspring body weight was measured repeatedly over time (at birth (PN1), PN7, PN14,
PN35, 2 months of age (mo), 3mo (F1 males only), 4mo, 6mo, 9mo, and 12mo). PN1 weight
was the average weight of same-sex litter mates. Body weight at other time points were
individual values. To access growth profiles of offspring, absolute growth rate (g.day') and
fractional growth rate (%.day™!) were calculated using body weights over time [4]. Absolute

growth rate: (body weight at later time point (g) - body weight at earlier time point
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(g)) +~ days between two timepoints. Fractional growth rate: (absolute growth rate (g.day

!) = body weight at earlier time point (g)) x 100.

Tissue collection

Postmortem body weight, used in calculations of relative organ weight (% body weight),
were measured before tissue collection. Heart, left ventricle, kidney (left and right) and liver
tissues were collected at 12mo for F1 males, as other time points have previously been
investigated for the F1 paternal line [1, 5, 8]. For F2 and F3 offspring, heart, left ventricle,
kidney (left and right), adrenal gland (left and right), liver, and pancreas tissues were
collected at PN35, 6mo, and 12mo. Tissue weights were reported as absolute (g) and relative

(% body weight) weights.

Systolic blood pressure measurement

Offspring systolic blood pressure was measured by non-invasive tail cuff plethysmography
[1, 11] in F1 males, F2, and F3 animals. Measurements were carried out repeatedly at 2mo,

3mo (F1 males only), 4mo, 6mo, 9mo, and 12mo.

Glucose tolerance test/Insulin challenge

F2 and F3 male and female offspring were subjected to a glucose tolerance test (GTT; 1g.kg!
body weight glucose injection) and insulin challenge (IC; 1U kg™ body weight insulin
injection) at 6mo and 12mo, as previously described [12, 21]. For GTT, blood samples were
collected at 10 and 5 minutes prior to the glucose injection, as well as 5, 10, 20, 30, 45, 60,
90, and 120 minutes after injection. Fasting (basal) values were calculated as the average of
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the two time points: 10 and 5 minutes prior to the glucose injection. GTT glucose and insulin
area under curves (AUC) were calculated as the total AUC from basal to 120 minutes. First-
phase and second-phase insulin secretion was calculated as the insulin AUC from basal to 5
minutes (1%) and insulin AUC from 5 to 120 minutes (2"%), respectively. The homeostasis
model of assessment of insulin resistance (HOMA-IR) was calculated using the formula:
(fasting insulin (uU.ml™!) x fasting glucose (mg.dL™')) + 2430 [22, 23]. During IC, blood
samples were collected right before the insulin injection (basal) and 20, 40, 60, and 90
minutes after injection. Glucose AUC was calculated as the total AUC from basal to 90

minutes.

Nephron number and renal function

Nephron number of sham and IUGR offspring in both F2 and F3 generations were
determined from the right kidney at PN35, using Cavalieri principle and physical dissector
method as previously reported [1, 6, 11]. At 6 and 12 months of age, F2 and F3 animals were
placed in metabolic cages for renal function examinations (24 hours), including
measurements of food intake, water intake, urine produced, and excretion of ions and proteins
[2, 6]. Plasma samples (plasma creatinine) were collected right after the renal function
examination. Creatinine clearance was calculated using the formula: (urine creatinine

(umol.L™!) x urine flow rate (L.24h ! .kg™!)) + plasma creatinine (umol.L™!) [24, 25].

Kidney histopathology

Fixed right kidney from F2 and F3 offspring at 6 months of age were sent to Histology
Services (The Adelaide Medical School, University of Adelaide) for processing, sectioning (5

pum) and staining for Haematoxylin and Eosin (H&E), Periodic Acid-Schiff (PAS), and
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Masson’s trichrome — see Fig. 1. Kidney histopathology analysis was carried out by an expert
pathologist (Dr Helle Bielefeldt-Ohmann, The University of Queensland). Histopathological
scores included: Bowman’s capsule, glomerulus, epithelial cells, basement membrane,
luminal casts, leukocyte infiltration, fibrosis, blood vessels, and total score. Score of 0 =
within normal limits (wnl); 1 = minimal change; 2 = mild change; 3 = moderate change; 4 =

severe change in < 50% of section; 5 = severe change in > 50% of section.
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Figure 1. Representative Haematoxylin and Eosin (H&E, left), Periodic Acid-Schiff (PAS, middle), and Masson’s trichrome (right) stained kidney
sections from F2 sham male at 6 months of age. Kidney slides were viewed using NDP View 2 program. H&E stains cell nuclei purplish blue and
extracellular matrix and cytoplasm pink. PAS stains structures containing a high proportion of carbohydrates (e.g., glycogen) purplish red/purple.

Masson’s trichrome stains collagen blue, cytoplasm pink, and muscle tissue/fibre red.
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Statistical analysis

Data processing: Data values beyond + 2 standard deviations (SD) from the sample’s
observed/descriptive means were considered as outliers and removed. Data was checked for
homoscedasticity, normal distribution, and a constant variance of errors/residuals using
residuals versus fits plot, qq plot, histogram, and Shapiro-Wilk normality test. Males and
females were investigated separately, as the physiological data of each sex was previously
reported to be different [2, 6, 8, 12, 26], similar to our preliminary statistical analyses. Only
males were investigated in the F1 generation (paternal). Adjustment for random effects (litter
size, relatedness between litter siblings, and repeated measurement, if present) were also

included in the statistical models below.

A linear mixed-effect model, followed by Tukey’s post hoc tests if there was an interaction
between fixed effects, was used to analyse metabolic data in the R environment (v 4.1.1)

[27]. Treatment (control (sham) or restricted (IUGR)) was considered as a fixed effect, except
for the analyses of body weight, blood pressure, and GTT/IC responses. As body weight,
blood pressure, and GTT/IC responses of each offspring were measured over time, both
treatment and time point (body weight: birth to 12 months, systolic blood pressure: 2 months
to 12 months, GTT: basal to 120 min, and IC: basal to 90 min) were considered as fixed
effects. For comparisons between groups, estimated marginal means (emmeans) of the linear
mixed-effect model were reported instead of the sample’s observed/descriptive means.
Degrees-of-freedom method used was Kenward-Roger. Confidence level used was 95%. As
emmeans were extracted from the assumption that all groups had the same variance (balanced
population), standard deviations (SD) were not reported. Instead, standard errors (SE) of

emmeans were reported.
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One-way ordinal regression with Cumulative Linked Model (CLM) was used to analyse
histopathological scores of 6mo sham and IUGR rats kidneys in the R environment (v 4.1.1)
[27]. Treatment (sham/IUGR) was identified as the independent variable, while
histopathological score (ordered factor) was identified as the dependent variable.
Observations between groups were not paired or repeated measures. Emmeans were not
reported for ordinal data. Correlation between total kidney weight (% body weight), renal
function measurements (24 hours) and kidney total histological score were determined using
Spearman’s non-parametric correlation coefficient (no assumptions regarding data

distribution), calculated using PAST 4.03 software [28].

Exact P values were stated to three significant figures (e.g., P = 0.053), except when P <
0.0001 (expressed as P < 0.0001), or 0.0001 <P <0.001 (e.g., P=0.0002, instead of P =
0.000), or when R statistical package specifically reported P < 0.001 instead of a number.
Graphs were plotted with the sample’s data points and their observed means + SD, using

GraphPad Prism 9.0.0.
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Abstract

Intrauterine growth restriction (IUGR) is associated with an increased risk of developing
cardiovascular and metabolic diseases later in life. This increased risk of chronic disease was
not only seen in the growth restricted offspring in the first (F1) generation, but also in the
second (F2) generation offspring whose birth weights are comparable to that of healthy
controls. While the physiopathology of offspring from the maternal line of the uteroplacental
insufficiency induced IUGR rat model has extensively been studied over the last decade, the
paternal line has not been as well studied. This current study investigated the growth profiles,
postmortem organ weights, blood pressure and metabolic functions via responses to glucose
tolerance test and insulin challenge across three generations (F1-F3) of growth restricted
offspring from the paternal line. Accelerated growth was observed in male and female
offspring in the F2 generation (+0.20 %.day"! during juvenile period in [IUGR males; +1.55
%.day! at early postnatal life, and +0.38 %.day 'during puberty in [IUGR females). Similarly,
F3 IUGR males had an increased fractional growth rate (+0.84 %.day ') during puberty, while
F3 IUGR females had increased fractional growth rate at early postnatal life (+0.70 %.day™')
and in juvenile period (+0.05 %.day™'), increasing the likelihood of animals developing
metabolic diseases. Postmortem organ weights were found to be altered at weaning and
adulthood of both F2 and F3 offspring. Additionally, F3 males and females had impaired
insulin secretions at 12 months of age, with a decrease by 40.15% in first-phase insulin
secretion of [IUGR males, and a decrease by 20.27% in second-phase insulin secretion of
IUGR females, compared to same-sex controls. However, in contrast to the maternal line,
there was no significant alteration to blood pressure in all animals, apart from F2 IUGR males
at 6 months of age, which had a lower blood pressure (-7.38 mmHg or 5.36%) compared to
sham controls. Taken together, these results suggest that there is transgenerational

transmission of [IUGR-related metabolic disease risk in offspring from the paternal line,
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occurring even in the offspring that were not directly affected by the in utero developmental

insult.

Results
Offspring body weights over time

As expected, body weights of all animals, regardless of treatment, increased with age
(Supplementary data (Appendix B)). There was no difference F1 male body weights when
comparing sham and IUGR at birth (P =1), PN7 (P = 1), PN14 (P = 0.970), and PN35 (P =
0.240) (Table S1 and Fig. 1a). From 2 months of age (2mo), F1 IUGR males were
significantly smaller (P < 0.001) for all time points from 2mo to 12mo (Table S1 and Fig.
1a). Absolute growth rate (g.day™'), which is the increment in body weight (g) between two
time points (days), of F1 IUGR males was significantly lower compared to sham when
calculated between PN1-2mo and 4mo-6mo (Table 1 and Fig. 2a). However, fractional
growth rates (%.day™!) of IUGR males were significantly higher at PN7-PN14 (20.39 + 0.69
%.day! vs. sham 16.25 + 0.78 %.day™!, P < 0.0001), PN14-PN35 (13.62 + 0.30 %.day"! vs.
sham 12.56 + 0.31 %.day!, P=0.008), and 2mo-3mo (1.47 £ 0.11 %.day™! vs. sham 1.01 +
0.10 %.day™!, P=0.0002) (Table 1 and Fig. 3a), which were signs of catch-up growth during

early postnatal life, throughout lactation, and during the juvenile period, respectively.

In contrast, F2 IUGR males had a higher body weight compared to sham males at 4mo and
6mo (increased by 3.36%, P = 0.004 and 3.43%, P = 0.0002, respectively; Table S1 and Fig.
1c¢). This result was as expected, as accelerated growth in F2 IUGR males was observed at
2mo-4mo, with increased fractional growth rate compared to sham (1.12 £ 0.07 %.day™' vs.

0.92 + 0.07 %.day™!, respectively, P = 0.0006, Table 1 and Fig. 3¢). Accelerated growth in
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IUGR females, represented by an increase in both absolute and fractional growth rates, was
evident at early postnatal life (PN7-14) and during puberty (PN35-2mo) (Table 2 and Fig.

2b, 3b).

In the F3 generation, there were little differences in body weight in [UGR males or [IUGR
females when compared to their sham control (Table 1 and Fig. 1d, 1e). F3 IUGR males had
increased absolute (5.94 = 0.19 g.day™! vs. 5.27 £ 0.20 g.day’!, P < 0.0001) and fractional
(6.82£0.19 %.day ! vs. 5.98 £ 0.19 %.day™!, P < 0.0001) growth rates compared to sham
males at PN35-2mo (Table 1 and Fig. 2e, 3e). Meanwhile, in the F3 ITUGR females, despite
the similarity in body weights compared to sham at all time points, increased absolute and
fractional growth rates were also found at PN7-PN14 (1.85 + 0.05 g.day™! vs. 1.75 £ 0.05
g.day”!, P=10.002 and 17.31 £ 0.50 %.day™' vs. 16.61 £ 0.51 %.day™', P=0.022) and 4mo-
6mo (0.29 + 0.03 g.day! vs. 0.19 £ 0.04 g.day!, P=0.023 and 0.13 = 0.01 %.day™' vs. 0.08 +

0.02 %.day!, P=0.027) (Table 2 and Fig. 2d, 3d).
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Figure 1. Body weight at birth (postnatal day (PN) 1), PN7-35, and 2-12 months of age
(2mo-12mo) of sham and IUGR rat offspring (paternal line) in the first (F1, a), second (F2, b,
c¢) and third (F3, d, e) generations. Significance was determined by a linear mixed-effect
model with adjustment for litter size, relatedness of litter siblings (if present), and repeated
measurement, followed by a Tukey’s post hoc test (*** P <0.001, ** P <0.01). See Table
S1 for exact P-values. Time point effect: Supplementary data (Appendix B). Data is
expressed as observed mean + SD; nr1 = 14-28, nr2 = 13-50, np3 = 10-51 samples per group.
Birth weight was the average PN1 weight of same-sex litter mates. Body weight at other time

points were individual values.
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Table 1. Estimated marginal means (emmeans) of sham and IUGR male rat offspring absolute (g.day™') and fractional (%.day ') growth rates over time

in the first (F1), second (F2) and third (F3) generations (paternal line). Absolute growth rate was calculated using the formula: (body weight at later

time point (g) - body weight at earlier time point (g)) +~ days between two timepoints. Fractional growth rate equals (absolute growth rate (g.day

!) + body weight at earlier time point (g)) x 100. SE: standard error. Degrees-of-freedom method: Kenward-Roger. Confidence level used: 95%. PN:

postnatal day, mo: months of age. Significance was determined by a linear mixed-effect model with adjustment for litter size and relatedness of litter

siblings (if present). *** P <0.001, ** P <0.01, * P <0.05.

Males Treatment effect Males Treatment effect
Generation | Absolute growth rate (g.day™) Sham IUGR (Sham males vs. Fractional growth rate (%.day™) Sham IUGR (Sham males vs.
Emmean SE Emmean SE IUGR males) Emmean SE Emmean SE IUGR males)
PN1 - PN7 1.45 0.10 0.98 0.09 6.992 x 10705*** PN1 - PN7 24.84 1.38 19.57 1.26 0.002***
PN7 - PN14 1.83 0.07 1.60 0.06 0.003** PN7 - PN14 16.25 0.78 20.39 0.69 | 1.814 x 10706***
PN14 - PN35 3.03 0.05 2.78 0.04 | 1.318 x 10%5*** PN14 - PN35 12.56 0.31 13.62 0.30 0.008***
PN35 - 2mo 6.38 0.21 4.73 0.22 0.522 x 10709%x* PN35 - 2mo 7.30 0.27 6.18 0.28 0.002**
F1 2mo - 3mo 2.36 0.18 281 0.20 0.050 2mo - 3mo 1.01 0.10 1.47 0.11 0.0002***
3mo - 4mo 1.54 0.11 1.58 0.10 0.744 3mo - 4mo 0.49 0.03 0.57 0.03 0.051
4mo - 6mo 0.88 0.05 0.72 0.04 0.007** 4mo - 6mo 0.25 0.01 0.22 0.01 0.110
6mo - 9mo 041 0.04 0.33 0.04 0.139 6mo - 9mo 0.10 0.01 0.09 0.01 0.222
9mo - 12mo 0.27 0.05 0.21 0.05 0.277 9mo - 12mo 0.06 0.01 0.05 0.01 0.573
PN1 - PN7 1.02 0.08 0.99 0.07 0.653 PN1 - PN7 20.85 1.28 20.92 1.13 0.959
F2 PN7 - PN14 1.80 0.04 181 0.03 0.844 PN7 - PN14 16.67 0.44 16.99 0.39 0.496
PN14 - PN35 3.18 0.07 3.07 0.06 0.178 PN14 - PN35 13.22 0.20 13.13 0.18 0.618

133




PN35 - 2mo 5.39 0.19 531 0.21 0.739 PN35 - 2mo 6.03 0.17 5.97 0.16 0.755
2mo - 4mo 2.17 0.10 241 0.11 0.069 2mo - 4mo 0.92 0.07 1.12 0.07 0.0006***
4mo - 6mo 0.87 0.05 0.85 0.05 0.656 4mo - 6mo 0.25 0.01 0.23 0.01 0.346
6mo - 9mo 0.50 0.04 0.42 0.04 0.101 6mo - 9mo 0.12 0.01 0.10 0.01 0.104
9mo - 12mo 0.30 0.05 0.29 0.04 0.861 9mo - 12mo 0.07 0.01 0.07 0.01 0.973
12mo - 16mo 0.23 0.05 0.22 0.04 0.938 12mo - 16mo 0.05 0.01 0.05 0.01 0.959
PN1 - PN7 1.08 0.04 1.06 0.06 0.746 PN1 - PN7 22,91 1.19 22.46 1.86 0.811
PN7 - PN14 1.84 0.04 1.85 0.03 0.971 PN7 - PN14 16.66 041 16.74 0.38 0.791
PN14 - PN35 3.02 0.03 2.99 0.03 0.472 PN14 - PN35 12.63 0.22 12.53 0.19 0.598
PN35 - 2mo 5.27 0.20 5.94 0.19 5.773 x 107104+ PN35 - 2mo 5.98 0.19 6.82 0.19 5.27 X 10°08**
F3 2mo - 4mo 2.30 0.10 2.04 0.10 2.229 x 10706*** 2mo - 4mo 1.04 0.07 0.86 0.07 7.875 x 107104
4mo - 6mo 0.85 0.05 0.86 0.05 0.791 4mo - 6mo 0.24 0.02 0.25 0.02 0.689
6mo - 9mo 0.45 0.05 0.40 0.04 0.174 6mo - 9mo 0.11 0.01 0.10 0.01 0.201
9mo - 12mo 0.23 0.04 0.25 0.04 0.550 9mo - 12mo 0.05 0.01 0.06 0.01 0.529
12mo - 16mo 0.13 0.04 0.15 0.04 0.748 12mo - 16mo 0.03 0.01 0.03 0.01 0.648
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Table 2. Estimated marginal means (emmeans) of sham and IUGR female rat offspring absolute (g.day™) and fractional (%.day™!) growth rates over
time in the second (F2) and third (F3) generations (paternal line) (only male offspring was investigated in the F1 generation). Absolute growth rate was
calculated using the formula: (body weight at later time point (g) - body weight at earlier time point (g)) +~ days between two timepoints. Fractional
growth rate equals (absolute growth rate (g.day™) < body weight at earlier time point (g)) x 100. SE: standard error. Degrees-of-freedom method:
Kenward-Roger. Confidence level used: 95%. PN: postnatal day, mo: months of age. Significance was determined by a linear mixed-effect model with

adjustment for litter size and relatedness of litter siblings (if present). *** P <0.001, ** P <0.01, * P <0.05.

Females Treatment effect Females Treatment effect
Generation Absolute growth rate (g.day™?) Sham IUGR (Sham females vs. Fractional growth rate (%.day™) Sham IUGR (Sham females vs.
Emmean | SE | Emmean | SE IUGR females) Emmean SE Emmean SE IUGR females)
PN1 - PN7 1.04 0.05 0.95 0.04 0.095 PN1 - PN7 23.11 1.03 21.47 0.95 0.186
PN7 - PN14 1.72 0.06 1.80 0.05 0.027* PN7 - PN14 16.10 0.54 17.65 0.50 0.001**
PN14 - PN35 2.73 0.02 2.64 0.02 0.0003*** PN14 - PN35 11.98 0.30 11.53 0.28 0.031*
PN35 - 2mo 3.28 0.09 351 0.08 0.016* PN35 - 2mo 4.10 0.12 4.48 0.11 0.002**
" 2mo - 4mo 0.99 0.04 0.99 0.04 0.901 2mo - 4mo 0.63 0.03 0.61 0.03 0.641
4mo - 6mo 0.29 0.02 0.30 0.02 0.669 4mo - 6mo 0.13 0.01 0.13 0.01 0.806
6mo - 9mo 0.16 0.02 0.14 0.02 0.301 6mo - 9mo 0.07 0.01 0.06 0.01 0.207
9mo - 12mo 0.07 0.01 0.10 0.02 0.100 9mo - 12mo 0.03 0.01 0.04 0.01 0.086
PN1 - PN7 1.02 0.05 1.05 0.05 0.599 PN1 - PN7 23.02 1.30 23.23 1.48 0.894
PN7 - PN14 1.75 0.05 1.85 0.05 0.002** PN7 - PN14 16.61 0.51 17.31 0.50 0.022*
& PN14 - PN35 2.64 0.03 2.62 0.03 0.663 PN14 - PN35 11.70 0.21 11.21 0.20 0.006**
PN35 - 2mo 3.63 0.12 3.58 0.11 0.598 PN35 - 2mo 4.63 0.17 459 0.15 0.807
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2mo - 4mo 1.06 0.06 1.06 0.04 0.963 2mo - 4mo 0.64 0.05 0.64 0.04 0.903
4mo - 6mo 0.19 0.04 0.29 0.03 0.023* 4mo - 6mo 0.08 0.02 0.13 0.01 0.027*
6mo - 9mo 0.08 0.01 0.09 0.01 0.194 6mo - 9mo 0.03 0.004 0.04 0.005 0.222
9mo - 12mo 0.08 0.03 0.09 0.03 0.807 9mo - 12mo 0.03 0.01 0.04 0.01 0.842
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Figure 2. Absolute growth rate from birth (postnatal day (PN) 1) to 12 months of age (12mo) of
sham and [UGR rat offspring (paternal line) in the first (F1, a), second (F2, b, ¢) and third (F3, d, e)
generations. Absolute growth rate was calculated using the formula: (body weight at later time point
(g) - body weight at earlier time point (g)) + days between two timepoints. Significance was
determined by a linear mixed-effect model with adjustment for litter size and relatedness of litter
siblings (if present), *** P <(.001, ** P < (.01, * P <0.05. See Tables 1 and 2 for exact P-values.

Data is expressed as observed mean = SD; n = 5-49 samples per group.
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Figure 3. Fractional growth rate from birth (postnatal day (PN) 1) to 12 months of age (12mo) of
sham and IUGR rat offspring (paternal line) in the first (F1, a), second (F2, b, c¢) and third (F3, d, ¢)
generations. Fractional growth rate equals (absolute growth rate (g.day™) < body weight at earlier
time point (g)) x 100. Significance was determined by a linear mixed-effect model with adjustment
for litter size and relatedness of litter siblings (if present), *** P <0.001, ** P <0.01, * P <0.05.
See Tables 1 and 2 for exact P-values. Data is expressed as observed mean = SD; n = 5-49 samples

per group.
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Postmortem organ weights

F1 male offspring at 12mo

Relative weights of some of the F1 IUGR male organs have been previously reported at PN35, 6mo,
and 12mo [1, 2, 3]. In this current study, postmortem body weight of F1 IUGR males (435.18 + 7.38
g) was significantly lower than that of sham males (483.46 + 8.24 g) (P <0.0001, Table 3 and Fig.
S1). These IUGR males also had decreased absolute heart weight (1.37 = 0.03 g vs. sham 1.51 £
0.03g, P <0.0001), left ventricle weight (0.99 + 0.02 vs. sham 1.14 £ 0.02, P <0.0001), total kidney
weight (2.36 = 0.06 vs. sham 2.73 + 0.06, P <0.0001), and liver weight (10.26 = 0.26 vs. sham
12.27£0.29, P <0.0001) (Table 3 and Fig. 4a, 4¢, Sa, and Sc, respectively). After adjusting for
body weight, only left ventricle weight (-0.02%, P < 0.0001) and total kidney weight (-0.04%, P <
0.0001) were statistically different between IUGR and sham males at 12 months of age (Table 3

and Fig. 4d, 5b, respectively).
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Table 3. Estimated marginal means (emmeans) of sham and [UGR male rat offspring postmortem

body weight, absolute organ weights, and organ weights (% body weight) in the first (F1)

generation (paternal line), at 12 months of age (12mo). SE: standard error. Degrees-of-freedom

method: Kenward-Roger. Confidence level used: 95%. Significance was determined by a linear

mixed-effect model with adjustment for litter size and relatedness of litter siblings (if present). ***

P <0.001.
Males Treatment effect
Time
Generation Weight Sham IUGR (Sham males vs.
point
Emmean | SE | Emmean | SE IUGR males)
Body weight (g) 483.46 | 8.24 | 435.18 | 7.38 < 0.0001***
Heart () 151 0.03 1.37 0.03 6.62 x 10705***
Heart (%) 0.32 0.01 0.31 0.005 0.512
Left ventricle (g) 1.14 0.02 0.99 0.02 8.14 x 1010%**
F1 12mo Left ventricle (%) 0.24 0.004 0.22 0.004 1.30 x 10°05***
Total kidney (Q) 2.73 0.06 2.36 0.06 2.93 x 10708x*x
Total kidney (%) 0.57 0.01 0.53 0.01 0.0003***
Liver (g) 12.27 0.29 10.26 0.26 3.37 x 10709%**
Liver (%) 2.52 0.06 2.40 0.06 0.065
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Figure 4. Postmortem heart (a, b) and left ventricle (c, d) weights (absolute vs. % body weight) of
sham and ITUGR male rat offspring (paternal line) in the first generation (F1), at 12 months of age
(12mo). Significance was determined by a linear mixed-effect model with adjustment for litter size
and relatedness of litter siblings (if present). *** P <(0.001. See Table 3 for exact P-values. Data is

expressed as mean = SD; n = 10-15 samples per group.
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Figure 5. Postmortem total kidney and weights (absolute (a, ¢) vs. % body weight (b, d)) of sham
and IUGR male rat offspring (paternal line) in the first generation (F1), at 12 months of age (12mo).
Significance was determined by a linear mixed-effect model with adjustment for litter size and

relatedness of litter siblings (if present). *** P < 0.001. See Table 3 for exact P-values. Data is

expressed as mean = SD; n = 9-15 samples per group.

142




F2 offspring at PN35, 6mo, and 12mo

F2 postmortem body weight was 6.13% higher in 6mo IUGR males (422.63 + 8.46 g vs. sham
398.23 £ 8.11 g, P=0.021), but not females (P = 0.891) (Table 4 and Fig. S2b). There was no
difference in postmortem body weight between sham and IUGR group at PN35 and 12mo, in either
sex (Table 4 and Fig. S2a, S2¢). Absolute and relative (% body weight) weights of heart and left
ventricle was similar between sham and IUGR at all time points, in both males and females (Table
4 and Fig. 6a-f, Fig. 7a-f). Meanwhile, at 6mo, [IUGR males had significantly higher absolute total
kidney weight (2.43 £ 0.07 g vs. sham 2.18 £ 0.08 g) and total adrenal gland weight (0.05 = 0.002
vs. sham 0.04 = 0.002) (P = 0.002, Table 4, Fig. 8c, and P = 0.005, Table 4, Fig. 9¢c, respectively).
Only relative total kidney weight (% body weight) was significant at 6mo (+0.02%, P = 0.030,
Table 4 and Fig. 8d). Regarding liver weights, F2 ITUGR females showed a decrease in liver weight
(% body weight) compared to sham at PN35 (-0.18%, P = 0.004, Table 4 and Fig. 10b), while F2
IUGR males had a decrease at 12mo (-0.10%, P = 0.014, Table 4 and Fig. 10f). In addition to this,
F2 PN35 IUGR females also had lower absolute (0.25 + 0.01 g vs. sham 0.28 + 0.01 g, P =0.002,

Table 4 and Fig. 11a) and relative (-0.05%, P = 0.0008, Table 4 and Fig. 11b) pancreas weight.
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Table 4. Estimated marginal means (emmeans) of sham and IUGR rat offspring postmortem body weight, absolute organ weights, and organ weights

(% body weight) in the second (F2) generation (paternal line), at postnatal day 35 (PN35), 6 (6mo) and 12 (12mo) months of age. SE: standard error.

Degrees-of-freedom method: Kenward-Roger. Confidence level used: 95%. Significance was determined by a linear mixed-effect model with

adjustment for litter size and relatedness of litter siblings (if present). *** P <0.001, ** P<0.01, * P <0.05.

Males Females
Treatment effect (Sham Treatment effect (Sham
Generation Time point Weight Sham IUGR Sham IUGR
males vs. IUGR males) females vs. IUGR females)
Emmean SE Emmean SE Emmean SE Emmean SE

Body weight (g) 85.22 3.02 87.62 2.49 0.420 78.31 191 77.46 1.58 0.656
Heart (g) 0.37 0.02 0.38 0.02 0.355 0.34 0.01 0.33 0.01 0.430
Heart (%) 043 0.01 0.43 0.01 0.815 0.43 0.01 0.43 0.01 0.505
Left ventricle (g) 0.25 0.01 0.26 0.01 0.369 0.23 0.01 0.23 0.01 0.759
Left ventricle (%) 0.29 0.004 0.29 0.003 0.323 0.29 0.01 0.29 0.01 0.816
Total kidney (g) 0.67 0.03 0.72 0.02 0.054 0.64 0.02 0.62 0.02 0.353
PN35 Total kidney (%) 0.80 0.01 0.83 0.01 0.120 0.82 0.01 0.80 0.01 0.333
F2 Adrenal gland (g) 0.02 0.001 0.02 0.001 1 0.02 0.001 0.02 0.001 0.414
Adrenal gland (%) 0.02 0.001 0.02 0.001 0.800 0.02 0.001 0.02 0.001 0.220
Liver (g) 3.07 0.13 3.20 0.10 0.337 3.05 0.10 2.87 0.09 0.117

Liver (%) 3.61 0.10 3.68 0.08 0.556 3.81 0.06 3.63 0.05 0.004**

Pancreas (g) 0.26 0.02 0.25 0.01 0.551 0.28 0.01 0.25 0.01 0.002**

Pancreas (%) 0.31 0.02 0.28 0.01 0.140 0.36 0.01 0.31 0.01 0.0008***

Body weight (g) 398.23 8.11 422.63 8.46 0.021* 254.44 2.54 254.01 2.38 0.891
ome Heart (g) 1.37 0.03 1.39 0.03 0.606 0.99 0.01 0.97 0.01 0.168
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Heart (%) 0.34 0.01 0.33 0.01 0.334 0.39 0.01 0.38 0.01 0.052
Left ventricle (g) 1.02 0.03 1.03 0.03 0.895 0.73 0.02 0.70 0.02 0.085
Left ventricle (%) 0.26 0.01 0.24 0.01 0.077 0.28 0.01 0.28 0.01 0.286
Total kidney (g) 2.18 0.08 243 0.07 0.0002*** 1.65 0.04 1.59 0.04 0.214
Total kidney (%) 0.57 0.01 0.59 0.01 0.030* 0.65 0.01 0.63 0.01 0.112
Adrenal gland (g) 0.04 0.002 0.05 0.002 0.005** 0.07 0.002 0.07 0.003 0.169

Adrenal gland (%) 0.01 0.0004 0.01 0.0004 0.661 0.03 0.001 0.03 0.001 0.143
Liver (g) 11.01 0.34 11.31 0.33 0.479 7.75 0.18 8.07 0.18 0.174
Liver (%) 2.76 0.05 2.73 0.06 0.635 3.06 0.06 3.07 0.06 0.980

Pancreas (g) 111 0.07 1.15 0.07 0.709 1.03 0.04 1.03 0.04 0.906
Pancreas (%) 0.28 0.02 0.28 0.02 0.921 0.40 0.01 0.42 0.01 0.168
Body weight (g) 475.85 5.44 466.07 5.49 0.088 266.51 3.75 264.81 3.44 0.690

Heart (g) 1.55 0.03 154 0.03 0.826 1.04 0.02 1.03 0.02 0.762

Heart (%) 0.33 0.01 0.33 0.01 0.497 0.40 0.01 0.38 0.01 0.100
Left ventricle (g) 1.20 0.02 1.20 0.03 0.968 0.81 0.02 0.83 0.02 0.535
Left ventricle (%) 0.26 0.01 0.26 0.01 0.923 0.31 0.01 0.31 0.01 0.365
Total kidney (g) 2.70 0.08 2.60 0.09 0.319 1.63 0.03 1.67 0.03 0.243

12mo Total kidney (%) 0.57 0.02 0.55 0.02 0.507 0.63 0.01 0.61 0.01 0.179

Adrenal gland (g) 0.04 0.002 0.04 0.002 0.171 0.06 0.003 0.07 0.004 0.489

Adrenal gland (%) 0.01 0.0003 0.01 0.0003 0.356 0.03 0.001 0.02 0.001 0.785
Liver (g) 12.48 0.33 11.98 0.37 0.140 7.94 0.16 8.03 0.19 0.697
Liver (%) 2.70 0.03 2.60 0.04 0.014* 2.98 0.05 2.96 0.04 0.704

Pancreas (g) 1.32 0.07 1.23 0.08 0.315 1.01 0.03 1.04 0.03 0.359
Pancreas (%) 0.28 0.01 0.26 0.01 0.128 0.39 0.01 0.38 0.01 0.598

145




(a)0.5; ® Sham Female (b)0.6
W Sham Male =
IUGR Female v %
_ 7 IUGR Male e g 0.5
204 [ >
- I °
= - [ | [o} 2
=) o
[ . T = <04
3 A4, <
L A O v -
0.3 u =2
. 7]
- 303
t
©
)
T
0.2 0.2
F2 PN35 F2 PN35
(c)2.0 (d)0.6
£
2
g 0.5
215 e
£ 2
° X 0.4
3 -
t =
31.0 2
T 203
t
©
@
T
0.5 0.2
F2 6mo F2 6mo
(e)2.0 (f)0.6
=
=
K-
g 0.5
215 E
5 3
g §0 4
g
1.0 R~
o °
b = 303
t
©
o
T
0.5 0.2
F2 12mo F2 12mo

Figure 6. Postmortem heart weights (absolute vs. % body weight) of sham and IUGR rat offspring
(paternal line) in the second generation (F2), at postnatal day 35 (PN35; a, b), 6 (6mo; c¢,d) and 12
(12mo; e, f) months of age. Significance was determined by a linear mixed-effect model with
adjustment for litter size and relatedness of litter siblings (if present). See Table 4 for exact P-

values. Data is expressed as mean = SD; n = 7-14 samples per group.
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Figure 7. Postmortem left ventricle weights (absolute vs. % body weight) of sham and IUGR rat

offspring (paternal line) in the second generation (F2), at postnatal day 35 (PN35; a, b), 6 (6mo; c,d)

and 12 (12mo; e, f) months of age. Significance was determined by a linear mixed-effect model

with adjustment for litter size and relatedness of litter siblings (if present). See Table 4 for exact P-

values. Data is expressed as mean = SD; n = 7-15 samples per group.
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Figure 8. Postmortem total kidney weights (absolute vs. % body weight) of sham and IUGR rat
offspring (paternal line) in the second generation (F2), at postnatal day 35 (PN35; a, b), 6 (6mo; c,d)
and 12 (12mo; e, f) months of age. Significance was determined by a linear mixed-effect model
with adjustment for litter size and relatedness of litter siblings (if present). *** P <0.001, * P <

0.05 See Table 4 for exact P-values. Data is expressed as mean = SD; n = 6-13 samples per group.
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Figure 9. Postmortem total adrenal gland weights (absolute vs. % body weight) of sham and [IUGR
rat offspring (paternal line) in the second generation (F2), at postnatal day 35 (PN35; a, b), 6 (6mo;
c,d) and 12 (12mo; e, ) months of age. Significance was determined by a linear mixed-effect model
with adjustment for litter size and relatedness of litter siblings (if present). ** P < 0.01. See Table 4

for exact P-values. Data is expressed as mean + SD; n = 6-14 samples per group.
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Figure 10. Postmortem liver weights (absolute vs. % body weight) of sham and IUGR rat offspring
(paternal line) in the second generation (F2), at postnatal day 35 (PN35; a, b), 6 (6mo; ¢,d) and 12
(12mo; e, f) months of age. Significance was determined by a linear mixed-effect model with
adjustment for litter size and relatedness of litter siblings (if present). ** P <0.01, * P <0.05. See

Table 4 for exact P-values. Data is expressed as mean + SD; n = 6-14 samples per group.
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Figure 11. Postmortem pancreas weights (absolute vs. % body weight) of sham and IUGR rat
offspring (paternal line) in the second generation (F2), at postnatal day 35 (PN35; a, b), 6 (6mo; c,d)
and 12 (12mo; e, f) months of age. Significance was determined by a linear mixed-effect model
with adjustment for litter size and relatedness of litter siblings (if present). *** P <0.001, ** P <

0.01. See Table 4 for exact P-values. Data is expressed as mean + SD; n = 6-15 samples per group.
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F3 offspring at PN35, 6mo, and 12mo

F3 offspring postmortem body weight was significantly higher in [UGR males, only at PN35 (+6.87%, IUGR 87.34 + 1.95 g vs. sham 81.72 £ 1.96 g, P
=0.013, Table 5 and Fig. S2d). Heart weight (% body weight) was not significantly different between F3 PN35 sham and IUGR offspring (males P =
0.811, females P = 0.492, Table 5 and Fig. S3a, S3b). On the other hand, PN35 IUGR females had reduced relative left ventricle weight (-0.02%, P =
0.035, Fig. 12b), and increased relative total kidney weight (+0.03%, P = 0.007, Fig. 13b) compared to sham animals (Table 5). A change to the
relative weight of these two tissues was also observed in F3 6mo IUGR females (+0.06% in relative left ventricle weight (P < 0.0001, Table 5 and Fig.
12d), and -0.02% in relative total kidney weight (P = 0.027, Table 5 and Fig. 13d)). However, total adrenal gland weight was not altered at any time
point in the F3 generation (Table 5 and Fig. S4a-f). At 12mo, increased heart and left ventricle weight (% body weight) was found only in the [IUGR
male offspring (+0.01%, P = 0.012, Table 5 and Fig. S3f, and +0.03%, P = 0.0003, Table 5 and Fig. 12f, respectively). Meanwhile, 12mo [UGR
females had increased relative liver weight compared to sham females (+0.26%, P < 0.0001, Table 5 and Fig. 14f). Regarding pancreas weight (%

body weight), F3 TUGR males had a 0.06% increase compared to the sham group (P = 0.006, Table 5), only at PN35 time point (Fig. 15b).
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Table 5. Estimated marginal means (emmeans) of sham and IUGR rat offspring postmortem body weight, absolute organ weights, and organ weights

(% body weight) in the third (F3) generation (paternal line), at postnatal day 35 (PN35), 6 (6mo) and 12 (12mo) months of age. SE: standard error.

Degrees-of-freedom method: Kenward-Roger. Confidence level used: 95%. Significance was determined by a linear mixed-effect model with

adjustment for litter size and relatedness of litter siblings (if present). *** P <0.001, ** P<0.01, * P <0.05.

Males Females
Treatment effect (Sham Treatment effect (Sham
Generation Time point Weight Sham IUGR Sham IUGR
males vs. IUGR males) females vs. IUGR females)
Emmean SE Emmean SE Emmean SE Emmean SE
Body weight (g) 81.72 1.96 87.34 1.95 0.013* 75.81 1.76 77.87 1.93 0.368
Heart (g) 0.37 0.01 0.39 0.01 0.083 0.35 0.01 0.35 0.01 0.656
Heart (%) 0.45 0.01 0.45 0.01 0.811 0.46 0.01 0.45 0.01 0.492
Left ventricle (g) 0.25 0.01 0.27 0.01 0.227 0.24 0.01 0.24 0.01 0.506
Left ventricle (%) 0.31 0.01 0.31 0.01 0.717 0.32 0.01 0.30 0.01 0.035*
Total kidney (g) 0.72 0.03 0.72 0.02 0.853 0.62 0.02 0.66 0.02 0.037*
PN35 Total kidney (%) 0.87 0.01 0.84 0.01 0.111 0.81 0.01 0.84 0.01 0.007**
F3 Adrenal gland (g) 0.02 0.001 0.02 0.001 0.913 0.02 0.001 0.02 0.001 0.124
Adrenal gland (%) 0.02 0.001 0.02 0.001 0.985 0.02 0.001 0.02 0.001 0.272
Liver (g) 3.13 0.13 3.25 0.13 0.422 2.87 0.11 3.13 0.12 0.064
Liver (%) 3.79 0.09 3.80 0.11 0.878 3.83 0.14 4.03 0.13 0.110
Pancreas (g) 0.26 0.02 0.29 0.02 0.110 0.27 0.01 0.25 0.01 0.256
Pancreas (%) 0.29 0.03 0.35 0.02 0.006** 0.36 0.01 0.32 0.02 0.067
Body weight (g) 423.53 4.72 423.83 5.32 0.960 256.38 5.00 261.02 4.36 0.416
ome Heart (g) 141 0.02 1.40 0.02 0.851 0.91 0.03 0.97 0.03 0.126
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Heart (%) 033 0.01 033 0.01 0.848 0.36 0.01 0.36 0.01 0.945
Left ventricle (g) 1.03 0.02 1.06 0.02 0.247 0.71 0.02 0.73 0.02 0.605
Left ventricle (%) 024 0.005 0.25 0.01 0.245 0.28 0.01 0.34 0.01 < 0.0001%**
Total kidney (g) 2.38 0.02 2.40 0.02 0.293 157 0.03 154 0.02 0.256
Total kidney (%) 056 0.01 0.56 0.01 0.705 061 0.01 059 0.01 0.027*
Adrenal gland (g) 0.04 0.001 0.04 0.001 0518 0.07 0.002 0.07 0.002 0.757

Adrenal gland (%) 0.01 0.0004 0.01 0.0005 0.738 0.03 0.001 003 | 0.0005 0.291
Liver (g) 1217 0.25 12.05 0.30 0.699 811 0.20 8.29 017 0.401
Liver (%) 2.86 0.05 2.84 0.06 0.753 318 0.09 315 0.08 0.756

Pancreas () 1.23 0.08 117 0.09 0545 1.10 0.07 1.03 0.06 0.238
Pancreas (%) 0.29 0.02 0.29 0.02 0.887 043 0.02 039 0.02 0113
Body weight (g) 47585 5.44 466.07 5.49 0.088 266.51 375 26481 | 344 0.690

Heart () 145 0.03 152 0.03 0.060 0.98 0.02 0.98 0.02 0.889

Heart (%) 031 0.01 032 0.01 0.012* 037 0.01 037 0.01 0.784
Left ventricle (g) 1.06 0.04 1.20 0.04 0.003** 0.75 0.02 0.75 0.02 0.934
Left ventricle (%) 0.23 0.01 0.26 0.01 0.0003*** 0.28 0.01 0.28 0.01 0516
Total kidney (g) 255 0.06 263 0.05 0.197 1.64 0.03 1.65 0.03 0.865

12mo Total kidney (%) 054 0.01 055 0.01 0.124 0.62 0.01 0.62 0.01 0.875

Adrenal gland (g) 0.04 0.002 0.04 0.001 0.300 0.06 0.003 0.06 0.003 0.416

Adrenal gland (%) 0.01 0.0001 0.01 0.0001 0.358 0.02 0.001 0.02 0.001 0.479
Liver (g) 12.44 0.36 12.67 0.37 0.588 761 0.17 818 0.5 0.002**
Liver (%) 261 0.04 2.64 0.04 0618 285 0.04 311 0.04 < 0.0001***

Pancreas (g) 1.25 0.06 1.20 0.06 0472 0.97 0.06 0.98 0.05 0.845
Pancreas (%) 0.26 0.01 0.25 0.01 0.232 037 0.02 037 0.02 0.782
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Figure 12. Postmortem left ventricle weights (absolute vs. % body weight) of sham and IUGR rat
offspring (paternal line) in the third generation (F3), at postnatal day 35 (PN35; a, b), 6 (6mo; c,d)
and 12 (12mo; e, f) months of age. Significance was determined by a linear mixed-effect model
with adjustment for litter size and relatedness of litter siblings (if present). *** P <0.001, ** P <
0.01, * P<0.05. See Table 5 for exact P-values. Data is expressed as mean + SD; n = 7-13 samples

per group.
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Figure 13. Postmortem total kidney weights (absolute vs. % body weight) of sham and IUGR rat
offspring (paternal line) in the third generation (F3), at postnatal day 35 (PN35; a, b), 6 (6mo; c,d)
and 12 (12mo; e, f) months of age. Significance was determined by a linear mixed-effect model
with adjustment for litter size and relatedness of litter siblings (if present). ** P <0.01, * P <0.05.

See Table 5 for exact P-values. Data is expressed as mean + SD; n = 6-12 samples per group.
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Figure 14. Postmortem liver weights (absolute vs. % body weight) of sham and IUGR rat offspring
(paternal line) in the third generation (F3), at postnatal day 35 (PN35; a, b), 6 (6mo; c¢,d) and 12
(12mo; e, f) months of age. Significance was determined by a linear mixed-effect model with
adjustment for litter size and relatedness of litter siblings (if present). *** P <0.001, ** P <0.01.

See Table 5 for exact P-values. Data is expressed as mean + SD; n = 7-12 samples per group.
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Figure 15. Postmortem pancreas weights (absolute vs. % body weight) of sham and IUGR rat
offspring (paternal line) in the third generation (F3), at postnatal day 35 (PN35; a, b), 6 (6mo; c,d)
and 12 (12mo; e, f) months of age. Significance was determined by a linear mixed-effect model
with adjustment for litter size and relatedness of litter siblings (if present). ** P <(.01. See Table 5

for exact P-values. Data is expressed as mean + SD; n = 7-13 samples per group.
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Offspring tail-cuff systolic blood pressure

Regardless of treatment, there was a general increase in blood pressure with age, specifically from
2mo to 4mo, in all generations (Supplementary data (Appendix B)). Interestingly, the increase in
blood pressure at 2mo-4mo was always higher in male offspring. There was a further increase in
blood pressure in F3 males at 4mo-6mo and 6mo-9mo (Supplementary data (Appendix B)).
Additionally, in general, males had higher blood pressure than females at the same age (Table 6).
However, besides a decrease by 5.36% (P = 0.008) in F2 IUGR males at 6mo (IUGR 130.35 +1.74
mmHg vs. sham 137.73 + 1.82 mmHg), there was no significant difference between sham and

ITUGR blood pressure at any time point, in neither sex, within any generation (Table 6 and Fig. 16).

Table 6. Estimated marginal means (emmeans) of sham and IUGR rat offspring tail-cuff systolic
blood pressure (mmHg) over time in the first (F1), second (F2) and third (F3) generations (paternal
line). SE: standard error. Degrees-of-freedom method: Kenward-Roger. Confidence level used:
95%. mo: months of age. Significance was determined by a linear mixed-effect model with
adjustment for litter size, relatedness of litter siblings (if present), and repeated measurement. A
Tukey’s post hoc test would be used in the subsequent analysis if there was an interaction between
treatment and time point effects. ** P <0.01, * P <0.05. Time point effect: Supplementary data

(Appendix B). Only male offspring (paternal) was investigated in the F1 generation. N/A: test not

applicable.
Blood pressure (males) Tukey's Blood pressure (females)
Sham IUGR post hoc test Sham IUGR Tukey's post
Treatment_Timepoint Treatment_Timepoint
Time (Sham hoc test (Sham
Generation interaction (Type 11 interaction (Type 11
point males vs. females vs.
Emmean SE Emmean SE Wald chisquare tests) Emmean SE Emmean SE Wald chisquare tests)
IUGR IUGR females)
males)
2mo 126.91 2.92 127.77 2.44
3mo 135.10 252 137.14 2.46
F1 4mo 135.86 2.85 144.64 2.38 0.116 N/A N/A N/A N/A
6mo 136.99 2.54 142.44 245
9mo 134.30 2.54 135.82 2.46
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12mo 138.30 2.58 134.66 2.39
2mo 120.86 1.78 122.66 1.67 0.958 123.93 1.60 118.90 1.67 0.120
4mo 131.21 2.00 135.54 1.67 0.346 131.51 157 133.10 1.70 0.960
6mo 137.73 1.82 130.35 1.74 0.008** 129.29 1.64 133.56 1.62 0.250
F2 0.004** 0.031*
9mo 135.47 2.06 133.00 1.88 0.913 131.43 2.02 129.66 211 0.980
12mo 132.81 2.01 130.31 1.80 0.894 130.52 229 128.20 234 0.960
16mo 132.11 2.79 133.53 2.64 0.999 N/A N/A
2mo 126.05 245 121.19 2.10 125.43 1.68 123.21 1.66
4mo 137.20 2.34 138.92 2.13 131.91 172 131.38 1.62
6mo 144.76 2.34 146.11 2.04 128.50 1.89 129.30 1.80
F3 0.142 N/A 0.757 N/A
9mo 153.23 2.72 151.25 2.54 134.71 212 131.72 1.95
12mo 150.56 2.67 152.72 2.42 137.15 2.80 133.62 244
16mo 155.32 3.90 145.48 3.35 N/A
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Figure 16. Tail cuft systolic blood pressure at 2-12 months of age (2mo-12mo) of sham and ITUGR
rat offspring (paternal line) in the first (F1, a), second (F2, b, ¢) and third (F3, d, ) generations.
Significance was determined by a linear mixed-effect model with adjustment for litter size,
relatedness of litter siblings (if present), and repeated measurement, followed by a Tukey’s post hoc
test (** P <0.01). See Table 6 for exact P-values. Time point effect: Supplementary data

(Appendix B). Data is expressed as observed mean = SD; n = 9-44 samples per group.
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Glucose tolerance test (GTT)

Previously, it was shown in this model that for the F1 males, increased plasma glucose area under
curve (AUC) in GTT was observed at 6mo [4]. Reduced first-phase insulin secretion was also
reported in these males [4]. However, these alterations were not observed at 12mo [3]. In the F2
generation in this study, plasma glucose responses prior to glucose injection, as well as post-glucose
injection, were not different between sham and IUGR offspring, at 6mo and 12mo (Table 7 and Fig.
S5a, SSb, S6a, S6b). Additionally, there was no difference in plasma glucose AUC in either sex, at
any time point (Table 8 and Fig. S5¢, S6¢). Examination of insulin profiles during GTT also
showed no abnormal change in plasma insulin concentrations (Fig. S7a, S7b, S8a, and S8b),
plasma insulin total AUC (Fig. S7¢ and S8c¢), plasma insulin first-phase secretion (Fig. S7d and
S8d), plasma insulin second-phase secretion (Fig. S7e and S8e), or homeostasis model of
assessment of insulin resistance (HOMA-IR, Fig. S7f and S8f) in the F2 6mo and 12mo IUGR

offspring, compared to sham (Tables 7 and 8).

Table 7. Estimated marginal means (emmeans) of sham and IUGR rat offspring responses to
Glucose Tolerance Test (GTT) in the second (F2) and third (F3) generations (paternal line), at 6
(6mo) and 12 (12mo) months of age. Plasma glucose concentration: mmol.L!, plasma insulin
concentration: ng.mL!. Fasting (basal) value was calculated as the average of the two time points:
10 and 5 minutes prior to the glucose injection. SE: standard error. Degrees-of-freedom method:
Kenward-Roger. Confidence level used: 95%. Significance was determined by a linear mixed-effect
model with adjustment for litter size, relatedness of litter siblings (if present), and repeated

measurement. A Tukey’s post hoc test would be used in the subsequent
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analysis if there was an interaction between treatment and time point effects. ** P <0.01, * P <0.05. Time point effect: Supplementary data

(Appendix B). N/A: test not applicable.

Males Females Tukey's post hoc
Treatment_Timepoint | Tukey's post hoc Treatment_Timepoint
Sham IUGR Sham IUGR test (Sham
Generation Age Response interaction (Type Il test (Sham males interaction (Type 11
females vs. IUGR
Emmean SE Emmean SE Wald chisquare tests) | vs. IUGR males) | Emmean SE Emmean SE Wald chisquare tests)
females)

GTT plasma glucose basal 6.80 1.00 6.99 0.92 7.98 1.05 7.02 0.91
GTT plasma glucose 5min 14.76 1.00 15.88 0.92 18.09 1.05 15.62 0.87
GTT plasma glucose 10min 15.08 1.00 17.15 0.92 17.90 1.05 16.03 0.95
GTT plasma glucose 20min 15.75 1.00 17.00 0.92 17.02 1.05 15.74 0.87

GTT plasma glucose 30min 15.44 1.00 16.37 0.92 0.846 N/A 13.94 1.05 15.82 0.91 0.051 N/A
GTT plasma glucose 45min 12.62 1.00 15.10 0.92 12.89 1.05 14.26 0.87
GTT plasma glucose 60min 11.32 1.00 13.71 0.92 11.67 1.05 10.90 0.90
GTT plasma glucose 90min 9.89 1.00 11.72 0.92 10.78 1.05 8.53 0.87
F2 6mo GTT plasma glucose 120min 7.95 1.00 8.89 0.92 9.96 1.05 8.95 0.87
GTT plasma insulin basal 0.72 0.26 0.45 0.24 0.29 0.11 0.21 0.09
GTT plasma insulin 5min 1.32 0.26 0.85 0.24 0.35 0.11 0.61 0.09
GTT plasma insulin 10min 1.62 0.26 0.80 0.25 0.47 0.11 0.73 0.09
GTT plasma insulin 20min 1.83 0.26 141 0.24 0.87 0.10 1.06 0.09

0.092 N/A 0.080 N/A
GTT plasma insulin 30min 1.66 0.26 1.37 0.24 1.01 0.10 1.09 0.09
GTT plasma insulin 45min 1.29 0.26 1.33 0.24 0.72 0.10 0.77 0.10
GTT plasma insulin 60min 0.92 0.26 1.02 0.24 0.67 0.10 0.87 0.09
GTT plasma insulin 90min 0.98 0.26 0.87 0.24 0.65 0.10 0.57 0.09
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GTT plasma insulin 120min 1.00 0.26 0.87 0.24 0.48 0.10 0.48 0.09
GTT plasma glucose basal 7.68 1.97 6.28 2.16 0.980 6.80 1.01 6.19 1.08
GTT plasma glucose 5min 16.75 197 13.02 2.16 0.379 15.00 1.01 15.00 1.08
GTT plasma glucose 10min 20.79 1.97 15.40 2.16 0.106 17.54 1.01 16.04 1.08
GTT plasma glucose 20min 22.63 1.97 16.99 2.16 0.084 20.21 1.01 19.18 1.08
GTT plasma glucose 30min 21.62 197 15.51 2.16 0.003** 0.053 18.75 1.01 18.60 1.08 0.826 N/A
GTT plasma glucose 45min 19.07 197 15.18 2.16 0.342 16.28 1.01 16.22 1.08
GTT plasma glucose 60min 18.30 1.97 13.69 2.16 0.203 14.43 1.01 14.63 1.14
GTT plasma glucose 90min 15.96 1.97 10.59 2.19 0.112 12.73 1.01 10.67 1.08
GTT plasma glucose 120min 11.49 2.03 11.60 2.18 1 9.59 1.07 10.55 1.08
rame GTT plasma insulin basal 0.87 0.21 0.62 0.22 0.16 0.08 0.22 0.08
GTT plasma insulin 5min 0.55 021 0.65 0.22 0.43 0.08 0.34 0.08
GTT plasma insulin 10min 0.52 0.21 0.76 0.22 0.49 0.08 0.36 0.09
GTT plasma insulin 20min 142 0.21 1.36 0.22 0.79 0.08 0.71 0.08
GTT plasma insulin 30min 1.20 0.21 1.27 0.22 0.363 N/A 0.81 0.08 0.65 0.09 0.121 N/A
GTT plasma insulin 45min 1.30 021 1.22 0.22 0.61 0.08 0.63 0.08
GTT plasma insulin 60min 1.19 0.21 1.05 0.22 0.46 0.08 0.67 0.08
GTT plasma insulin 90min 111 0.21 0.76 0.22 0.45 0.08 0.44 0.09
GTT plasma insulin 120min 1.26 021 0.94 0.23 0.47 0.08 0.47 0.09
GTT plasma glucose basal 5.73 1.12 5.76 0.98 5.06 1.13 5.88 1.13
GTT plasma glucose 5min 13.34 1.12 13.59 0.98 12.38 1.13 14.85 1.13
GTT plasma glucose 10min 15.45 112 16.71 0.98 15.24 1.13 16.12 1.13
F3 6mo 0.795 N/A 0.373 N/A
GTT plasma glucose 20min 17.00 1.12 16.26 0.98 17.41 1.13 17.19 1.13
GTT plasma glucose 30min 14.99 112 14.59 1.03 14.60 1.13 15.84 1.13
GTT plasma glucose 45min 14.80 1.12 13.39 0.98 12.95 1.13 13.44 1.13

164




GTT plasma glucose 60min 11.75 1.12 11.43 0.98 11.14 1.13 11.15 1.13
GTT plasma glucose 90min 10.34 1.12 8.49 0.98 10.59 1.13 9.96 1.13
GTT plasma glucose 120min 7.99 1.12 7.23 0.98 8.65 1.13 7.74 1.13
GTT plasma insulin basal 0.33 0.25 0.47 0.22 0.30 0.17 0.29 0.20
GTT plasma insulin 5min 0.37 0.25 0.79 0.22 0.51 0.17 0.54 0.20
GTT plasma insulin 10min 0.40 0.25 0.91 0.22 0.83 0.17 0.65 0.20
GTT plasma insulin 20min 0.91 0.25 1.33 0.22 1.33 0.17 0.97 0.20
GTT plasma insulin 30min 1.28 0.25 1.32 0.22 0.507 N/A 1.07 0.17 1.21 0.20 0.447 N/A
GTT plasma insulin 45min 1.21 0.25 1.21 0.22 1.19 0.17 091 0.20
GTT plasma insulin 60min 0.98 0.25 1.13 0.22 0.69 0.17 0.90 0.20
GTT plasma insulin 90min 0.82 0.25 0.88 0.22 0.81 0.17 0.77 0.20
GTT plasma insulin 120min 0.71 0.25 1.03 0.22 0.68 0.17 0.75 0.20
GTT plasma glucose basal 6.78 0.92 6.74 0.92 1 6.01 0.97 5.92 1.02
GTT plasma glucose 5min 14.55 0.92 14.75 0.92 1 15.69 0.97 15.44 1.02
GTT plasma glucose 10min 15.78 0.96 17.58 0.92 0.554 17.51 0.97 17.99 1.02
GTT plasma glucose 20min 16.66 0.92 20.11 0.92 0.025* 18.08 0.97 18.38 1.02
GTT plasma glucose 30min 16.60 0.92 19.19 0.92 0.013** 0.159 15.77 0.97 17.45 1.02 0.671 N/A
GTT plasma glucose 45min 15.24 0.96 16.71 0.92 0.758 13.37 0.97 14.91 1.02
12mo GTT plasma glucose 60min 13.68 0.92 14.14 0.92 1 11.75 0.97 11.61 1.02
GTT plasma glucose 90min 10.70 0.92 11.12 0.92 1 10.10 0.97 8.73 1.02
GTT plasma glucose 120min 8.68 0.92 8.96 0.92 1 8.36 0.97 8.91 1.02
GTT plasma insulin basal 0.62 0.18 0.38 0.18 0.35 0.16 0.53 0.18
GTT plasma insulin 5min 0.74 0.18 0.44 0.18 0.58 0.16 0.74 0.18
0.337 N/A 0.652 N/A
GTT plasma insulin 10min 0.74 0.18 0.58 0.18 1.18 0.16 1.00 0.18
GTT plasma insulin 20min 1.45 0.18 1.16 0.18 1.46 0.16 151 0.18
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GTT plasma insulin 30min 1.41 0.18 1.56 0.18
GTT plasma insulin 45min 1.28 0.18 1.14 0.18
GTT plasma insulin 60min 1.55 0.18 1.18 0.18
GTT plasma insulin 90min 1.09 0.18 1.24 0.18
GTT plasma insulin 120min 151 0.18 111 0.18

1.32 0.16 111 0.18
1.33 0.16 1.04 0.18
1.04 0.16 0.76 0.18
0.95 0.16 0.71 0.18
0.69 0.16 0.73 0.18
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Table 8. Estimated marginal means (emmeans) of sham and IUGR rat offspring Glucose Tolerance Test (GTT) assessments in the second (F2) and

third (F3) generations (paternal line), at 6 (6mo) and 12 (12mo) months of age. Glucose area under curve (AUC) was calculated as the total AUC from

basal (pre-glucose injection) to 120 minutes post-glucose injection. Total insulin AUC was calculated as the total AUC from basal to 120 minutes.

Insulin AUC from basal to 5 minutes represents first-phase insulin response to GTT, while insulin AUC from 5 to 120 minutes represents second-phase

insulin response to GTT. Rat offspring homeostasis model of assessment of insulin resistance (HOMA-IR) was calculated using the formula: (fasting

insulin (uU.ml™?) x fasting glucose (mg.dL™")) + 2430. SE: standard error. Degrees-of-freedom method: Kenward-Roger. Confidence level used: 95%.

Significance was determined by a linear mixed-effect model with adjustment for litter size and relatedness of litter siblings (if present). *** P <0.001,

* P <0.05. Time point effect: Supplementary data (Appendix B). N/A: test not applicable.

Males Treatment Females Treatment
Sham IUGR effect (Sham Sham IUGR effect (Sham
Generation Age Calculation
males vs. IUGR females vs.
Emmean SE Emmean SE Emmean SE Emmean SE
males) IUGR females)
GTT plasma glucose AUC 1490.17 106.63 1699.53 98.08 0.100 1608.63 99.86 1492.90 71.55 0.259
GTT plasma insulin AUC 151.33 25.77 129.89 24.10 0.493 79.98 10.54 92.13 7.99 0.275
6mo GTT plasma insulin (1% phase) 12.29 2.39 7.78 2.23 0.119 3.69 0.57 458 0.46 0.172
GTT plasma insulin (2™ phase) 139.00 24.14 122.11 22.46 0.562 76.74 9.68 86.72 7.34 0.330
F2 GTT HOMA - IR 111 0.25 0.72 021 0.133 0.54 0.14 0.26 0.11 0.066
GTT plasma glucose AUC 2049.88 233.25 1630.61 259.34 0.133 1791.75 80.49 1756.75 85.72 0.743
GTT plasma insulin AUC 141.30 19.79 118.03 22.00 0.326 67.68 6.27 61.90 6.19 0.460
12mo
GTT plasma insulin (1% phase) 7.57 2.45 7.73 2.82 0.960 3.59 0.61 321 0.63 0.602
GTT plasma insulin (2™ phase) 132.83 18.60 110.40 20.68 0.314 64.07 6.01 58.55 5.94 0.462
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GTT HOMA - IR 0.89 0.37 0.66 0.42 0.617 0.30 0.06 0.29 0.06 0.894

GTT plasma glucose AUC 1538.83 113.94 1434.58 104.85 0.393 1510.94 126.65 1541.46 127.08 0.799

GTT plasma insulin AUC 108.67 24.24 131.66 21.05 0.378 106.87 15.59 104.33 19.84 0.875

6mo GTT plasma insulin (1% phase) 4.27 2.27 8.00 2.06 0.136 4.89 0.87 4.96 1.10 0.938

GTT plasma insulin (2™ phase) 104.50 22.44 124.08 19.49 0.417 101.99 15.18 99.35 19.32 0.867

GTT HOMA - IR 0.54 0.17 0.70 0.15 0.365 0.36 0.13 0.37 0.13 0.981

" GTT plasma glucose AUC 1642.17 103.20 1775.17 103.20 0.293 1569.12 105.90 1530.41 118.05 0.743
GTT plasma insulin AUC 156.82 18.30 138.73 18.30 0.420 129.61 7.85 106.57 8.52 0.0002***

12mo GTT plasma insulin (1 phase) 8.17 111 4.89 111 0.016* 5.65 1.79 7.58 2.08 0.400
GTT plasma insulin (2" phase) 148.63 17.76 133.87 17.76 0.497 124.49 7.69 99.26 8.61 0.0006***

GTT HOMA - IR 0.77 0.21 0.62 0.21 0.570 0.37 0.13 0.46 0.14 0.622
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Similar to the F2 6mo offspring, there was no difference in GTT plasma glucose (Tables 7 and 8,
Fig. S9) or plasma insulin (Tables 7 and 8, Fig. S10) profiles between F3 6mo sham and [UGR
animals. However, at 12mo, F3 IUGR males had an increase by 20.71% in GTT plasma glucose
concentration at 20 minutes post-glucose injection (20.11 + 0.92 mmol.L!), compared to sham
(16.66 £ 0.92 mmol.L ") (P = 0.025, Table 7 and Fig. 17b). In regard to the plasma insulin profile at
12mo, despite no statistical difference found in plasma insulin concentrations between sham and
IUGR animals throughout the test (Table 7 and Fig. 18a, 18b), F3 IUGR males developed impaired
first-phase insulin secretion, with a decrease by 40.15% in insulin AUC from basal to 5 minutes
post-glucose injection (IUGR males 4.89 + 1.11 vs. sham males 8.17 + 1.11, P =0.016) (1* phase,
Table 8 and Fig. 18d), whereas [IUGR females had reduced second-phase insulin secretion,
represented by a decrease of 20.27% in insulin AUC from 5 to 120 minutes post-glucose injection
(IUGR females 99.26 + 8.61 vs. sham females 124.49 + 7.69) (2" phase, Table 8 and Fig. 18e).
Additionally, total plasma insulin AUC was reduced only in F3 12mo IUGR females (106.57 +

8.52, compared to sham, 129.61 + 7.85) (-17.78%, P = 0.0002, Table 8 and Fig. 18c¢).
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Figure 17. Plasma glucose profile during the Glucose Tolerance Test (GTT) of sham and IUGR rat
offspring (paternal line) in the third generation (F3), at 12 months of age. The black arrow indicates
when glucose injection occurred. Fasting (basal) value was calculated as the average of the two time
points: 10 and 5 minutes prior to the glucose injection. Comparisons were made between sham and
IUGR offspring, within each sex (females, a, and males, b). Glucose area under curve (AUC, c) was
calculated as the total AUC from basal to 120 minutes. Significance was determined by a linear
mixed-effect model with adjustment for litter size, relatedness of litter siblings (if present), and
repeated measurement (for plasma glucose responses (a, b) only). * P <0.05. See Tables 7 and 8

for exact P-values. Time point effect: Supplementary data (Appendix B). Data is expressed as

mean + SD; n = 6 samples per group.
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Figure 18. Plasma insulin profile during the Glucose Tolerant Test (GTT) of sham and IUGR rat
offspring (paternal line) in the third generation (F3), at 12 months of age. The black arrow indicates
when glucose injection occurred. Fasting (basal) value was calculated as the average of the two time
points: 10 and 5 minutes prior to the glucose injection. Comparisons were made between sham and
IUGR offspring, within each sex (females, a, and males, b). Insulin area under curve (AUC) was
calculated as the total AUC from basal to 120 minutes (¢), AUC from basal to 5 minutes (1 phase,
d), and AUC from 5 to 120 minutes (2" phase, e). Rat offspring homeostasis model of assessment
of insulin resistance (HOMA-IR, f) was calculated using the formula: (fasting insulin (uU.ml™") x
fasting glucose (mg.dL™")) + 2430. Significance was determined by a linear mixed-effect model
with adjustment for litter size, relatedness of litter siblings (if present), and repeated measurement
(for plasma insulin responses (a, b) only). *** P <(0.001, * P <0.05. See Tables 7 and 8 for exact

P-values. Time point effect: Supplementary data (Appendix B). Data is expressed as mean + SD;

n = 5-6 samples per group.
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Insulin challenge (IC)

It has been reported that in the F1 males, whole-body insulin sensitivity, represented by plasma
glucose AUC in IC, was not different between sham and [UGR group, at both 6mo [4] and 12mo
[3]. In the F2 and F3 generations, there was no difference in plasma glucose concentrations between
sham and IUGR animals, in response to the insulin injection (Table S2 and Fig. S11a-b, S12a-b,
S13a-b, S14a-b). Furthermore, plasma glucose AUCs in the [UGR group also remained unchanged
compared to sham in F2 at 6mo (males P = 0.695, females P = 0.599), F2 at 12mo (males P =
0.879, females P = 0.453), F3 at 6mo (males P =0.431, females P = 0.631), and F3 at 12mo (males

P =0.837, females P = 0.621) (Table S3 and Fig. S11c, S12¢, S13¢, S14c¢).

Discussion

This study is the first to investigate the physiology, specifically growth, vascular and metabolic
functions of the paternal line of rat UPI-induced IUGR model from F1 males, whose mothers (FO0)
had uterine artery and vein ligation during pregnancy. Our collaborators have previously
investigated the effect of UPI/IUGR on bone health of the F2 and F3 offspring from both parental
lines, and reported no transgenerational transmission of [UGR phenotypes [5]. In contrast, data
from other recent rodent studies have suggested that there is a transgenerational transmission of
adverse environmental pregnancy effects in both maternal and paternal lines [6, 7, 8, 9, 10].
Animals in this current study were examined over different developmental stages, from birth (PN1)
to weaning (PN35) to adulthood (up to 12mo) in F2 and F3 male and female offspring from the F1

paternal line.

Inducing UPI at day 18 of gestation in rats has been reported to result in reduced F1 fetal weight in

utero at E20 [11, 12], as well as reduced [3, 4, 5, 13, 14, 15, 16, 17] birth weight. In this current
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study, F1 IUGR male birth weight was not statistically different compared to sham males. This
result is not surprising as birth weight is only one of the surrogates of fetal growth, and offspring
who were exposed to environmental insults in utero, for example — maternal protein restriction,
despite having a normal birth weight, can still have an aberrant postnatal growth rate and/or have a
higher risk of developing late-onset diseases, such as high blood pressure and renal disease [18, 19,
20]. Indeed, F1 IUGR male body weight in this current study was found to be significantly lower
compared to sham males post-weaning (after PN35), up to 12mo. Previous studies have also
reported this decrease in F1 IUGR male body weights at postnatal periods, as well as decreased

absolute growth rate from PN14 to 2mo [3, 4, 13, 15].

Similar to the F1 generation, [UGR offspring birth weights in the paternal F2 and F3 were also
unaffected, regardless of sex, which in is line with previously published data in both maternal and
paternal lines [2, 5, 21, 22]. In this current study, the effect of accelerated growth at postnatal stages
in F2 and F3 generations was more substantial compared to that in the F1, as it resulted in higher
body weights in [IUGR males and females, at 2mo (F2 IUGR females and F3 TUGR males), 4mo,
and 6mo (F2 IUGR males), which has the potential to predispose offspring to an increased risk of
developing metabolic disease later in life [23]. In the maternal line of this UPI model, F2 ITUGR
males who were heavier than sham males at 2mo were shown to have reduced pancreatic B-cell
mass at 6mo, as well as reduced adrenal androgenic gene expression [22]. Meanwhile, F2 [TUGR
females who were heavier than sham females at 4mo remained unaffected at 6mo, indicating a sex-
specific effect [22]. In an [IUGR model of in utero betamethasone exposure at E17-18, catch-up
growth was also observed in the paternal growth restricted F2 offspring at PN21 and PN70
(~2.3mo), in association with reduced organ weights, including brain, liver, kidney, lung, and

pancreas [24].
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F1 IUGR males have previously been reported to have increased relative heart and left ventricle
weights at PN35 [2], similar relative left ventricle and total kidney weights compared to sham at
6mo [1, 2] and 12mo [3]. One study reported increased relative left ventricle weight in 6mo F1
IUGR males [1]. In this current study, F1 IUGR males had decreased relative left ventricle weight
and total kidney weight at 12mo. On the other hand, no change to the F1 IUGR offspring relative
heart and liver weights was previously reported, at both 6mo and 12mo [1, 2, 3], which is in line
with our results. Regarding the paternal F2 generation, we reported a decrease in relative liver and
pancreas weights in [IUGR females at PN35, increased relative total kidney weight in IUGR males
at 6mo, and decreased relative liver weight in [IUGR males at 12mo, compared to sham.
Surprisingly, these exact measurements were reported to be comparable between sham and [UGR
offspring, including both males and females, in the F2 maternal line at PN35 (pancreas weight
[21]), 6mo (kidney weight [25]), and 12mo (liver weight [21, 25]). Our recent study of this UPI
model also reported no alteration to the F2 IUGR offspring left kidney weight (% body weight) at
6mo, in both maternal and paternal lines [12]. Regarding the paternal F3 generation, altered relative
organ weights were also observed at PN35, 6mo and 12 for [IUGR females, and at PN35 and 12mo
for IUGR males. Taken together, these changes in organ weights suggests a sex-specific and
transgenerational effect of [IUGR on the morphology of offspring in the paternal line, especially in

the presence of catch-up growth.

Based on findings in previous IUGR studies, F1 IUGR males were expected to have elevated
systolic blood pressure compared to sham at around 2mo-9mo age [1, 2, 3, 13, 15, 26, 27].
However, we observed no alteration in blood pressure between F1 IUGR and sham males, at any
time point, which remains to be explained. On the contrary, F2 [UGR males had a lower blood
pressure measured at 6mo. This result was surprising, as F2 IUGR males in the maternal line of UPI
model had increased blood pressure measured at 6mo, and persisted to 9mo [2, 25]. In an [UGR

model where maternal inflammation was induced at E8.5-E12.5, offspring in the paternal F2-F4
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generations, including both males and females, had elevated blood pressure compared to healthy

controls at 2mo, 3mo, 4mo, 5Smo, 6mo, and 7mo [26].

As mentioned previously, increased plasma glucose AUC (impaired glucose tolerance) and reduced
first-phase insulin secretion (reduced B-cell response to glucose) were evident in F1 ITUGR male
offspring at 6mo, but not 12mo [3, 4]. Similarly, reduced first-phase insulin secretion was
previously reported in the F2 6mo, but not 12mo, male and female IUGR offspring from the
maternal line of UPI model [21]. Meanwhile, a different study on the same model/maternal line
reported no difference in all GTT measurement assessments, including first-phase insulin secretion,
in F2 male and female IUGR offspring, at both 6mo and 12mo [22], which was in line with our
results in the paternal line. Interestingly, we showed for the first time that in the paternal line, there
was an impaired glucose-stimulated first-phase insulin secretion in F3 12mo IUGR males, and an
impaired second-phase insulin secretion in the females, both of which are an indication for a higher
risk of developing type-2 diabetes [28]. Future studies need to investigate the pancreas and p-cells

of IUGR offspring to see if this can explain the above observations.

Previous studies investigating this same model used different statistical approaches to analyse
offspring physiological measurements, such as investigating only male offspring (using one-way
ANOVA [13], two-way ANOVA (treatment x exercise) with adjustment for repeated measurements
[14], two-way ANOVA (treatment x age) [2], Student’s ¢ test [2], or Mann-Whitney U test [15]),
investigating males separately from females (using two-way ANOVA (time x treatment) with
adjustment for repeated measurements within each sex [4], or one-way ANOVA within each sex
[4]), or combining both sexes in the statistical analysis (using 2-way ANOVA (treatment x sex) [11,
12, 16, 17]). In this current study, we examined each sex separately using a linear mixed effect
model (treatment x time point effects for body weight, blood pressure, and GTT/IC, and treatment
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effect only for other measurements) with adjustment for litter size, relatedness between litter
siblings, and repeated measurement. Additionally, we report emmeans of the statistical model
instead of the sample’s descriptive means. Taken together, these might contribute to the differences

between our results and previous studies.

In conclusion, results from our study indicated that similar to the maternal line, in utero exposure to
UPI of the F1 offspring resulted in altered growth profile, specifically accelerated growth in the
paternal F2 males and females. However, as discussed above, while changes to the offspring
morphology (altered F2 postmortem tissue weights) were apparent in the paternal line, abnormal
vascular (increased blood pressure in F2 males) and metabolic (reduced first-phase insulin secretion
in F2 males and females) functions were greater in the maternal line. This may be due to the main
difference between maternal and paternal lines, which is the growth restricted F1 females, despite
having the ability to adapt better to the in utero insults, became pregnant (i.e., experienced ‘second
hit’) and the physiological changes during pregnancy exacerbated the concealed metabolic
dysfunctions. This resulted in a poor in utero environment for the developing F2 fetuses from the
maternal line [29, 30, 31]. On the other hand, as germ cells that produced the F2 paternal offspring
were not present in the F1 growth restricted males at the time of in utero insult exposure [31], our
observations of altered organ weights in the paternal F2 and F3 generations, and impaired first- and
second-phase insulin secretion in the paternal F3 offspring might be an indication of a true
transgenerational transmission of IUGR effect. The mechanism for this transmission, as well as the
sex-specific phenotypic differences is to be determined, while emerging evidence suggests a role of
altered epigenetic mechanisms, such as DNA methylation, histone modifications, and non-coding

RNAs [32, 33].
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SUPPLEMENTARY TABLES

Table S1. Estimated marginal means (emmeans) of sham and IUGR rat offspring body weights (g)

over time in the first (F1), second (F2) and third (F3) generations (paternal line). SE: standard error.

Degrees-of-freedom method: Kenward-Roger. Confidence level used: 95%. PN: postnatal day, mo:

months of age. Significance was determined by a linear mixed-effect model with adjustment for

litter size, relatedness of litter siblings (if present), and repeated measurement. A Tukey’s post hoc

test would be used in the subsequent analysis if there was an interaction between treatment and time

point effects. *** P <0.001, ** P <0.01. Time point effect: Supplementary data (Appendix B).

Only male offspring (paternal) was investigated in the F1 generation. N/A: test not applicable.

Weight (males) Tukey's post Weight (females)
Tukey's post
Sham IUGR Treatment_Timepoint hoc test Sham IUGR Treatment_Timepoint
Time hoc test (Sham
Generation interaction (Type Il (Sham males interaction (Type Il
point females vs.
Emmean SE Emmean SE Wald chisquare tests) vs. IUGR Emmean SE Emmean SE Wald chisquare tests)
IUGR females)
males)
Birth
3.19 4.19 3.06 3.66 1
(PN1)
PN7 10.05 3.83 10.39 3.42 1
PN14 23.25 3.69 19.02 3.39 0.970
PN35 86.86 3.69 76.84 3.38 0.240
F1 2mo 245.86 3.82 193.99 3.62 <2.20 X 10716%** < 0.001*** N/A N/A N/A
3mo 316.38 3.60 280.97 3.42 < 0.001***
4mo 360.44 378 331.65 331 < 0.001%**
6mo 414.41 3.57 373.88 3.23 <0.001***
9mo 449.62 3.60 405.46 3.34 < 0.001%**
12mo 473.02 3.61 419.14 3.42 <0.001***
Birth
4.20 3.93 4.37 3.49 1 2.98 181 4.94 1.82 0.985
(PN1)
PN7 9.10 2.78 10.62 2.63 1 9.72 1.32 10.11 124 1
PN14 21.53 291 23.57 2.67 0.999 21.85 131 22.62 1.24 0.999
PN35 86.65 2.88 88.31 2.63 1 79.03 1.34 77.88 1.25 0.989
0.004***
F2 2mo 218.38 2.85 219.55 2.92 1.02 x 105%** 1 159.72 1.34 165.45 1.33 0.001**
4mo 350.90 2.97 362.68 2.96 0.004** 221.53 1.37 225.16 1.32 0.126
6mo 400.11 2.98 413.84 2.79 0.0002*** 239.07 1.39 243.13 1.32 0.065
9mo 454.84 3.37 450.65 2.98 0.939 253.17 1.63 255.90 1.56 0.746
12mo 484.14 3.65 477.20 2.98 0.542 258.54 17 261.31 1.88 0.867
16mo 513.852 4.2 507.86 3.77919 0.920 N/A N/A N/A
Birth
4.66 3.41 4.12 3.45 1 4.27 2.27 3.64 212
(PN1)
F3 PN7 10.79 212 10.88 211 9.05 x 10°7*** 1 10.41 1.54 10.38 1.52 0.859 N/A
PN14 23.53 217 23.92 2.05 1 22.88 1.48 23.16 1.50
PN35 86.94 2.20 86.77 2.03 1 77.81 1.44 78.33 1.48
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2mo 222.81 2.35 235.67 2.23
4mo 359.72 2.27 359.03 2.10
6mo 409.32 2.27 408.70 211
9mo 451.92 2.59 44521 2.52
12mo 472.04 2.63 466.64 2.44
16mo 493.34 3.55 483.41 3.09

<0.001*** 169.05 152 169.41 153

i 231.96 2.10 232.62 155

1 246.74 1.50 250.05 157

0.340 255.47 1.80 257.37 184

0.600 262.65 2.27 263.15 2.20
0.220 N/A N/A N/A
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Table S2. Estimated marginal means (emmeans) of sham and IUGR rat offspring responses to Insulin Challenge (IC) in the second (F2) and third (F3)

generations (paternal line), at 6 (6mo) and 12 (12mo) months of age. Basal value was determined to be at 0 minute (prior to the insulin injection). SE:

standard error. Degrees-of-freedom method: Kenward-Roger. Confidence level used: 95%. Significance was determined by a linear mixed-effect model

with adjustment for litter size, relatedness of litter siblings (if present), and repeated measurement. A Tukey’s post hoc test would be used in the

subsequent analysis if there was an interaction between treatment and time point effects. *** P <0.001, * P <0.05. Time point effect: Supplementary

data (Appendix B). N/A: test not applicable.

Males Tukey's Females Tukey's
Sham IUGR post hoc Sham IUGR post hoc
Treatment_Timepoint Treatment_Timepoint
test (Sham test (Sham
Generation Age Response interaction (Type Il interaction (Type |1
males vs. females vs.
Emmean | SE | Emmean | SE Wald chisquare tests) Emmean SE Emmean SE Wald chisquare tests)
IUGR IUGR

males) females)
IC plasma glucose basal 5.56 0.31 6.24 0.28 5.90 0.29 5.85 0.26
IC plasma glucose 20min 2.92 0.31 3.85 0.28 2.92 0.29 2.32 0.26

6mo IC plasma glucose 40min 2.66 0.31 2.96 0.28 0.470 N/A 243 0.29 2.56 0.26 0.170 N/A
IC plasma glucose 60min 3.09 0.31 3.44 0.28 2.76 0.29 3.09 0.26
IC plasma glucose 90min 3.47 0.31 3.92 0.29 3.52 0.29 2.96 0.26
F2
IC plasma glucose basal 7.93 0.43 8.56 0.47 7.63 0.33 7.23 0.34
IC plasma glucose 20min 4.44 0.44 484 0.47 3.28 0.33 3.28 0.37
12mo IC plasma glucose 40min 3.52 0.43 3.58 0.47 0.42 N/A 2.62 0.33 2.92 0.34 0.804 N/A

IC plasma glucose 60min 3.95 0.43 3.49 0.47 2.87 0.33 3.09 0.34
IC plasma glucose 90min 3.81 0.44 3.84 0.48 3.67 0.33 3.94 0.34
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F3

IC plasma glucose basal 7.75 0.32 6.54 0.30 0.0173* 6.82 0.40 6.41 0.56
IC plasma glucose 20min 3.49 0.32 4.09 0.30 0.499 261 0.40 3.24 0.56
6mo IC plasma glucose 40min 2.80 0.32 3.09 0.30 0.0003*** 0.945 2.60 0.40 281 0.56 0.525 N/A
IC plasma glucose 60min 3.39 0.32 3.59 0.30 0.988 3.20 0.40 3.12 0.56
IC plasma glucose 90min 3.63 0.32 4.22 0.30 0.522 3.45 0.40 3.69 0.56
IC plasma glucose basal 8.11 0.48 8.47 0.44 6.82 0.40 6.97 0.37
IC plasma glucose 20min 4.72 0.48 5.62 0.44 3.13 0.40 3.38 0.37
12mo | IC plasma glucose 40min 3.61 0.48 3.32 0.44 0.303 N/A 2.80 0.40 2.46 0.37 0.738 N/A
IC plasma glucose 60min 3.69 0.48 321 0.44 2.76 0.40 2.54 0.37
IC plasma glucose 90min 3.78 0.48 3.83 0.44 3.63 0.40 3.04 0.37
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Table S3. Estimated marginal means (emmeans) of sham and IUGR rat offspring Insulin Challenge (IC) assessments in the second (F2) and third (F3)
generations (paternal line), at 6 (6mo) and 12 (12mo) months of age. Glucose area under curve (AUC) was calculated as the total AUC from basal
(prior to insulin injection) to 90 minutes (post-insulin injection). SE: standard error. Degrees-of-freedom method: Kenward-Roger. Confidence level
used: 95%. Significance was determined by a linear mixed-effect model with adjustment for litter size and relatedness of litter siblings (if present).

Time point effect: Supplementary data (Appendix B). N/A: test not applicable.

Males Treatment effect Females Treatment effect
Generation Age Calculation Sham IUGR (Sham males vs. Sham IUGR (Sham females vs.
Emmean SE Emmean SE IUGR males) Emmean SE Emmean SE IUGR females)
6mo IC plasma glucose AUC 321.67 20.39 329.92 16.79 0.695 288.32 18.68 277.74 14.86 0.599
" 12mo IC plasma glucose AUC 385.21 31.54 391.07 35.40 0.879 322.20 15.38 337.00 16.40 0.453
6mo IC plasma glucose AUC 342.52 20.30 362.23 18.25 0.431 304.20 25.25 318.44 41.88 0.631
& 12mo IC plasma glucose AUC 393.96 33.56 401.23 28.11 0.837 310.36 24.20 295.62 22.24 0.621
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SUPPLEMENTARY FIGURES
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Figure S1. Postmortem body weight of sham and [UGR male rat offspring (paternal line) in the first
generation (F1), at 12 months of age (12mo). Significance was determined by a linear mixed-effect
model with adjustment for litter size and relatedness of litter siblings (if present). *** P < 0.001.

See Table 3 for exact P-value. Data is expressed as mean = SD; n = 13-14 samples per group.
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Figure S2. Postmortem body weight of sham and IUGR rat offspring (paternal line) in the second (F2) and third (F3) generations, at postnatal day 35
(PN35), 6 (6mo) and 12 (12mo) months of age. Significance was determined by a linear mixed-effect model with adjustment for litter size and
relatedness of litter siblings (if present). * P <0.05. See Tables 4 and 5 for exact P-values. Data is expressed as mean = SD; n = 7-13 samples per

group.
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Figure S3. Postmortem heart weights (absolute vs. % body weight) of sham and IUGR rat offspring
(paternal line) in the third generation (F3), at postnatal day 35 (PN35; a, b), 6 (6mo; c¢,d) and 12
(12mo; e, f) months of age. Significance was determined by a linear mixed-eftect model with
adjustment for litter size and relatedness of litter siblings (if present). * P < 0.05. See Table 5 for

exact P-values. Data is expressed as mean + SD; n = 7-13 samples per group.
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Figure S4. Postmortem total adrenal gland weights (absolute vs. % body weight) of sham and
TUGR rat offspring (paternal line) in the third generation (F3), at postnatal day 35 (PN35; a, b), 6
(6mo; c,d) and 12 (12mo; e, f) months of age. Significance was determined by a linear mixed-effect
model with adjustment for litter size and relatedness of litter siblings (if present). See Table 5 for

exact P-values. Data is expressed as mean + SD; n = 6-12 samples per group.
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Figure S5. Plasma glucose profile during the Glucose Tolerance Test (GTT) of sham and IUGR rat offspring (paternal line) in the second generation
(F2), at 6 months of age. The black arrow indicates when glucose injection occurred. Fasting (basal) value was calculated as the average of the two
time points: 10 and 5 minutes prior to the glucose injection. Comparisons were made between sham and IUGR offspring, within each sex (females, a,
and males, b). Glucose area under curve (AUC, c) was calculated as the total AUC from basal to 120 minutes. Significance was determined by a linear
mixed-effect model with adjustment for litter size, relatedness of litter siblings (if present), and repeated measurement (for plasma glucose responses

(a, b) only). See Tables 7 and 8 for exact P-values. Time point effect: Supplementary data (Appendix B). Data is expressed as mean £ SD; n =7-10

samples per group.
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Figure S6. Plasma glucose profile during the Glucose Tolerance Test (GTT) of sham and IUGR rat offspring (paternal line) in the second generation
(F2), at 12 months of age. The black arrow indicates when glucose injection occurred. Fasting (basal) value was calculated as the average of the two
time points: 10 and 5 minutes prior to the glucose injection. Comparisons were made between sham and IUGR offspring, within each sex (females, a,
and males, b). Glucose area under curve (AUC, c) was calculated as the total AUC from basal to 120 minutes. Significance was determined by a linear
mixed-effect model with adjustment for litter size, relatedness of litter siblings (if present), and repeated measurement (for plasma glucose responses
(a, b) only). See Tables 7 and 8 for exact P-values. Time point effect: Supplementary data (Appendix B). Data is expressed as mean + SD; n =8

samples per group.
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Figure S7. Plasma insulin profile during the Glucose Tolerant Test (GTT) of sham and IUGR rat
offspring (paternal line) in the second generation (F2), at 6 months of age. The black arrow
indicates when glucose injection occurred. Fasting (basal) value was calculated as the average of
the two time points: 10 and 5 minutes prior to the glucose injection. Comparisons were made
between sham and IUGR offspring, within each sex (females, a, and males, b). Insulin area under
curve (AUC) was calculated as the total AUC from basal to 120 minutes (¢), AUC from basal to 5
minutes (1% phase, d), and AUC from 5 to 120 minutes (2" phase, e). Rat offspring homeostasis
model of assessment of insulin resistance (HOMA-IR, f) was calculated using the formula: (fasting
insulin (uWU.ml™!) x fasting glucose (mg.dL™')) + 2430. Significance was determined by a linear
mixed-effect model with adjustment for litter size, relatedness of litter siblings (if present), and
repeated measurement (for plasma insulin responses (a, b) only). See Tables 7 and 8 for exact P-

values. Time point effect: Supplementary data (Appendix B). Data is expressed as mean = SD; n

= 7-9 samples per group.
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Figure S8. Plasma insulin profile during the Glucose Tolerant Test (GTT) of sham and IUGR rat
offspring (paternal line) in the second generation (F2), at 12 months of age. The black arrow
indicates when glucose injection occurred. Fasting (basal) value was calculated as the average of
the two time points: 10 and 5 minutes prior to the glucose injection. Comparisons were made
between sham and IUGR offspring, within each sex (females, a, and males, b). Insulin area under
curve (AUC) was calculated as the total AUC from basal to 120 minutes (c), AUC from basal to 5
minutes (1% phase, d), and AUC from 5 to 120 minutes (2" phase, e). Rat offspring homeostasis
model of assessment of insulin resistance (HOMA-IR, f) was calculated using the formula: (fasting
insulin (uWU.ml™!) x fasting glucose (mg.dL™')) + 2430. Significance was determined by a linear
mixed-effect model with adjustment for litter size, relatedness of litter siblings (if present), and
repeated measurement (for plasma insulin responses (a, b) only). See Tables 7 and 8 for exact P-

values. Time point effect: Supplementary data (Appendix B). Data is expressed as mean = SD; n

= 8-10 samples per group.
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Figure S9. Plasma glucose profile during the Glucose Tolerance Test (GTT) of sham and IUGR rat offspring (paternal line) in the third
generation (F3), at 6 months of age. The black arrow indicates when glucose injection occurred. Fasting (basal) value was calculated as the
average of the two time points: 10 and 5 minutes prior to the glucose injection. Comparisons were made between sham and TUGR offspring,
within each sex (females, a, and males, b). Glucose area under curve (AUC, c) was calculated as the total AUC from basal to 120 minutes.
Significance was determined by a linear mixed-effect model with adjustment for litter size, relatedness of litter siblings (if present), and repeated

measurement (for plasma glucose responses (a, b) only). See Tables 7 and 8 for exact P-values. Time point effect: Supplementary data

(Appendix B). Data is expressed as mean = SD; n = 5-7 samples per group.
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Figure S10. Plasma insulin profile during the Glucose Tolerant Test (GTT) of sham and
TUGR rat offspring (paternal line) in the third generation (F3), at 6 months of age. The black
arrow indicates when glucose injection occurred. Fasting (basal) value was calculated as the
average of the two time points: 10 and 5 minutes prior to the glucose injection. Comparisons
were made between sham and IUGR offspring, within each sex (females, a, and males, b).
Insulin area under curve (AUC) was calculated as the total AUC from basal to 120 minutes
(c), AUC from basal to 5 minutes (1 phase, d), and AUC from 5 to 120 minutes (2" phase,
e). Rat offspring homeostasis model of assessment of insulin resistance (HOMA-IR, f) was
calculated using the formula: (fasting insulin (uWU.ml™!) X fasting glucose (mg.dL™")) + 2430.
Significance was determined by a linear mixed-effect model with adjustment for litter size,
relatedness of litter siblings (if present), and repeated measurement (for plasma insulin
responses (a, b) only). See Tables 7 and 8 for exact P-values. Time point effect:
Supplementary data (Appendix B). Data is expressed as mean + SD; n = 5-7 samples per

group.
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Figure S11. Plasma glucose profile during the Insulin Challenge (IC) of sham and IUGR rat offspring (paternal line) in the second generation
(F2), at 6 months of age. The black arrow indicates when insulin injection occurred. Basal value was determined to be at 0 minute (prior to the
insulin injection). Comparisons were made between sham and IUGR offspring, within each sex (females, a, and males, b). Glucose area under
curve (AUC, c¢) was calculated as the total AUC from basal to 90 minutes. Significance was determined by a linear mixed-effect model with
adjustment for litter size, relatedness of litter siblings (if present), and repeated measurement (for plasma glucose responses (a, b) only). See

Tables S2 and S3 for exact P-values. Time point effect: Supplementary data (Appendix B). Data is expressed as mean = SD; n = 7-8 samples

per group.
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Figure S12. Plasma glucose profile during the Insulin Challenge (IC) of sham and IUGR rat offspring (paternal line) in the second generation
(F2), at 12 months of age. The black arrow indicates when insulin injection occurred. Basal value was determined to be at 0 minute (prior to the
insulin injection). Comparisons were made between sham and IUGR offspring, within each sex (females, a, and males, b). Glucose area under
curve (AUC, c¢) was calculated as the total AUC from basal to 90 minutes. Significance was determined by a linear mixed-effect model with
adjustment for litter size, relatedness of litter siblings (if present), and repeated measurement (for plasma glucose responses (a, b) only). See

Tables S2 and S3 for exact P-values. Time point effect: Supplementary data (Appendix B). Data is expressed as mean = SD; n = 7-8 samples

per group.
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Figure S13. Plasma glucose profile during the Insulin Challenge (IC) of sham and IUGR rat offspring (paternal line) in the third generation (F3),
at 6 months of age. The black arrow indicates when insulin injection occurred. Basal value was determined to be at 0 minute (prior to the insulin
injection). Comparisons were made between sham and IUGR offspring, within each sex (females, a, and males, b). Glucose area under curve
(AUC, c) was calculated as the total AUC from basal to 90 minutes. Significance was determined by a linear mixed-effect model with
adjustment for litter size, relatedness of litter siblings (if present), and repeated measurement (for plasma glucose responses (a, b) only). * P <

0.05. See Tables S2 and S3 for exact P-values. Time point effect: Supplementary data (Appendix B). Data is expressed as mean + SD; n = 5-6

samples per group.
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Figure S14. Plasma glucose profile during the Insulin Challenge (IC) of sham and IUGR rat offspring (paternal line) in the third generation (F3),
at 12 months of age. The black arrow indicates when insulin injection occurred. Basal value was determined to be at 0 minute (prior to the
insulin injection). Comparisons were made between sham and IUGR offspring, within each sex (females, a, and males, b). Glucose area under
curve (AUC, c) was calculated as the total AUC from basal to 90 minutes. Significance was determined by a linear mixed-effect model with
adjustment for litter size, relatedness of litter siblings (if present), and repeated measurement (for plasma glucose responses (a, b) only). See

Tables S2 and S3 for exact P-values. Time point effect: Supplementary data (Appendix B). Data is expressed as mean + SD; n = 5-6 samples

per group.
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Abstract

We have previously reported that there were morphological signs of cardio-renal dysfunction
in the paternal line of intrauterine growth restricted (IUGR) rats, including altered blood
pressure and relative total kidney weight of males in the second (F2) generation, left ventricle
hypertrophy and altered total kidney weight in F3 females, as well as left ventricle
hypertrophy in F3 males. To investigate further into the kidney health of offspring, nephron
number at postnatal day (PN) 35 and urinary electrolyte and protein excretions (24 hours) at 6
months of age (mo) and 12mo were examined. Nephron number was only reduced in F2
PN35 females (-3.48% compared to same-sex sham control). However, symptoms of reduced
renal function at 6mo were mostly observed in F2 males (reduced urine Na" (-9.53%) and
total protein (-35.94%) excretions, reduced albumin/creatinine ratio (-43.51%), reduced
creatinine clearance (-44.03%), and increased plasma creatinine (+11.62%)). Similar
symptoms were also seen in the F3 females, suggesting the sex-specific and transgenerational
developmental programming of chronic kidney disease risk. Some of the renal function
alterations were also significant at 12mo time point. There was no significant difference
between the kidney histology of [UGR and sham offspring, which remains to be explained.
Nonetheless, these findings imply that the non-exposed offspring generations of [UGR in the
paternal line might still inherit the renal disease risk and develop renal dysfunction later in
life, independent of their nephron number. As the aberrant cardiovascular function is often
linked to an abnormal functioning kidney (and vice versa), these animals also have a higher

long-term risk of developing cardiovascular disease.
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Results
Nephron number

Nephron number was previously shown to be reduced by 26-27% in F1 growth restricted
males compared to sham males, at 6 months of age [1, 2]. There was no difference in 6mo
relative kidney weight between the two groups [1]. In this current study, nephron number of
F1 male offspring was significantly decreased in PN35 kidneys of F2 IUGR females (Fig. 1),
but changes in nephron number were not seen in the F3 generation (Fig. 2). Despite having a
similar kidney weight (% body weight) compared to the sham females (P = 0.368, Table 1
and Fig. 1¢), F2 IUGR females had a 3.48% decrease in nephron number (21188 + 880 vs.
21951 £ 890 in sham, P =0.0007, Table 1 and Fig. 1d). Meanwhile, F3 IUGR females had
significantly higher kidney weight (% body weight) compared to sham (0.42 + 0.01 vs. 0.39 £
0.01, respectively, P =0.0005, Table 1 and Fig. 2¢), but nephron numbers were similar (P =
0.244, Table 1 and Fig. 2d). There was no difference in nephron number between IUGR and

sham males at PN35, in either the F2 (P = 0.768) or F3 (P =0.611) generation.
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Table 1. Estimated marginal means (emmeans) of sham and IUGR rat offspring nephron

number (obtained from the right kidney) in the second (F2) and third (F3) generations

(paternal line), at postnatal day 35 (PN35). Right kidney weight (%) was calculated as a

percentage of PN35 body weight. SE: standard error. Degrees-of-freedom method: Kenward-

Roger. Confidence level used: 95%. Significance was determined by a linear mixed-effect

model with adjustment for litter size and relatedness of litter siblings (if present). *** P <

0.001.

Males Treatment Females Treatment

Sham IUGR effect Sham IUGR effect

(Sham (Sham

Generation | Time point Measurement
males vs. females vs.
Emmean SE Emmean SE Emmean SE Emmean SE
IUGR IUGR
males) females)

Body weight (g) 87.45 2.87 87.12 2.36 0.907 81.58 1.93 81.12 1.48 0.822

Right kidney weight (g) 0.37 0.02 0.36 0.02 0.512 0.32 0.02 0.33 0.02 0.447

" e Right kidney weight (%) 0.43 0.02 0.42 0.014 0.799 0.39 0.03 0.41 0.019 0.368
Nephron number 19474 1157 19808 859 0.768 21951 890 21188 880 0.0007***

Body weight (g) 84.62 2.46 85.93 2.22 0.611 77.94 1.69 78.74 1.62 0.704
Right kidney weight (g) 0.34 0.01 0.36 0.01 0.159 0.31 0.004 0.33 0.004 | 0.0001***
" s Right kidney weight (%) 0.40 0.01 0.42 0.01 0.054 0.39 0.01 0.42 0.01 0.0005***

Nephron number 17526 1349 18288 1293 0.611 18626 771 19746 738 0.244
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Figure 1. Nephron number obtained from the right kidney (postmortem; kidney absolute weight: a,

offspring body weight: b, kidney weight (% body weight): ¢) of sham and ITUGR rat offspring

(paternal line) in the second generation (F2), at postnatal day 35 (PN35). Nephron number (d) was

calculated using unbiased stereology (Gold Standard). *** P <0.001. See Table 1 for exact P-

values. Data is expressed as mean = SD; n = 5-6 samples per group.
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Figure 2. Nephron number obtained from the right kidney (postmortem; kidney absolute weight: a,
offspring body weight: b, kidney weight (% body weight): ¢) of sham and ITUGR rat offspring
(paternal line) in the third generation (F3), at postnatal day 35 (PN35). Nephron number (d) was
calculated using unbiased stereology (Gold Standard). *** P <0.001. See Table 1 for exact P-

values. Data is expressed as mean = SD; n = 5-6 samples per group.
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Renal function

Food intake, water intake and urine production during renal function examination (24 hours)

F2 TUGR male offspring had a 15.60% decrease in food intake at 6mo (P = 0.026, Table 2 and Fig.
3a). At 12mo, female IUGR offspring had an increase in water intake (+19.69%, P = 0.035, Table 2
and Fig. 4b). No change in volume of urine produced (Fig. 3¢ and 4c) and urine flow rate (Fig. 3d

and 4d) between sham and IUGR was observed in the F2 generation, at 6mo or 12mo (Table 2).

In the F3 6mo animals, there was no significant difference in food intake (males P = 0.200, females
P =0.882), water intake (males P =0.108, females P = 0.987), urine produced (males P = 0.052,
females P = 0.190), or urine flow rate measured (males P = 0.053, females P = 0.187) (Table 3 and
Fig. 5a-d). However, at 12mo, there was a significant reduction in water intake (-24.29%, P <
0.0001), urine produced (-34.04%, P = 0.0003) and urine flow rate (-34.06%, P = 0.0003) in the F3

IUGR females (Table 3 and Fig. 6b-d).
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Table 2. Estimated marginal means (emmeans) of sham and IUGR rat offspring renal function measurements (24 hours) in the second (F2) generation

(paternal line), at 6 (6mo) and 12 (12mo) months of age. Creatinine clearance was calculated using the formula: (urine creatinine (umol.L™!) % urine

flow rate (L.24h™ ! .kg™!)) + plasma creatinine (umol.L™"). SE: standard error. Degrees-of-freedom method: Kenward-Roger. Confidence level used:

95%. Significance was determined by a linear mixed-effect model with adjustment for litter size and relatedness of litter siblings (if present). *** P <

0.001, ** P<0.01, * P<0.05.

Males Treatment Females Treatment
Sham IUGR effect Sham IUGR effect
(Sham (Sham
Generation | Age Renal function
males vs. females vs.
Emmean SE Emmean SE Emmean SE Emmean SE
IUGR IUGR
males) females)
Food intake (g.24h1.kg™) 55.18 3.11 46.57 3.05 0.028* 64.14 2.35 66.64 2.47 0.337
Water intake (mL.24h1.g1) 0.08 0.01 0.08 0.005 0.454 0.14 0.01 0.14 0.01 1.000
Urine produced (mL.24ht.kg™?) 38.42 2.44 35.83 2.03 0.354 67.90 3.97 73.96 4.21 0.240
Urine flow rate (L.24h1.kg™?) 0.04 0.002 0.04 0.002 0.374 0.07 0.004 0.07 0.004 0.246
F2 6mo
Urine Na* (mmol.L.24h.kg?) 2.13 0.16 1.72 0.13 0.020* 2.83 0.27 2.94 0.29 0.754
Urine K* (mmol.Lt.24h1.kg™) 4.02 0.52 3.77 0.41 0.668 6.81 0.45 7.36 0.45 0.316
Urine total protein (mg.L™.24h1.kg™?) 41.22 6.07 26.41 4.18 0.011* 9.02 2.03 9.45 2.01 0.866
Urine albumin (mg.L*.24ht.kg™?) 0.87 0.13 0.41 0.11 0.002** 0.21 0.03 0.25 0.02 0.157
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Urine creatinine (mmol.L*.24h.kg?) 0.21 0.03 0.15 0.02 0.029* 0.16 0.02 0.19 0.02 0.457
Plasma creatinine (umol.L™) 36.22 1.20 40.43 1.47 0.010** 36.33 1.65 44.88 1.91 | 0.0002***
Creatinine clearance (mL.min.kg™?) 3.30 0.41 1.85 0.49 0.006** 3.16 0.40 2.87 0.44 0.581
Urine albumin/creatinine ratio (mg.mmol) 4.98 0.81 2.81 0.60 0.007** 1.14 0.16 1.32 0.15 0.346
Food intake (g.24h.kg™) 42.86 1.82 42.85 2.22 0.997 59.12 2.60 62.95 2.65 0.277
Water intake (mL.24h1.g %) 0.07 0.004 0.06 0.01 0.258 0.12 0.01 0.14 0.01 0.035*
Urine produced (mL.24h1.kg™) 31.85 3.17 30.88 3.64 0.808 67.70 7.84 69.12 7.28 0.886
Urine flow rate (L.24h1.kg™) 0.03 0.003 0.03 0.004 0.638 0.07 0.01 0.07 0.01 0.986
Urine Na* (mmol.L%.24h kg™?) 1.09 0.11 1.19 0.12 0.499 2.64 0.31 2.20 0.28 0.186
Urine K* (mmol.Lt.24h1 kg™) 3.47 0.26 3.54 0.30 0.838 7.06 0.72 7.11 0.68 0.956
Heme Urine total protein (mg.L2.24h1.kg™?) 58.42 20.72 58.78 19.12 0.988 6.65 1.11 8.09 1.07 0.305
Urine albumin (mg.L™.24h".kg?) 0.57 0.21 0.25 0.27 0.271 0.26 0.05 0.21 0.05 0.480
Urine creatinine (mmol.L*.24h.kg) 0.18 0.02 0.20 0.02 0.527 0.17 0.01 0.23 0.01 0.004**
Plasma creatinine (umol.L™?) 34.32 1.57 32.85 1.81 0.443 34.75 2.44 38.30 2.07 0.227
Creatinine clearance (mL.min™.kg?) 3.43 0.51 4.25 0.62 0.236 3.38 0.57 3.94 0.49 0.405
Urine albumin/creatinine ratio (mg.mmol) 3.28 1.04 1.16 1.26 0.124 1.53 0.27 0.95 0.26 0.090
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Figure 3. Food intake (a), water intake (b), volume (c) and flow rate (d) produced, sodium
excretion (e) and potassium excretion (f) during renal function examination (24h) of sham and
IUGR rat offspring (paternal line) in the second generation (F2), at 6 months of age (6mo).
Significance was determined by a linear mixed-effect model with adjustment for litter size and
relatedness of litter siblings (if present). * P < 0.05. See Table 2 for exact P-values. Data is

expressed as mean = SD; n = 6-15 samples per group.
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Figure 4. Food intake (a), water intake (b), volume (c) and flow rate (d) produced, sodium

excretion (e) and potassium excretion (f) during renal function examination (24h) of sham and

TUGR rat offspring (paternal line) in the second generation (F2), at 12 months of age (12mo).

Significance was determined by a linear mixed-effect model with adjustment for litter size and

relatedness of litter siblings (if present). * P < 0.05. See Table 2 for exact P-values. Data is

expressed as mean = SD; n = 5-12 samples per group.
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Table 3. Estimated marginal means (emmeans) of sham and IUGR rat offspring renal function measurements (24 hours) in the third (F3) generation
(paternal line), at 6 (6mo) and 12 (12mo) months of age. Creatinine clearance was calculated using the formula: (urine creatinine (umol.L™!) % urine
flow rate (L.24h™ ! .kg™!)) + plasma creatinine (umol.L™"). SE: standard error. Degrees-of-freedom method: Kenward-Roger. Confidence level used:
95%. Significance was determined by a linear mixed-effect model with adjustment for litter size and relatedness of litter siblings (if present). *** P <

0.001, ** P<0.01, * P<0.05.

Males Treatment effect Females Treatment effect
Generation Age Renal function Sham IUGR (Sham males vs. Sham IUGR (Sham females vs.
Emmean SE Emmean SE IUGR males) Emmean SE Emmean SE IUGR females)
Food intake (g.24ht.kg™) 45.86 3.06 50.71 3.19 0.200 59.13 471 58.29 5.03 0.882
Water intake (mL.24h™.g™) 0.08 0.005 0.09 0.005 0.108 0.13 0.01 0.13 0.01 0.987
Urine produced (mL.24h™.kg™) 46.38 4.21 36.87 4.03 0.052 90.96 10.82 74.16 11.21 0.190
Urine flow rate (L.24h" kg™ 0.05 0.004 0.04 0.005 0.053 0.09 0.01 0.07 0.01 0.187
Urine Na* (mmol.L1.24h" kg?) 2.68 0.33 1.50 0.37 0.003** 4.06 0.55 2.59 0.58 0.025*
Urine K* (mmol.L™.24h" kg?) 6.20 0.43 5.75 0.45 0.369 9.98 121 6.49 1.19 0.0096**
ome Urine total protein (mg.L*.24h" kg™) 67.40 7.68 43.45 8.43 0.007** 17.68 2.55 10.38 2.45 0.011*
& Urine albumin (mg.L*.24h .kg™) 1.44 0.35 1.05 0.36 0.328 0.72 0.13 0.40 0.13 0.039*
Urine creatinine (mmol.L2.24h" . kg™) 0.27 0.02 0.24 0.02 0.060 0.33 0.04 0.22 0.03 0.003**
Plasma creatinine (umol.L™) 30.83 3.09 34.00 3.72 0.349 29.86 4.00 40.44 4.34 0.018*
Creatinine clearance (mL.min™.kg™) 5.76 0.70 4.58 0.78 0.107 9.04 1.19 4.24 1.35 0.0005***
Urine albumin/creatinine ratio (mg.mmol™) 4.95 1.15 4.58 1.15 0.733 251 0.56 157 0.64 0.171
Food intake (g.24h.kg™) 43.70 1.48 43.42 1.56 0.875 57.47 3.97 63.77 4.51 0.210
rame Water intake (mL.24h™.g?) 0.09 0.01 0.09 0.01 0.334 0.18 0.01 0.13 0.01 2.07 x 10°95%**
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Urine produced (mL.24h*.kg™) 27.68 341 34.14 3.66 0.112 85.44 6.44 56.36 7.58 0.0003***

Urine flow rate (L.24h"1.kg?) 0.03 0.003 0.03 0.004 0.128 0.09 0.01 0.06 0.01 0.0003***
Urine Na* (mmol.L*.24ht.kg?) 1.04 0.18 1.78 0.15 9.48 x 1070%%** 3.47 0.76 271 0.68 0.338
Urine K* (mmol.L™.24h™ kg?) 3.74 1.08 4.53 0.71 0.456 8.42 1.20 7.88 0.90 0.634
Urine total protein (mg.L™*.24h".kg™) 50.68 32.61 57.48 25.78 0.824 16.94 2.09 13.88 2.08 0.301
Urine albumin (mg.L%.24h™.kg™) 0.14 0.10 0.32 0.07 0.053 0.96 0.23 0.44 0.23 0.058
Urine creatinine (mmol.L*.24h™ kg™) 0.13 0.03 0.22 0.02 0.006** 0.25 0.02 0.26 0.02 0.568
Plasma creatinine (umol.L?) 42.33 39.05 43.33 15.03 2.20 x 107167 28.00 2.65 31.80 1.99 0.128

Creatinine clearance (mL.min™.kg™) 3.92 1.85 3.42 0.83 0.692 6.35 0.25 5.27 0.18 8.95 x 10707+

Urine albumin/creatinine ratio (mg.mmol™) 1.68 0.62 1.37 0.47 0.548 3.74 1.00 1.87 1.00 0.114
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Figure 5. Food intake (a), water intake (b), volume (c) and flow rate (d) produced, sodium
excretion (e) and potassium excretion (f) during renal function examination (24h) of sham and
TUGR rat offspring (paternal line) in the third generation (F3), at 6 months of age (6mo).
Significance was determined by a linear mixed-effect model with adjustment for litter size and
relatedness of litter siblings (if present). ** P <0.01, * P <0.05. See Table 3 for exact P-values.

Data is expressed as mean = SD; n = 9-13 samples per group.
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Figure 6. Food intake (a), water intake (b), volume (c) and flow rate (d) produced, sodium
excretion (e) and potassium excretion (f) during renal function examination (24h) of sham and
IUGR rat offspring (paternal line) in the third generation (F3), at 12 months of age (12mo).
Significance was determined by a linear mixed-effect model with adjustment for litter size and
relatedness of litter siblings (if present). *** P <(0.001. See Table 3 for exact P-values. Data is

expressed as mean = SD; n = 4-11 samples per group.
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Sodium (Na*) and potassium (K') excretion during renal function examination (24 hours)

Urine sodium excretion was reduced in F2 [TUGR males (-19.53%, P = 0.020) (Table 2 and Fig. 3e)
and F3 ITUGR males at 6 mo (-43.98%, P = 0.003). In females, there was also a decrease in urine
sodium excretion in the F3 generation at 6mo (-36.08%, P = 0.025) (Table 3 and Fig. 5e). However,
at 12mo, F3 IUGR males had an increase in sodium excretion compared to sham animals (IUGR
1.04 £ 0.18 mmol.L!.24h™ kg™ vs. sham 1.78 £ 0.15 mmol.L'.24h! kg™!, P < 0.0001) (Table 3 and
Fig. 6e). Regarding urine potassium secretion, there was a significant decrease observed only in F3

6mo IUGR females (-34.94%, P = 0.0096, Table 3 and Fig. 5f).

Urine total protein, creatinine clearance and urine albumin/creatinine ratio during renal function

examination (24 hours)

In the F2 generation, in comparison to sham offspring, [IUGR males had a significant reduction in
urine total protein excretion (-35.94%, P = 0.011, Fig. 7a), creatinine clearance (-44.03%, P =
0.006, Fig. 7e), as well as urine albumin/creatinine ratio (-43.51%, P = 0.007, Fig. 7f) (Table 2).
Plasma creatinine was increased in [IUGR males and females at 6mo, compared to sham (+11.62%,
P =0.010 and +23.53%, P = 0.0002, respectively, Table 2 and Fig. 7d). These measurements were
not significant at 12mo (P = 0.988, P=10.236, P=0.124, P=0.443, and P = 0.227, respectively,
Fig. S1). Meanwhile, both F3 6mo IUGR males and females had decreased urine total protein
excretion compared to sham animals (-35.54%, P = 0.007 and -41.29%, P =0.011, respectively,
Table 3 and Fig. 8a). Plasma creatinine increased in F3 6émo [UGR females (+35.43%, P =0.018,
Table 3 and Fig. 8d) and 12mo IUGR males (+2.36%, P < 0.0001, Table 3 and Fig. 9d). A
statistically significant difference was only detected for creatinine clearance in F3 6mo [UGR
females (-53.11%, P = 0.0005, Table 3 and Fig. 8¢), which persisted until 12mo (-17.05%, P <

0.0001, Table 3 and Fig. 9e).
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Figure 7. Biochemical analysis including urine total protein (a), albumin (b) and creatinine (c)
excretion, plasma creatinine (d) and urine albumin/creatinine ratio (f) during renal function
examination (24h) of sham and IUGR rat offspring (paternal line) in the second generation (F2), at
6 months of age (6mo). Creatinine clearance (e) was calculated using the formula: (urine creatinine
(umol.L™!) x urine flow rate (L.24h™ ! .kg™!)) = plasma creatinine (umol.L™"). Significance was
determined by a linear mixed-effect model with adjustment for litter size and relatedness of litter
siblings (if present). ** P <0.01, * P <0.05. See Table 2 for exact P-values. Data is expressed as

mean + SD; n = 7-12 samples per group.
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Figure 8. Biochemical analysis including urine total protein (a), albumin (b) and creatinine (c)
excretion, plasma creatinine (d) and urine albumin/creatinine ratio (f) during renal function
examination (24h) of sham and IUGR rat offspring (paternal line) in the third generation (F3), at 6
months of age (6mo). Creatinine clearance (e) was calculated using the formula: (urine creatinine
(umol.L™!) x urine flow rate (L.24h™ ! .kg™!)) + plasma creatinine (umol.L™"). Significance was
determined by a linear mixed-effect model with adjustment for litter size and relatedness of litter
siblings (if present). *** P <0.001, ** P<0.01, * P <0.05. See Table 3 for exact P-values. Data is

expressed as mean = SD; n = 6-13 samples per group.
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Figure 9. Biochemical analysis including urine total protein (a), albumin (b) and creatinine (c)
excretion, plasma creatinine (d) and urine albumin/creatinine ratio (f) during renal function
examination (24h) of sham and IUGR rat offspring (paternal line) in the third generation (F3), at 12
months of age (12mo). Creatinine clearance (e) was calculated using the formula: (urine creatinine
(umol.L™!) x urine flow rate (L.24h™ ! .kg™!)) = plasma creatinine (umol.L™"). Significance was
determined by a linear mixed-effect model with adjustment for litter size and relatedness of litter
siblings (if present). *** P <0.001, ** P <0.01. See Table 3 for exact P-values. Data is expressed

as mean £+ SD; n = 3-7 samples per group.
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Histology

Three different stains, Haematoxylin and Eosin (H&E), Periodic Acid-Schiff (PAS), and Masson’s
trichrome were used to assess the presence of abnormal histopathology in kidney tissues of F2 and
F3 6mo offspring [3, 4, 5]. A semiquantitative scale was used to score the histopathology of renal

corpuscles (Bowman’s capsule and glomerulus), tubules (epithelial cells, basement membrane and

luminal casts), interstitial (leukocyte infiltration and fibrosis), and blood vessels (see Chapter 4 &

5 Materials and Methods for details).

There was no significant difference found between 6mo sham and IUGR offspring histopathological
scores, in either sex within F2 and F3 generations (Table S1). Spearman’s pairwise non-parametric
correlation analyses were performed to investigate the relationship between 6mo total kidney
weight (% body weight) renal function and kidney histopathology of F2 and F3 offspring,
regardless of sex and treatment (Fig. 10). There was a negative correlation between kidney total
histopathological score and total kidney weight (% body weight), only in the F3 generation (rho = -
0.698, P <0.001). Negative correlations were also found between kidney total histopathological
score and urine Na" excretion, in both F2 (rho = -0.477, P = 0.029) and F3 (rho =-0.516, P =
0.007) 6mo offspring. Similar observations for the relationship between histopathological score and
K" excretion: F2 rho = -0.706, P = 0.001; F3 rho = -0.632, P = 0.001 (Fig. 10). Meanwhile, there
were positive correlations between urine total protein excretion, urine albumin excretion, and urine
albumin to creatinine (excretion) ratio and total histopathological score in both F2 (rho = 0.566, P =
0.006; rho =0.489, P=0.018; and rho = 0.543, P =0.011; respectively) and F3 generations (rho =

0.607, P=0.001; rho = 0.583, P=0.001; and rho = 0.536, P = 0.005; respectively).
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Figure 10. Non-parametric Spearman’s 7o correlations between kidney parameters (including total kidney weight (% body weight) and renal function
measurements (24 hours)) and total kidney histological score of rat offspring at 6 months of age, in the paternal F2 and F3 generations. A. Blue and red
circles visually represent the strength of positive and negative correlations, respectively, and the size of the circle represents the strength of the
correlation where larger circles are nearer to -1 or 1 and an invisible circle would be 0. B. calculated Spearman’s 740 values and P-values of the

correlation. Significant correlations (P < 0.05) are backed by a grey square in A. or bolded in B.

Abbreviations: TKP = total kidney weight percentage; Na = urine sodium excretion; K = urine potassium excretion; Crea = urine creatinine excretion;

Albu = urine albumin excretion; TotPro = urine total protein excretion; CrClear = creatinine clearance rate; PlasCrea = plasma creatinine concentration;

UACR = urine albumin to creatinine ratio.
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Discussion

Table 4 summarises the changes in nephron number and renal function in F1, F2 and F3 offspring of

UPI-induced IUGR model, from both maternal and paternal lines.

Table 4. Alterations to nephron number (from embryonic day 20 (E20) to 18 months of ages
(18mo)) and renal function (examined at 6 and 12 months of age (6bmo and 12mo)) in [UGR
offspring compared to sham animals. Changes were investigated across generations (first (F1),
second (F2) and third (F3) generations), from both paternal (this current study) and maternal [1, 2,

6, 7, 8] lines. 4 : reduced, 1: increased, (-): no change, blank: has not been investigated.

Paternal line Maternal line
F1 F2 F2 F3 F3 F1 F2 F2 F3 F3
male | female | male | female | male | female | female | male | female | male
E20 nephron number N N
PN35 nephron number N2 “) -) -) “) Q)
6mo nephron number N2 N
18mo nephron number ¥
6mo urine Na* - N N2 ¥ Q] -
6mo urine K* -) “) “) 2 O]
6mo urine total protein - N2 N2 N2 -) -
6mo urine albumin ¢ 4 N “)
6mo urine creatinine - v 2 Q)
6mo plasma creatinine T T T O]
6mo creatinine clearance - N2 N2 O] ) Q)
6mo urine
Q) N2 O] Q)
albumin/creatinine ratio
12mo urine Na+ (O] O] - Q) T ) Q)]
12mo urine K+ O] Q) O] Q) Q)
12mo urine total protein ) O] - -) -) ) O]
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12mo urine albumin - -) “) -) O]

12mo urine creatinine ) T Q] -) T
12mo plasma creatinine “) Q) “) T
12mo creatinine clearance O] Q) N2 - Q) O]
12mo urine

G ) G G

albumin/creatinine ratio

In studies on the maternal line of this UPI-induced IUGR model, nephron number was reported to
be reduced by approximately 20% in both F2 IUGR males and females at E20 (i.e., during nephron
formation process), but was not different compared to sham at PN35 when kidney development is
complete [7]. These animals also had no change in relative total kidney weight (% body weight) at
PN35, 6 and 12mo [7]. However, F2 ITUGR males and females from F1 females had increased
absolute growth rate at PN14-2mo and 2mo-3mo periods [7], a sign of catch-up growth (see
Chapter 4), which might potentially explain the increase of nephron number to sham level in [IUGR
offspring at PN35. In this current study of the paternal line, F2 and F3 IUGR males did not have
changes in nephron number or right kidney weight (% body weight) at PN35. However, F2 PN35
IUGR females had reduced nephron number, and F3 PN35 [UGR females had increased right
kidney weight, indicating a sex-specific effect. Future studies should investigate the individual
glomerular volume of these females in adulthood, as a reduction in glomerular/nephron number in
IUGR females was previously reported to be associated with increased individual glomerular

volume (i.e., glomerular hypertrophy) at 18 months of age, predisposing them to renal dysfunction

[6].

Food intake, water intake and renal function (including urine produced, urine creatinine/total
protein/albumin/Na“/K" excretion) of UPI-induced growth restricted F1 males at 12mo was
previously reported to be similar compared to sham offspring [8]. Similarly, F2 males and females

from the maternal line had no change in urine flow rate, urine Na'/total protein excretion, and
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creatinine clearance examined at 6mo and 12mo [7]. In this current study, F2 IUGR females who
had decreased nephron number at PN35 also had an increase in plasma creatinine concentration at
6mo, an early sign of kidney dysfunction [6, 9]. Interestingly, F3 ITUGR females whose right kidney
weights were higher than sham at PN35 also exhibited symptoms of renal function failure at 6mo,
including reduced Na" and K" excretion, reduced total protein excretion, reduced creatinine
clearance, and increased plasma creatinine. This suggests transgenerational transmission of kidney
dysfunction phenotypes in [IUGR offspring through the paternal line. In agreement with this, F2 and
F3 IUGR males in the paternal line, despite having no alteration to nephron number or kidney
weight at PN35, developed renal function abnormalities. Increased plasma creatinine, reduced
creatinine clearance and urine albumin/creatinine ratio were observed in F2 ITUGR males at 6mo.
Meanwhile, decreased urine Na" excretion and total protein excretion were found in both F2 and F3
TUGR 6mo males. Some of these functional aberrations persisted in 12mo rats in the F3 generation.
Upon postnatal exposure to other environmental factors, such as a high-fat diet [10, 11], these
animals may be more likely to develop chronic kidney disease later in life. We further investigated
the histopathology of IUGR kidneys at 6mo in both F2 and F3 offspring. However, there was no
significant histopathological change found between sham and IUGR, although histological scores

were correlated with renal function.

One of the limitations of the current study is that the renal function examinations of rats in
metabolic cages are one-off measures (e.g., single measure of creatinine in a 24-hour urine sample,
with a single plasma sample taken at the end of the urine collection), which could only provide
proximal estimation of glomerular filtration rate [12, 13]. A recent study in rats suggested the use of
an equation that includes plasma creatinine and plasma urea measures [14]. Meanwhile, the use of
radiolabelled isotopes [15] or inulin [16] to examine glomerular filtration rate are suggested to be
more accurate. In addition to this, although urine Na* excretion was shown to be significantly

altered in 6mo and 12mo IUGR offspring in both F2 and F3 generations, calculation of the
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fractional excretion of Na” would provide a clearer indication of renal dysfunction, as it also takes
into account the glomerular filtration rate and plasma Na" concentration [17]. However, plasma Na*
concentration was not measured in this study. Lastly, other staining methods could be used to
examine kidney sections, such as terminal dideoxyuridine transferase-mediated nick end labeling

(TUNEL) assay and activated Caspase-3 immunostaining to detect kidney cell apoptosis [18, 19].

In conclusion, we have shown that F2 and F3 male and female offspring from the F1 IUGR male
are at an increased risk of developing renal disease compared to sham offspring. Despite the
reduction in nephron number being apparent only in F2 females, animals in both generations had
renal dysfunction at 6 months of age, with some of the disease phenotypes still present at 12 months
of age. This suggests that reduced nephron number is only one of the many markers of kidney
disease, and the restoration of nephron number in IUGR offspring during postnatal growth might
not rescue the disease phenotypes. In addition, there seemed to be a sex-specific effect of [UGR
within each generation, as renal dysfunction in F2 males was more severe than females, while F3
females showed more signs of renal function failure compared to males. As renal function data from
the maternal line of this UPI model is not fully completed, it might not be reasonable to draw a
conclusion of whether IUGR offspring from the maternal or paternal line are more susceptible to
kidney disease. However, it should be noted that changes to urine Na" excretion, urine total protein
excretion, and creatinine clearance observed in F2 6mo [UGR males in the paternal line were not

significant in the maternal line.
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SUPPLEMENTARY TABLE

Table S1. One-way ordinal regression with Cumulative Linked Model (CLM) for histopathological
scores of sham and IUGR rats kidneys in the second (F2) and third (F3) generations (paternal line),
at 6 months of age (6mo). Treatment (sham/IUGR) was identified as the independent variable, while
histopathological score (ordered factor) was identified as the dependent variable. Observations
between groups were not paired or repeated measures. As only one pup was examined per litter, and
sex were analysed separately, no adjustment for litter siblings was needed. Litter size was checked
and confirmed not a random effect. N/A: statistical analyses could not be done due to missing data/

nature of data did not meet the required criteria.

Type 11 Analysis of Deviance Table
Generation | Time point Histology with Wald chi-square tests
Males Females
Bowman's capsule 0.695 0.288
Glomerulus 0.383 0.896
Epithelial cells 0.323 0.467
Basement membranes 0.449 0.893
F2 6mo
Luminal casts 0.137 0.077
Leukocyte infiltration 0.624 0.641
Fibrosis 0.376 N/A
Total scores 0.428 0.321
Bowman's capsule 0.909 0.872
Glomerulus 0.910 0.579
Epithelial cells 0.326 N/A
F3 6mo
Basement membranes 0.225 N/A
Luminal casts 0.204 N/A
Leukocyte infiltration 0.914 0.281
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Fibrosis

0.598

0.447

Total scores

0.306
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SUPPLEMENTARY FIGURE
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Figure S1. Biochemical analysis including urine total protein (a), albumin (b) and creatinine
(c) excretion, plasma creatinine (d) and urine albumin/creatinine ratio (f) during renal
function examination (24h) of sham and IUGR rat offspring (paternal line) in the second
generation (F2), at 12 months of age (12mo). Creatinine clearance (e) was calculated using
the formula: (urine creatinine (umol.L™") x urine flow rate (L.24h™ ! .kg™")) + plasma
creatinine (umol.L™!). Significance was determined by a linear mixed-effect model with
adjustment for litter size and relatedness of litter siblings (if present). ** P <(0.01. See Table

1 for exact P-values. Data is expressed as mean + SD; n = 5-10 samples per group.
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CHAPTER 6

FINAL DISCUSSION
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Final Discussion

Findings presented in Chapter 2 affirm that there is a close relationship between babies
being small for gestational age due to intrauterine growth restriction (IUGR) and having an
increased risk of developing chronic diseases later in life. Interestingly, there is evidence of
sex differences in the susceptibility to future chronic diseases after [UGR in humans, such as
cardiovascular and renal dysfunction [1, 2]. As the incidence of IUGR is relatively high,
especially in developing countries (~ 1 in 4 of all live births), this might contribute to the high
prevalence of hypertension, kidney disease, and metabolic diseases worldwide. Due to the
challenges in conducting human research, most data from human IUGR studies have come
from studying the placenta, umbilical cord, or fetal blood samples. Collectively, these studies
provide early insight into the potential mechanisms behind IUGR, as they reported changes in
epigenetic mechanisms of genes important for fetal development and growth in the growth
restricted babies. However, it should be acknowledged that results from human IUGR studies
might be biased by confounding factors such as genetics and ecological factors as well as the
tissue type that is available for assessment. On the other hand, animal models of [IUGR, with
strictly controlled experimental environments and the availability of tissues for sampling
throughout developmental stages and across generations, can help explore the pattern of

disease risk transmission, as well as the potential mechanisms in a more robust fashion.

Different rodent models of [IUGR have been developed using different adverse exposures
during pregnancy like restricted calorie intake, low-protein diet, exposure to high levels of
glucocorticoids, or placental insufficiency. [IUGR phenotypes are reproducible in these
models, however the severity of phenotypes depends on the severity, timing, and duration of

in utero insults, which is expected. For instance, as discussed in Chapter 2, a 5% protein
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maternal diet or placing silver clips around the abdominal aorta and on the branches of
uterine arteries of pregnant rats results in a more extreme IUGR phenotype than a 8% protein
diet or ligating just the uterine vessels of rats, respectively. Additionally, changes in the
offspring phenotypes are known to be sensitive to the timing of in utero insults. As shown
from the classical human example, the Dutch Hunger Winter famine, reducing maternal
calorie intake during early gestation resulted in more disease phenotypes than at late gestation
[3]. The focus of our research group was inducing IUGR via uteroplacental insufficiency
(UPI) from day 18 of gestation in rats, which reflects several disease characteristics seen in
humans. IUGR phenotypes in this model are similar compared to other UPI models that
induce insults during the late gestational period (e.g., at day 19 or 19.5 of gestation).
However, future studies should investigate the effect of inducing UPI at earlier
developmental time points to better explain results found in human studies. Additionally, it
should be mentioned that while the development of organs is fully completed before birth in
humans, most organs in rats are structurally established during gestation and functionally
completed after birth. Moreover, different organs have different developmental timelines,
therefore, inducing UPI at a specific time point may impact the disease phenotypes of one

organ more severely than another that is further along the developmental path.

From Chapters 4 and 5, UPI was associated with changes in postmortem organ weights,

reduced vascular and metabolic functions, and aberrant renal functions in offspring from both
maternal and paternal lines, regardless of birth weight. The presence of these physiological
changes was seen as early as embryonic day 20 (e.g., reduced E20 nephron number in F2
males and females in the maternal line) to 12 months after birth (e.g., reduced glucose-
stimulated first-phase insulin secretion in F3 males in the paternal line). Additionally, there
were parental origin-specific effects on the transmission of [IUGR phenotypes, as alterations
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to the offspring postmortem organ weights were more significant in the paternal line, while
vascular and metabolic dysfunctions were more severe in the maternal line. Regarding renal
dysfunction, F2 offspring from the paternal line were presented with more symptoms than the
maternal line. Future studies should compare the renal functions between paternal and
maternal lines once the maternal F3 generation of this model is analysed. In addition, it
would be ideal to explore the phenotypes in F2 and F3 offspring when F1 IUGR male and F1
IUGR female are mated. We would expect to see an exacerbated phenotype and possibly
more sex differences. On top of this, within each parental line, there was a sex-specific effect
on the appearance of [IUGR phenotypes. For example, blood pressure has been shown to
increase in [IUGR males only in the maternal line, while there was minimal effect on blood
pressure in both males and females from the paternal line. Postnatal day (PN35) nephron
number was not different compared to sham in both F2 males and females from the maternal
line, but was reduced in F2 females from the paternal line. Renal dysfunction was more
severe in F2 males compared to females, or F3 females compared to males in the paternal
line. These findings are in line with the sex-specific differences in incidence of chronic
diseases in humans, verifying that the investigation of IUGR and the associated disease risks

in humans should also be carried out within each sex group.

Results reported in Chapter 3 agree with previous publications of changes to epigenetic
mechanisms in tissues of growth restricted offspring, which might be the reason for the
transmission patterns of [IUGR phenotypes (Chapter 2). Our findings also suggest that
different epigenetic mechanisms might interact with each other to regulate gene expression,
increasing the complexity of unravelling and identifying the epigenetic mechanisms involved.
A limitation of this study was the unavailability of F1 samples for DNA methylation analysis
at E20 timepoint (an important point in nephron formation, at which Dnmt3a was altered, and
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nephron number was also previously shown to be decreased in F2 offspring), as well as later
postnatal time points. Additionally, the cellular heterogeneity presented in the kidney
samples, including various specialised epithelial and endothelial cell types, might be a
confounding factor. A potential approach to this issue would be to look at single-cell RNA
sequencing in the kidneys in both males and females in subsequent generations to see 1) what
are the sex-specific differences, 2) are there cell type-specific differences, and 3) if changes
seen in F2 are also seen in F3, indicating a truly transgenerational phenotype. The mode of
transmission can also be explored, such as through sperm for the paternal line. If such
differences and changes are observed, we would then further investigate whether epigenetics
mechanisms were involved by looking at DNA methylation, histone modifications, and long

non-coding RNAs.

In conclusion, research presented in this Thesis further supports the importance early life
insults during pregnancy impacting future offspring health (the Developmental Origins of
Health and Disease theory). Increased cardiovascular dysfunction, renal dysfunction, and
metabolic disease risks are often linked to a poor developmental environment. The
investigation of alterations to epigenetic mechanisms in offspring that were exposed to in
utero insults in the animal models would provide the foundation for future studies to

investigate similar disease markers or mechanisms in humans.
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ABSTRACT

During pregnancy, systemic and uteroplacental blood flow increase to ensure an adequate
blood supply that carries oxygen and nutrients from the mother to the fetus. This results in
changes to the function of the maternal cardiovascular system. There is also a pregnancy-
induced vasodilation of blood vessels, which is known to have a protective effect on
cardiovascular health/function. Additionally, there is evidence that the effects of maternal
vascular vasodilation are maintained post-partum, which may reduce the risk of developing
high blood pressure in the next pregnancy and reduce cardiovascular risk later in life. At both
non-pregnant and pregnant stages, vascular endothelial cells produce a number of
vasodilators and vasoconstrictors, which transduce signals to the contractile vascular smooth
muscle cells to control the dilation and constriction of blood vessels. These vascular cells are
also targets of other vasoactive factors, including angiotensin II (Ang II) and relaxin. The
binding of Ang II to its receptors activates different pathways to regulate the blood vessel
vasoconstriction/vasodilation, and relaxin can interact with some of these pathways to induce

vasodilation. Based on the available literature, this review outlines the cardiovascular
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changes that occur in a healthy human pregnancy, supplemented by studies in rodents. A
specific focus is placed on vasodilation of blood vessels during pregnancy; the role of
endothelial cells and endothelium-derived vasodilators will also be discussed. Additionally,
different pathways that are activated by Ang II and relaxin that result in blood vessel dilation

will also be reviewed.

INTRODUCTION

Cardiac output is represented by heart beats per minute (heart rate) and the volume of blood
pumped into the aorta from the left ventricle per minute (stroke volume) (Hunter and Robson,
1992). In a healthy human pregnancy, both local uterine blood flow and cardiac output
increase. This ensures an adequate supply of oxygen and nutrients from the mother to the
fetus (Hunter and Robson, 1992, Melchiorre et al., 2012). The elevation of cardiac output
usually starts from the 5" week of gestation, reaches maximum value at 20 to 32 weeks of
gestation (heart rate nearly 45% higher than pre-pregnancy value), and returns to pre-
pregnancy levels 2 weeks post-partum (Hunter and Robson, 1992, Meah et al., 2016).
Simultaneously, alterations in maternal vascular function occur to accommodate increased

blood flow.

Vasodilation or relaxation of blood vessels, which occurs from early to mid-gestation, is
known to be an adaptation to protect the maternal cardiovascular system throughout
pregnancy, as it maintains a normal or decreased pressure when the volume of blood being
pumped from the heart into these vessels increases (Guyton, 1981, Hunter and Robson,
1992). Specifically, despite an increase in plasma volume by 6 weeks of gestation, a decrease

in both peripheral and renal vascular resistance results in decreased blood pressure and
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increased renal flow (West et al., 2016). This rise in plasma volume and decrease in vascular
resistance is also likely accounted for in part by arterial underfilling with 85% of the volume
residing in the venous circulation (Davison, 1984). These adaptions help reduce the risk of
developing hypertensive complications such as preeclampsia (Conrad, 2011, Osol et al.,
2019), which predisposes women to a 3.5-fold, 2.1-fold, and 1.8-fold higher risk for
developing hypertension, coronary heart disease, and stroke, later in life (Bellamy et al.,
2007, Carpenter, 2007, Lykke et al., 2009, Yinon et al., 2010, Naderi et al., 2017,
Thilaganathan and Kalafat, 2019). Findings in both human and animal studies have also
suggested that blood vessel dilation is maintained post-partum, which may decrease the risk
of developing hypertension in subsequent pregnancies and lower the risk of developing
cardiovascular disease later in life (Gunderson et al., 2008, van der Heijden et al., 2009,

Morris et al., 2015, Morris et al., 2020).

This literature review will cover vasculature changes, specifically blood vessel vasodilation
during pregnancy and post-partum in a normal pregnancy in both human and rodents. In
addition, it will also discuss the role of angiotensin 1l (Ang 1) and relaxin in vascular
adaptation during pregnancy, different pathways that are activated by the binding of Ang Il to
its receptors, and the potential interaction between relaxin and Ang Il receptors. Changes to
the above pathways when there is endothelial dysfunction, similar to that which may occur in

preeclampsia, will also be reviewed.

MATERIALS AND METHODS

A literature search for primary peer-reviewed papers that investigate maternal blood vessel
dilation during pregnancy and its mechanisms was conducted in PubMed and Web of

29 <6 29 <6

Sciences using search terms “pregnancy vasodilation”, “vascular endothelial cells”, “vascular
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29 <¢

smooth muscle cells”, “angiotensin II”, and “relaxin” up to June 2022. There were 193 papers
retrieved based on the search terms. Papers that are not in English and were not available in

full-text were excluded. The final number of papers retained was 136.

RESULTS AND DISCUSSION

Vasculature changes in a healthy human pregnancy

Changes in mean arterial pressure

Mean arterial pressure (MAP, mmHg) is an indicator of the average pressure in blood vessels
during one cardiac cycle (Cnossen et al., 2008). MAP is calculated using the formula, (2
diastolic pressure + systolic pressure)/3, in which diastolic pressure is the blood pressure
measured when the heart relaxes, and systolic pressure is measured when the heart contracts
(Cnossen et al., 2008). Most studies of healthy women (non-smokers, have normal body mass
index with no history of blood pressure-related disorders and/or usage of hypertensive
medication) in their first pregnancy (primiparous women) reported a reduction in MAP (by a
maximum of 2 - 3.4 mmHg of the non-pregnant level) in the first two trimesters of pregnancy
and an increase to pre-pregnancy value (79 - 83 mmHg) from the 3" trimester until term
(Kametas et al., 2001, Simmons et al., 2002, Morris et al., 2014, Melchiorre et al., 2016). In
the second or third pregnancy, MAP values within each trimester are lower compared to
primiparous women (Bernstein et al., 2005). Moreover, there was a negative correlation (r =
—0.31) between the interval between pregnancies (11 — 67 months) and the degree of changes
in MAP throughout a pregnancy, suggesting that a shorter interval between pregnancies is
associated with a greater decrease in MAP (Bernstein et al., 2005). However, MAP always
reaches the highest value within the third trimester, compared to other trimesters, regardless

of the number of previous pregnancies (Bernstein et al., 2005). On the other hand, other
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studies have reported a further decrease in blood pressure at post-partum in both primiparous
women and women who had two or more pregnancies (Gunderson et al., 2008, Morris et al.,
2015). Specifically, primiparous women had decreased MAP, by 4.8 mmHg, at 14 months
post-partum (Morris et al., 2015), or decreased mean adjusted diastolic and systolic blood
pressure (by 1.50 mmHg and 2.06 mmHg, respectively) at up to 20 years post-partum,
compared to pre-pregnancy values (Gunderson et al., 2008). Similarly, at 20 years post-
partum, women who had two or more pregnancies had a further decrease in diastolic and
systolic blood pressure (1.29 mmHg and 1.89 mmHg, respectively), compared to non-
pregnant women (Gunderson et al., 2008). However, both studies mainly focused on
Caucasian or women of colour, hence the results may not be generalised for all ethnic
minorities (Gunderson et al., 2008, Morris et al., 2015). Additionally, these studies did not

investigate changes in blood pressure measures during pregnancy.

Similar to changes observed in humans, rodent studies have also reported a decrease in MAP
during pregnancy (Barron ef al., 2010, Mirabito Katrina et al., 2014, Mirabito Colafella et al.,
2017). In pregnant mice, MAP gradually decreased from early gestation and reached the
lowest value (-6 £ 2 mmHg) at gestational day 9 (Mirabito Katrina et al., 2014, Mirabito
Colafella et al., 2017), which is an adaptation to the pregnancy-induced increase in heart rate
(+60 bpm compared to pre-pregnancy value) (Mirabito Colafella et al., 2017). Both heart rate
and MAP then increased to pre-pregnancy values from day 19-20 of gestation (late gestation)
(Mirabito Katrina et al., 2014, Mirabito Colafella et al., 2017), and this value of MAP was

also confirmed at 2 weeks post-partum (88 = 2 mmHg) (Mirabito Katrina et al., 2014).
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Changes in uterine arterial function

Besides changes in MAP, uterine artery function is also altered during pregnancy, as the
cardiac output and uteroplacental circulation increase (Bernstein ef al., 2002, Osol and
Moore, 2014). As expected, elevated uterine artery mean flow velocity, that is, the rate by
which blood travelled through the blood vessels per unit of time, has been reported
throughout pregnancy (Palmer et al., 1992, Dickey and Hower, 1995, Bernstein et al., 2002,
Rigano et al., 2010). In order to compensate for this, average uterine artery diameter
increases from mid-gestation (2.6 mm) to late pregnancy (3.0 mm) (Palmer et al., 1992,
Rigano et al., 2010). Uterine artery resistance index (Dickey and Hower, 1995) and uterine
artery pulsatility index also decrease when examined in early pregnancy (Bernstein et al.,
2002, Ogueh et al., 2011). However, it should be noted that pregnancy induced changes in the
uterine circulation and its resistance is a result of far more than remodelling and vascular
reactivity changes of the uterine artery itself. For instance, there was an increase by
approximately 2-fold the diameter of arcuate arteries (smaller branches of uterine arteries)
and radial arteries (smaller branches of arcuate arteries) in normal pregnancies, from 6.1 to

20.5 weeks of gestation (Allerkamp et al., 2021).

In agreement with human studies, examination of rodent uterine arteries has also reported
maternal blood vessel dilation as an adaptation to pregnancy (Cooke and Davidge, 2003, van
der Heijden et al., 2009, Barron ef al., 2010, Vodstrcil ef al., 2012). In late pregnancy, rats
(van der Heijden et al., 2009, Barron et al., 2010) and mice (Cooke and Davidge, 2003) have
an increase in arterial vasodilation within the uterus compared to non-pregnant controls, with
a 35% increase in diameter of radial arteries (Barron ef al., 2010), and a 20% increase in the

methacholine-induced vasodilation response of the uterine artery when measured using wire
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myography (Cooke and Davidge, 2003). The enlargement in uterine artery diameter has also
been reported in pregnant animals at 1 week (Morris et al., 2020) and 10 days (van der
Heijden et al., 2009) post-partum, which may help maintain a high uterine blood flow, and,

hence, may be advantageous for subsequent pregnancies (van der Heijden et al., 2009).

Changes in mesenteric function

Similar to the observations in uterine arteries, mesenteric arteries of late-pregnant mice (day
17-18) show increased sensitivity towards vasodilators (e.g. methacholine) (Cooke and
Davidge, 2003) and a decreased sensitivity towards vasoconstrictors (e.g. Ang II) by half the
non-pregnant control (Marshall et al., 2016). Additionally, in mesenteric arteries of late-
pregnant rats, there was a decrease in myogenic reactivity, represented by decreased
contraction of smooth muscle cells in response to induced intraluminal flow and pressure
(Meyer et al., 1997). This reduction in myogenic reactivity was associated with a decrease in
the shear stress that blood vessels experience during pregnancy (-4% in late-pregnant rats vs
+54.7% in non-pregnant control) likely a protective mechanism of the maternal vasculature
system (Meyer et al., 1997). Interestingly, there is also evidence for a maintenance of
pregnancy-induced vasodilation effect, as the mesenteric artery distensibility (i.e. the ability
to dilate and constrict passively in response to changes in pressure) in pregnant rats was
shown to increase considerably throughout pregnancy and was approximately 30% higher

than in non-pregnant controls at 4 weeks post-partum (Morris et al., 2020).
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Changes in renal arterial function

As previously mentioned, it is generally accepted that renal vascular resistance decreases to
accommodate for increased renal blood flow during pregnancy. Indeed, using the renal Para-
aminohippurate (PAH) clearance method, most human studies reported a significant increase
in maternal renal blood flow from as early as the 6" week up to week 36 of gestation,
reflecting a reduction in renal vascular resistance (Sims and Krantz, 1958, Dunlop, 1981,
Sturgiss et al., 1996, Chapman et al., 1998). Renal vascular resistance (calculated using MAP
and renal blood flow) was shown to decrease concurrently (Chapman et al., 1998).
Interestingly, increased renal blood flow was even found at up to 25 weeks post-partum,
compared to non-pregnant controls (Sims and Krantz, 1958). In contrast, investigation of
renal arterial resistive index (RI) using Doppler-based measurement reported either no change
in RI throughout gestation (Dib et al., 2003), or a significant increase in RI in gestational
weeks’ 16-36 (Kurjak et al., 1992, Ogueh ef al., 2011). RI is calculated using systolic and
diastolic velocities, therefore, might also be influenced by other central haemodynamic
parameters rather than the renal vascular resistance itself. As a result, differences in the
examination methods/measures, as well as examination intervals and number of samples, are
potential explanations for the conflicting results. Similar to the results found in human
studies, pregnant rats either had increased renal blood flow at mid- and late-gestation
(Matthews and Taylor, 1960), or no change in renal blood flow at early- and late-gestation
(Davison and Lindheimer, 1980), represented by increased PAH clearance. However, the
former study was done in anaesthetised rats, while the latter was done in unanaesthetised rats.
Meanwhile, pregnant rats at mid-gestation were reported to have a significant decrease in
myogenic reactivity of small renal arteries compared to non-pregnant control, supporting the
potential vasodilation effect of pregnancy on the renal vascular function (Gandley et al.,

2001, Novak et al., 2001).
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A summary of vasculature changes in healthy human and rodent pregnancy is shown in Table
1. Although this review discusses the function and biochemical aspects of isolated vessels
from pregnant humans and animals, it should be noted that there are remarkable differences
in blood vessel behaviour between and within different organs, hence, it is important for
future studies to investigate and provide a better understanding of the pregnancy-specific
vasodilation effects on the maternal vasculature system as a whole. Additionally, although
rodent studies are the most common, other studies on maternal blood vessel vasodilation
during gestation have also been performed in larger animal models such as rabbits, sheep and
guinea pigs (White ef al., 2000, Brooks et al., 2001, Thompson and Weiner, 2001,

Morschauser et al., 2014, Rosenfeld and Roy, 2014).
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Table 1. Vasculature changes during healthy human and rodent pregnancy and in post-partum period, relative to pre-pregnancy and/or non-

pregnant control (| : decreased, 1: increased, -: returned to non-pregnant/pre-pregnancy value, N/A: no information available/yet investigated).

MAP: mean arterial pressure; UAD: uterine artery dilation; MAD: mesenteric artery dilation; SAD: small renal artery diameter; RVR: renal

vascular resistance; RI: resistance index; L-NAME: Nw-nitro-l-arginine methyl ester. Renal blood flow (RBF) was measured using the Para-

aminohippurate clearance method. RVR was calculated using MAP and RBF. An increase in RBF and/or SAD reflects a decrease in renal

vascular resistance. Renal resistance index (RI) was calculated using systolic and diastolic velocities.

D

MAP, -)

Observation Control Early pregnancy | Mid-pregnancy Late pregnancy Post-partum References
(Kametas et al., 2001, Simmons
et al., 2002, Bernstein et al.,

72-93 mmHg
MAP (human) 71-90 mmHg 69-90 mmHg () 65-90 mmHg () 67-94 mmHg (-) 2005, Gunderson et al., 2008,
(@)
Morris et al., 2014, Morris et al.,
2015, Melchiorre et al., 2016)
101-105 mmHg (rats) | 93-97 mmHg () N/A N/A N/A
(Barron et al., 2010, Mirabito
—4 10 -8 mmHg
MAP (rodent) +8 to +12 mmHg (change in Katrina et al., 2014, Mirabito
90-103 mmHg (mice) N/A (change in MAP, N/A

Colafella et al., 2017)
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(Palmer et al., 1992, Dickey and

Hower, 1995, Bernstein et al.,

UAD (human) 1.3-1.5 mm N/A 2.6-3.0 mm (1) 3.0-3.6 mm (1) N/A
2002, Rigano et al., 2010, Ogueh
etal., 2011)
150-190 pum
150 pm (rats) N/A N/A 190 um (1)
(M
(Cooke and Davidge, 2003, van
~150% non-
UAD (rodent) der Heijden et al., 2009, Barron
~150% non-pregnant control pregnant
N/A N/A N/A et al., 2010, Morris et al., 2020)
value (mice; 1) control value
(M
MAD (human) (Have not been investigated)
Lowest passive
N/A N/A Increased passive distensibility (1)
distensibility (rats)
(Meyer et al., 1997, Cooke and
Increased methacholine-induced
MAD (rodent) Davidge, 2003, Marshall et al.,
vasodilation, decreased L-
N/A N/A N/A N/A 2016, Morris et al., 2020)
NAME-induced constriction
(Mice; 1)
RVR (human) RI: 0.61-0.65 0.65-0.67 (1) 0.62 (-)
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RBF: ~400-600 ~400-700 (Sims and Krantz, 1958, Dunlop,
~700-1000 mL/min (1) ~600-1000 mL/min (1)
mL/min mL/min (1) 1981, Sturgiss et al., 1996,
Chapman et al., 1998, Dib et al.,
RVR: ~7000 sec.cm™® ~3500-4500 sec.cm™ (}) N/A
2003, Ogueh et al., 2011)
RBF (rats): 5.86-6.82
6.45-7.11 mL/L (-) 8.48 mL/L (1) 5.44-7.44 mL/L (1) N/A
mL/min
Renal myogenic (Matthews and Taylor, 1960,
reactivity (rats): 1.1- N/A 1.3-3.7(}) N/A N/A Davison and Lindheimer, 1980,
RVR (rodent)
55 Gandley et al., 2001, Novak et
+8% increase in al., 2001)
-3% increase in SAD
N/A SAD (| vascular N/A N/A

(rats)

resistance)

256




Roles of endothelial cells and endothelium-derived vasodilators

From the above, it is clear that there is a pregnancy-induced vasodilation effect on the
maternal blood vessels, which can potentially be maintained post-partum. These
physiological changes are mainly caused by activities of vascular endothelial cells and
smooth muscle cells. Endothelial cells produce a number of vasodilators and
vasoconstrictors, such as nitric oxide (NO) and endothelin 1, respectively, which transduce
signals to the contractile vascular smooth muscle cells to control the constriction and dilation
of blood vessels (Rensen et al., 2007, Sandoo et al., 2010, Gao et al., 2016, Touyz et al.,

2018).

During pregnancy, there is an increase in the production of vasodilators by endothelial cells,
as well as the sensitivity of endothelial cells themselves towards vasodilators. For instance,
there is an increase in production of the vasodilators, NO and hydrogen sulphide (H>S), and
the vasodilator-producing enzymes, endothelial NO synthase (eNOS) and cystathionine beta-
synthase (CBS) in uterine artery endothelial cell (WUWAEC) cultures from pregnant women at
late gestation (week 35-36), compared to non-pregnant women (Zhang et al., 2017).
Moreover, treatment of hUAECs with 10 ng/mL vascular endothelial growth factor (VEGF),
a vasodilator, resulted in an even higher protein expression of eNOS and CBS (Zhang et al.,
2017). As expected, when the endothelium-derived vasodilators, such as nitric oxide synthase
(NOS) (Cooke and Davidge, 2003, Barron et al., 2010) or prostaglandin H synthase (PGHS)
(Cooke and Davidge, 2003) was inhibited (by Nomega-Nitro-L-arginine methyl ester
hydrochloride (L-NAME) or meclofenamate, respectively) in pregnant rodents, the

pregnancy-specific vasodilation effect, including the increase in blood vessel diameter and
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sensitivity towards methacholine of uterine arteries, was diminished or abolished (Cooke and

Davidge, 2003, Barron et al., 2010).

Similarly, in eNOS deficient mice, the increase in uterine artery diameter until day 10 post-
partum was eliminated (van der Heijden et al., 2009). The pregnancy-induced change in renal
artery myogenic reactivity during midterm was also attenuated by the inhibition of either
NOS or endothelin type B receptor (Gandley et al., 2001), or the removal of circulating
relaxin (Novak et al., 2001), a 6-kDa ovarian peptide hormone that induces NO production of
endothelial cells and, hence, functions as a vasodilator during pregnancy (Conrad, 2011).
Likewise, relaxin-deficient mice lost the pregnancy-specific increased sensitivity towards
methacholine and decreased sensitivity towards Ang II in their mesenteric arteries (Leo et al.,

2014a, Marshall et al., 2016).

There is evidence that there might also be an adaptation of the maternal vasculature system
towards the aberrant vascular relaxation during pregnancy. Specifically, in the presence of L-
NAME, myogenic tone (i.e. the capability to sustain vasoconstriction (Johansson, 1989)) of
uterine arteries in late pregnant rats decreased from 39 + 3.2% to 11 £+ 5.0%, whereas
myogenic tone of uterine arteries in the non-pregnant control group increased from 5 +2.6%
to 31 £+ 3.1% (Barron et al., 2010), suggesting a pregnancy-induced re-modelling of uterine
arteries that resulted in a decrease in arterial stiffness (Patzak ef al., 2018) that was pregnancy
specific in rats. Additionally, there was a greater uterine artery diameter in eNOS-deficient
mice at 2 days post-partum compared to non-pregnant mice, proposing an alternative source

of NO and/or an alternative relaxation pathway (van der Heijden et al., 2009).
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Biochemical pathways of maternal blood vessel vasodilation in pregnancy

As mentioned above, endothelial cells produce vasoactive factors that interact with the
smooth muscle cells to control the vascular function during pregnancy. Interestingly,
endothelial cells and smooth muscle cells are also targets of other vasoconstrictors and
vasodilators. In order to gain a better understanding of the underlying mechanisms of
vascular adaptation to pregnancy, numerous studies have focused on the renin-angiotensin
system and the peptide hormone relaxin. This section will highlight different biochemical
pathways that are influenced by the above factors, which can cause blood vessel

vasoconstriction or vasodilation.

Renin-angiotensin system

The renin-angiotensin system is known to have a significant effect on regulating blood
pressure, including during pregnancy. While renin, a protease, is produced from
juxtaglomerular cells of the kidney; angiotensinogen, the angiotensin precusor, is a product of
the liver (Timmermans ef al., 1993). The generation of biologically-active Ang II, a
vasoconstrictor, requires the cleavage of angiotensinogen by renin, in order to generate
angiotensin I (Ang I), which is converted to Ang II by the angiotensin-converting enzyme
(ACE) (Timmermans et al., 1993). There are numerous Ang II receptors that have been
extensively studied over the last few decades, two of which are angiotensin type 1 (AT1)
receptor and angiotensin type 2 (AT2) receptor (Bottari et al., 1993). The two receptors,
despite having a similar affinity towards Ang II, are distinguished by their different affinities
towards antagonists that bind to them and later inhibit their binding to Ang II (Bottari et al.,

1993). Additionally, AT1 and AT2 receptors are expressed in both vascular endothelial cells

259



and vascular smooth muscle cells (Bottari et al., 1993, Allen et al., 2000, Henrion et al.,

2001).

Early in pregnancy there is an increase in the maternal plasma Ang II level to stimulate the
sodium absorbing and holding capability of blood vessels (Lumbers and Pringle, 2013). This
is suggested to be an adaptive mechanism that helps maintain homeostasis as the maternal
cardiac output and blood volume increase during pregnancy (Irani and Xia, 2011, Lumbers
and Pringle, 2013). Nonetheless, since the 1970s, researchers have reported a trend of
weakened responsiveness of blood vessels in the midgestational period, represented by
vascular resistance, towards the vasoconstriction effect of infused Ang II in normotensive,
but not hypertensive, pregnant women (Gant ef al., 1973). One of the potential explanations
for the above observation is the pregnancy-specific enhanced AT2 receptor and/or decreased
AT1 receptor expression (Takeda-Matsubara et al., 2004, Chen et al., 2007, Ferreira et al.,
2009, Mirabito Katrina et al., 2014, Cunningham et al., 2016, Cunningham et al., 2018). In
general, AT1 and AT?2 receptors have opposite effects in regulating blood pressure, in both the
non-pregnant state and during pregnancy (Irani and Xia, 2008, Kawai et al., 2017). The
binding of Ang II, dependent on the ratio of AT1/AT2 receptors, causes either a
vasoconstriction or a vasodilation outcome, when the receptor is either AT1 or AT2,
respectively (Chen et al., 2007). Lack of AT1 receptor expression in female transgenic Ang
[I-enhanced/AT 1-knockout mice caused a significant decline in the systemic blood pressure
(by 13% the wild-type mice) measured at mid-gestation (Chen ef al., 2007). Meanwhile,
inhibition of the AT2 receptor by an added antagonist (PD123319) in wild-type mice caused
an increase in blood pressure (Chen et al., 2007). In AT2 receptor-knockout mice, mid-
gestational MAP did not change from the pre-pregnancy value, whereas a significant
reduction by 6 + 2 mmHg was seen in wild-type mice (Mirabito et al., 2014). At gestational
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day 20, MAP of wild-type mice was similar to the pre-pregnancy value, while MAP of AT2
receptor knockout mice increased by 13 £ 7 mmHg (Mirabito et al., 2014). Additionally,
there was no change in the renal AT1 receptor mRNA expression in AT2 receptor knockout

mice, compared to a reduced expression in wild-type mice (Mirabito Katrina et al., 2014).

In rats, AT2 receptor mRNA expression measured in the maternal aorta, renal artery, and
mesangial cells (main component of renal glomeruli in the renal cortex) at day 12-14 of
pregnancy significantly increased compared to the non-pregnant control, whereas there were
no changes in AT1 receptor mRNA expression (Ferreira et al., 2009). The Ang II-induced
increase in calcium concentration in mesangial cells of pregnant rats was more than two-fold
lower compared to the non-pregnant control, suggesting a reduction in sensitivity of renal
cells towards Ang II in the midgestational period (Ferreira et al., 2009). On the contrary, Ang
II-induced renal vascular resistance and renal mitochondrial oxidative stress at late gestation
increased when the AT1 receptor function was enhanced by its agonist autoantibodies (AT1-
AA), which are detectable in preeclamptic pregnancies (Cunningham et al., 2016,
Cunningham et al., 2019). These phenotypes were reduced and/or inhibited by the AT1-AA
inhibitor (‘n7AAc’) (Cunningham et al., 2018, Cunningham et al., 2019), suggesting the
vasoconstriction-inducing effect of the AT1 receptor, which is usually decreased in a normal
pregnancy but increased with preeclampsia. Further emphasising the importance of this
system in pregnancy health and disease, in preeclampsia hypersensitivity of the AT1 receptor
through its heterodimerisation leads to increased Ang Il responsiveness (Abdalla ef al.,

2001b, Quitterer and AbdAlla, 2021).
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In regards to different biochemical pathways that are activated by the binding of Ang Il to a
receptor, different consequential signalling cascades can lead to either vasoconstriction or
vasodilation. For instance, when bound by Ang II, AT1 receptor interacts with heterotrimeric
G-proteins, which then transduces signals to protein tyrosine kinase (PTK) and Rho guanine
nucleotide exchange factors (Rho GEFs) (Kawai et al., 2017). Although PTK and Rho GEFs
activate other molecules in different pathways, such as phosphoinositide-3-kinase (PIK3),
phospholipase C (PLC), or Ras homolog family member A (RhoA) (Ushio-Fukai et al., 1998,
Seki et al., 1999, Lutz et al., 2005), the final endpoint, vasoconstriction, is similar (Figure 1).
On the contrary, the binding of Ang II to the AT2 receptor inhibits the RhoA/Rho kinase
pathway and causes vasodilation (Savoia ef al., 2005) (Figure 2). There are likely more
molecules involved in these pathways that are yet to be discovered. Therefore, further
research is required to determine which specific pathway(s) are altered as an adaptation to

pregnancy.
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Figure 1. Different pathways activated as a result of the binding of Angiotensin II to the AT1
receptor which result in vasoconstriction. Organs and/or cell types in which the pathways
were studied are shown. —, activates/binds, -| , inhibits. PRKC, protein kinase C, PTK,
protein tyrosine kinase, PIK3, phosphoinositide-3-kinase, PIP2, phosphatidylinositol 4,5-
bisphosphate, PIP3, phosphatidylinositol (3,4,5)-trisphosphate, PKB, protein kinase B, PLC,
phospholipase C, Rho GEFs, Rho guanine nucleotide exchange factors, IP3, inositol
triphosphate, DAG, diacylglycerol, ROS, reactive oxygen species, CACC, calcium-activated
chloride channel, MLCK, myosin light chain kinase, MLCP, myosin light chain phosphatase,
ERK, extracellular-signal-regulated kinase, MAPK, mitogen-activated protein kinase, EDNI,
endothelin 1, WNK3, with-no-lysine kinase 3, SPAK, STE20/SPS1-related proline/alanine-
rich kinase, NKCC1, Na—K—Cl cotransporter isoform 1 (Aksoy ef al., 1982, Yanagisawa et
al., 1988, Sadoshima and Izumo, 1993, Archer ef al., 1994, Griendling et al., 1994, Eguchi et
al., 1996, Ushio-Fukai et al., 1998, Seki et al., 1999, Takahashi et al., 1999, Touyz et al.,

1999, Kubo et al., 2001, Quignard et al., 2001, Touyz et al., 2001, Touyz et al., 2004, Lutz et
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al., 2005, Qi et al., 2009, Abou-Saleh et al., 2013, Zeniya et al., 2013, Lin et al., 2014, Wang

et al., 2015). Created with BioRender.com.
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Figure 2. Different pathways activated as a result of the binding of Angiotensin II to the AT2
receptor which result in vasodilation. Organs and/or cell types in which the pathways were
studied are shown. —, activates/binds, -| , inhibits. BK, bradykinin, NO, nitric oxide, cGMP,
cyclic guanosine monophosphate, PRKC, protein kinase C, IP3, inositol triphosphate (Ignarro
et al., 1986, Twort and Breemen, 1988, Siragy and Carey, 1996, Li ef al., 1998, Schlossmann
et al., 2000, AbdAlla et al., 2001a, Savoia et al., 2005, Inuzuka et al., 2016). Created with

BioRender.com.

Relaxin

The Human 2 (H2) relaxin and its two orthologs in rodents, Mouse 1 (M1) relaxin and Rat 1
(R1) relaxin, are produced by the ovarian corpus luteum and the placenta (Sherwood, 2004,
Marshall et al., 2017¢). The most studied role of relaxin is that on the mesenteric, renal and

uterine blood vessels. However, it likely also plays a role in the placental vasculature. Despite
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limited information regarding its functional role in the placenta, it has been shown to be

important for survival of cytotrophoblast cells (Conrad, 2016, Marshall et al., 2017b)

Relaxin binds several receptors, including the relaxin/insulin-like family peptide receptor 1
(RXFP1) (Jelinic ef al., 2014), which is mostly found on the surface of vascular endothelial
and vascular smooth muscle cells (Jelinic et al., 2014), except the human umbilical artery
endothelial cells (Sarwar et al., 2016). Relaxin is known to play an essential role in blood
vessel vasodilation, including during pregnancy, and the evidence of this role comes from
both animal (Ferreira et al., 2009, McGuane et al., 2011, Vodstrcil et al., 2012, Leo et al.,
2014b, Marshall et al., 2016, Marshall et al., 2017a, Mirabito Colafella ef al., 2017) and
human (Quattrone et al., 2004, McGuane et al., 2011, Sarwar et al., 2016) studies. Relaxin-
knockout mice have an elevated heart rate throughout pregnancy, in association with higher
MAP compared to wild-type mice at both mid-gestation (gestational day 9; 9.7 mmHg
higher) and late-gestation (gestational day 19; 7.2 mmHg higher) (Mirabito Colafella et al.,
2017). Moreover, the pregnancy-induced decreased sensitivity of mesenteric arteries towards
the vasoconstriction effect of Ang Il was eliminated in relaxin-deficient pregnant mice
(Marshall ef al., 2016). In contrast, when relaxin-deficient mice were treated with exogenous
relaxin at day 12.5 to 17.5 of gestation, the Ang II-induced contraction of mesenteric arteries
was reduced by more than half the contraction seen in untreated mice (Marshall et al.,

2017a).

As both Ang II and relaxin are involved in the regulation of the maternal vasculature system
during pregnancy, there is a question of whether relaxin interacts with any of the

molecules/pathways induced by the binding of Ang II to its receptors. Indeed, the addition of
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exogenous relaxin (1000 ng/mL) into human umbilical vein endothelial cells (HUVECs)
increased NOS II expression by 15 times compared to the untreated cells (Quattrone et al.,
2004). Consequently, the protein expression of NOS II and the NO production were increased
by more than double the untreated control. In support of this finding, the direct addition of
serelaxin, a recombinant form of relaxin, into either human umbilical artery smooth muscle
cell (HUASMC) or human umbilical vein smooth muscle cell (HUASMC) monoculture
induced cGMP accumulation within the smooth muscle cells (Sarwar et al., 2016), which
interferes with the release of Ca** from the sarcoplasmic reticulum into the smooth muscle
cell intracellular space, hence affecting its contractile phenotype (Touyz ef al., 2018). This is
known as one of the key steps involved in the Ang II-AT2-NO/cGMP pathway that can lead
to vasodilation (Figure 2). The addition of serelaxin into either HUVECs or human coronary
artery endothelial cells (HCAECs) that were co-cultured with HUASMCs and HUVSMCs
also induced cGMP accumulation within the smooth muscle cells (Sarwar ef al., 2016).
Additionally, when the endothelial cells were treated with L-NC-nitro arginine (NOARG), a
NOS inhibitor, the relaxin-induced cGMP accumulation was significantly reduced. Besides
NO and cGMP, relaxin was also shown to cause a vasodilation effect via the activation of
bradykinin (BK) (Leo et al., 2014b) and the PI3K-Akt pathway (Dimmeler et al., 1999,
McGuane et al., 2011, Lian ef al., 2018), which are also involved in the Ang I — AT1/AT2
receptor regulation of blood vessels (Figures 1 and 2). Taken together, relaxin interacts with
various factors and pathways in endothelial and vascular smooth muscle cells leading to

vasodilation.

These results therefore give rise to another question of whether relaxin interacts with the Ang
II receptors. A study on rat renal myofibroblasts reported that relaxin treatment decreased
renal fibrosis by increasing extracellular-signal-regulated kinase (ERK) phosphorylation and
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NOS phosphorylation, by approximately double the untreated control, and decreasing
expression of TGFB1, pSmad2, and alpha-smooth muscle actin to a similar level compared to
the untreated control (Chow et al., 2014). However, these effects were abolished when the
AT?2 receptor activity was blocked by PD123319 or when there was no cell surface AT2
receptor expression (Chow et al., 2014). Bioluminescence resonance energy transfer
saturation assays of human embryonic renal cells also confirmed the presence of RXFP1-AT2
receptor heterodimer when RXFP1 was bound by relaxin (Chow et al., 2014). Likewise,
evidence of the RXFP-AT1 heterodimer was found in rat renal myofibroblasts (Chow et al.,
2019) and human cardiac myofibroblasts (Chow ef al., 2019, Wang et al., 2020), suggesting
that Ang II receptors are important for the function of relaxin, and that relaxin can indirectly
activate the AT1/AT2 receptors function via the formation of RXFP1-AT1/AT2 complex.
However, it is not clear whether there is a Relaxin-Ang II receptor interaction in vascular
endothelial and smooth muscle cells, and whether such event is responsible for the

vasodilation of maternal blood vessels during pregnancy.

Besides relaxin and the renin-angiotensin system, there is a range of other factors, such as
oestrogen and progesterone - the two sex hormones that also play important roles in
remodelling of the maternal vascular system during pregnancy (Kodogo et al., 2019).
Moreover, these hormones also interact with the renin-angiotensin system and pathways that
are activated by the binding of Ang II to its receptors. Indeed increased levels of progesterone
and prostacyclin may lead to resistance of Ang II effects (Gant et al., 1980, Irani and Xia,
2011). In-depth discussion on the role of these factors has been reviewed elsewhere (Lumbers

and Pringle, 2013, Wetendorf and DeMayo, 2014, Kodogo et al., 2019).
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Ang Il/relaxin in preeclampsia

The role of Ang Il/relaxin, in the maternal vasculature system during pregnancy is important
for the investigation of aberrant haemodynamic functions in pregnancy complications such as
preeclampsia (Lumbers et al., 2019). Briefly, in preeclampsia abnormal placental
development leads to the increased release of factors into the maternal circulation (including
renin and AT1-AAs) and over activation of the AT1 receptor and vasoconstriction. Moreover,
low levels of relaxin in the first trimester have been identified in women who later develop
late onset preeclampsia (Post Uiterweer et al., 2020). Better understanding of the relationship
between Ang Il pathways and relaxin in uncomplicated pregnancies is critical to understand

the role of relaxin in complications such as preeclampsia.

FUTURE PERSPECTIVES

Interestingly, endothelial and smooth muscle cells are mechanosensitive with changes in
blood flow and blood pressure during pregnancy altering the shear stress and stretch these
cells experience, which can in turn alter their expression and function (Boo et al., 2002,
Rodriguez and Gonzalez, 2014, Jufri et al., 2015). Moreover, it is known that at least some of
the relevant receptors within the relaxin-RXFP1-Ang II pathways are themselves
mechanosensitive. For example, the AT1 receptor which can be mechanically activated
through an Ang II independent mechanism and can lead to actin remodelling and changes in
myogenic responsiveness (Hong et al., 2016). Therefore, dynamic cellular culture under shear
stress may hold further insights and should be considered when studying interactions within
these pathways, in vitro. For example, with the use of organ-on-chip microfluidic models
which better mimic specific aspects of the in vivo cellular physiological environment (Huh e?

al., 2011, Ganesan et al., 2017). Indeed, microfluidic models have been shown to recreate the
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mechanical forces and shear stress similar to what the cells would experience within blood
vessels (Ostrowski et al., 2014, Gray and Stroka, 2017, van Engeland et al., 2018). In
addition, studies of animal models, in which functional responses of blood vessels can be
measured using wire myography, pressure myography (Leo et al., 2014a, Marshall et al.,
2016, Marshall et al., 2017a, Marshall et al., 2018) and arteriography (Morris et al., 2020),
can be used to investigate vasodilation in regards to altered Relaxin-Ang II receptor
interaction at different time points during pregnancy and post-partum. This might allow
future studies to look at similar changes in humans and provide prevention strategies or

pathways for treatment.

CONCLUSION

In summary, it is important to understand the underlying mechanisms of maternal vasculature
adaptation, such as relaxin-RXFP1-Ang II receptor interactions, in a healthy human
pregnancy. This might help explain why there is potentially a protective effect on the
vasculature system post-partum in women that have a healthy pregnancy. In addition, by
understanding the biochemical pathways involved in maternal vasculature adaptation to
pregnancy, this may help shed light on how these pathways may be disrupted in pregnancy

complicated by gestational hypertension or preeclampsia.
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Abstract
In brief:

There is a pregnancy-induced vasodilation of blood vessels, which is known to have a protective effect on cardiovascular

function and can be maintained postpartum. This review outlines the cardiovascular changes that occur in a healthy human
and rodent pregnancy, as well as differemt pathways that are activated by angiotensin 1l and relaxin that result in blood

vessel dilation.
Abstract:

During pregnancy, systemic and uteroplacental blood flow increase to ensure an adequate blood supply that carries oxygen

and nutrients from the mother to the fetus. This results in changes to the function of the maternal cardiovascular system.
There is also a pregnancy-induced vasodilation of blood vessels, which is known to have a protective effect on
cardiovascular health/function. Additionally, there is evidence that the effects of matemal vascular vasodilation are
maintained post-partum, which may reduce the risk of developing high blood pressure in the next pregnancy and reduce
cardiovascular risk later in life. At both non-pregnant and pregnant stages, vascular endothelial cells produce a number of
vasodilators and vasoconsirictors, which transduce signals to the contractile vascular smoath muscle cells to control the
dilation and constriction of blood vessels. These vascular cells are also targets of other vasoactive factors, including
angiotensin Il (Ang I} and relaxin. The binding of Ang Il to its receptors activates different pathways to regulate the blood
vessel vasoconstriction/vasodilation, and relaxin can interact with some of these pathways to induce vasodilation. Based on
the available literature, this review outlines the cardiovascular changes that occur in a healthy human pregnancy,
supplemented by studies in rodents. A specific focus is placed on vasodilation of blood vessels during pregnancy; the role of
endothelial cells and endothelium-derived vasodilators will also be discussed. Additionally, different pathways that are
activated by Ang Il and relaxin that result in blood vessel dilation will also be reviewed.

Reproduction (2022) 164 RE7-R99

Introduction

Cardiac output is represented by heart beats per minute
(heart rate) and the volume of blood pumped into the
aorta from the left ventricle per minute (stroke volume)
(Hunter & Robson 1992). In a healthy human pregnancy,
both local uterine blood flow and cardiac output
increase. This ensures an adequate supply of oxygen
and nutrients from the mother to the fetus (Hunter &
Robson 1992, Melchiorre et al. 2012). The elevation
of cardiac output usually starts from the 5th week of
gestation, reaches maximum value at 20-32 weeks’'
of gestation (heart rate nearly 45% higher than pre-
pregnancy value), and returns to pre-pregnancy levels 2
weeks post-partum (Hunter & Robson 1992, Meah et al.
2016). Simultaneously, alterations in maternal vascular
function occur to accommodate increased blood flow.

£ 2022 Society for Reproduction and Fertility
I55M 1470-1626 (paper) 1741-789% (online)

Vasodilation or relaxation of blood vessels, which
occurs from early to mid-gestation, is known to be
an adaptation to protect the maternal cardiovascular
system throughout pregnancy, as it maintains a normal
or decreased pressure when the volume of blood being
pumped from the heart into these vessels increases
(Guyton 1981, Hunter & Robson 1992). Specifically,
despite an increase in plasma volume by 6 weeks of
gestation, a decrease in both peripheral and renal
vascular resistance results in decreased blood pressure
and increased renal flow (West et al. 2016). This rise in
plasma volume and decrease in vascular resistance is
also likely accounted for in part by arterial underfilling
with B5% of the volume residing in the venous
circulation (Davison 1984). These adaptions help reduce
the risk of developing hypertensive complications such
as preeclampsia (Conrad 2011, Osol et al. 2019), which
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predisposes women to a 3.5-fold, 2.1-fold, and 1.8-fold
higher risk for developing hypertension, coronary heart
disease, and stroke, later in life (Bellamy et al. 2007,
Carpenter 2007, Lykke et al. 2009, Yinon et al. 2010,
Naderi et al. 2017, Thilaganathan & Kalafat 2019).
Findings in both human and animal studies have also
suggested that blood vessel dilation is maintained post-
partum, which may decrease the risk of developing
hypertension in subsequent pregnancies and lower the
risk of developing cardiovascular disease later in life
(Gunderson et al. 2008, van der Heijden et al. 2009,
Morris et al. 2015, 2020).

This literature review will cover vasculature changes,
specifically blood vessel vasodilation during pregnancy
and post-partum in a normal pregnancy in hoth human
and rodents. In addition, it will also discuss the role of
angiotensin Il (Ang I1) and relaxin in vascular adaptation
during pregnancy, different pathways that are activated
by the binding of Ang Il to its receptors, and the potential
interaction between relaxin and Ang Il receptors.
Changes to the pathways mentioned earlier when there
is endothelial dysfunction, similar to that which may
accur in preeclampsia, will also be reviewed.

Materials and methods

A literature search for primary peer-reviewed papers that
investigate maternal blood vessel dilation during pregnancy
and its mechanisms was conducted in PubMed and Web
of Sciences using search terms ‘pregmancy wvasodilation’,
‘vascular endothelial cells’, “vascular smooth muscle cells’,
‘angiotensin II', and ‘relaxin’ up to June 2022. There were 193
papers retrieved based on the search terms. Papers that are not
in English and were not available in full text were excluded.
The final number of papers retained was 136.

Results and discussion
Vasculature changes in a healthy human pregnancy
Changes in mean arterial pressure

Mean arterial pressure (MAP, mmHg) is an indicator of
the average pressure in blood vessels during one cardiac
cycle (Cnossen et al. 2008). MAP is calculated using the
formula (2 diastolic pressure+systolic pressure)/3, in
which diastolic pressure is the blood pressure measured
when the heart relaxes, and systolic pressure is measured
when the heart contracts (Cnossen et al. 2008). Most
studies of healthy women (non-smokers, have normal
BMI with no history of blood pressure-related disorders
and/or usage of hypertensive medication) in their first
pregnancy (primiparous women) reportecl a reduction
in MAP (by a maximum of 2-3.4 mmHg of the non-
pregnant level) in the first two trimesters of pregnancy
and an increase to pre-pregnancy value (79-83 mmHg)
from the third trimester until term (Kametas et al. 2001,
Simmons et al. 2002, Maorris et al. 2014, Melchiorre et al.

Reprodeuction (2022) 164 RE7T-R99

2016). In the second or third pregnancy, MAP values
within each trimester are lower compared to primiparous
women (Bernstein et al. 2005). Moreover, there was a
negative correlation (r = —0.31) between the interval
between pregnancies (11-67 months) and the degree
of changes in MAP throughout a pregnancy, suggesting
that a shorter interval between pregnancies is associated
with a greater decrease in MAP (Bernstein et al. 2005).
However, MAP always reaches the highest value
within the third trimester, compared to other trimesters,
regardless of the number of previous pregnancies
{Bermnstein et al. 2005). On the other hand, other studies
have reported a further decrease in blood pressure at post-
partumn in both primiparous women and women who
had twao or more pregnancies (Gunderson et al. 2008,
Moarris et al. 2015). Specifically, primiparous women
had decreased MAF, by 4.8 mmHg, at 14 months post-
partum (Morris et al. 2015), or decreased mean adjusted
diastolic and systolic blood pressure (by 1.50 and 2.06
mmHg, respectively) at up to 20 years post-partum,
compared to pre-pregnancy values (Gunderson et al.
2008). Similarly, at 20 years post-partum, women who
had two or more pregnancies had a further decrease in
diastolic and systolic blood pressure (1.29 mmHg and
1.89 mmHg, respectively), compared to non-pregnant
women (Gunderson et al. 2008). However, both studies
mainly focused on Caucasian or women of colour;
hence, the results may not be generalised for all ethnic
minorities (Gunderson el al. 2008, Morris et al. 2015).
Additionally, these studies did not investigate changes in
blood pressure measures during pregnancy.

Similar to changes observed in humans, rodent studies
have also reported a decrease in MAP during pregnancy
(Barron et al. 2010, Mirabito et al. 2014, Mirabito
Colafella et al. 2017). In pregnant mice, MAP gradually
decreased from early gestation and reached the lowest
value (—6 + 2 mmHg) at gestational day 9 (Mirabito
et al. 2014, Mirabito Colafella et al. 2017), which is an
adaptation to the pregnancy-induced increase in heart
rate (+60 b.p.m. compared to pre-pregnancy value)
{Mirabito Colafella et al. 2017). Both heart rate and
MAP then increased to pre-pregnancy values from day
19-20 of gestation (late gestation) (Mirabito et al. 2014,
Mirabito Colafella et al. 2017), and this value of MAP
was also confirmed at 2 weeks post-partum (88 + 2
mmHg) (Mirabito et al. 2014).

Changes in uterine arterial function

Besides changes in MAF, uterine artery function is also
altered during pregnancy, as the cardiac output and
uteroplacental circulation increase (Bernstein et al. 2002,
Osol & Moore 2014). As expected, elevated uterine
artery mean flow velocity, that is, the rate by which blood
travelled through the blood vessels per unit of time,
has been reported throughout pregnancy (Palmer et al.
1992, Dickey & Hower 1995, Bernstein et al. 2002,
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Rigano et al. 2010). In order to compensate for this,
the average uterine artery diameter increases from
mid-gestation (2.6 mm) to late pregnancy (3.0 mm)
(Palmer et al. 1992, Rigano et al. 2010). Uterine artery
resistance index (Dickey & Hower 1995) and uterine
artery pulsatility index also decrease when examined
in early pregnancy (Bernstein et al. 2002, Ogueh et al.
2011). However, it should be noted that pregnancy-
induced changes in the uterine circulation and its
resistance is a result of far more than remodelling and
vascular reactivity changes of the uterine artery itself. For
instance, there was an increase by approximately 2-fold
in the diameter of arcuate arteries (smaller branches of
uterine arteries) and radial arteries (smaller branches of
arcuate arteries) in normal pregnancies, from 6.1 to 20.5
weeks of gestation (Allerkamp et al. 2021).

In agreement with human studies, examination of
rodent uterine arteries has also reported maternal blood
vessel dilation as an adaptation to pregnancy (Cooke &
Davidge 2003, van der Heijden et al. 2009, Barron et al.
2010, Vodstreil et al. 2012). In late pregnancy, rats (van
der Heijden et al. 2009, Barron et al. 2010) and mice
(Cooke & Davidge 2003) have an increase in arterial
vasodilation within the uterus compared to non-
pregnant controls, with a 35% increase in diameter of
radial arteries (Barron et al. 2010), and a 20% increase
in the methacholine-induced vasodilation response of
the uterine artery when measured using wire myography
(Cooke & Davidge 2003). The enlargement in uterine
artery diameter has also been reported in pregnant
animals at 1 week (Morris et al. 2020) and 10 days (van
der Heijden et al. 2009) post-partum, which may help
maintain a high uterine blood flow and, hence, may
be advantageous for subsequent pregnancies (van der
Heijden et al. 2009).

Changes in mesenteric function

Similar to the observations in uterine arteries,
mesenteric arteries of late-pregnant mice (day 17-18)
show increased sensitivity towards vasodilators (e.g.
methacholine) (Cooke & Davidge 2003) and a decreased
sensitivity towards vasoconstrictors (e.g. Ang 1I)

half the non-pregnant control (Marshall et al. 2016).
Additionally, in mesenteric arteries of late-pregnant rats,
there was a decrease in myogenic reactivity, represented
by the decreased contraction of smooth muscle cells
in response to induced intraluminal flow and pressure
(Meyer et al. 1997). This reduction in myogenic
reactivity was associated with a decrease in the shear
stress that blood vessels experience during pregnancy
(—4% in late-pregnant rats vs +54.7% in non-pregnant
control) likely a protective mechanism of the maternal
vasculature system (Meyer et al. 1997). Interestingly,
there is also evidence for maintenance of pregnancy-
induced vasodilation effect, as the mesenteric artery
distensibility (i.e. the ability to dilate and constrict
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passively in response to changes in pressure) in pregnant
rats was shown to increase considerably throughout
pregnancy and was approximately 30% higher than
in non-pregnant controls at 4 weeks post-partum
(Morris et al. 2020).

Changes in renal arterial function

As previously mentioned, it is generally accepted that
renal vascular resistance decreases to accommodate for
increased renal blood flow during pregnancy. Indeed,
using the renal para-aminchippurate (PAH) clearance
method, most human studies reported a significant
increase in maternal renal blood flow from as early as
the 6th week up to week 36 of gestation, reflecting a
reduction in renal vascular resistance (Sims & Krantz
1958, Dunlop 1981, Sturgiss et al. 1996, Chapman et al.
1998). Renal wvascular resistance (calculated using
MAP and renal blood flow) was shown to decrease
concurrently (Chapman et al. 1998). Interestingly,
increased renal blood flow was even found at up to 25
weeks post-partum, compared to non-pregnant controls
(Sims & Krantz 1958). In contrast, the investigation
of renal arterial resistive index (RI) using Doppler-
based measurement reported either no change in Rl
throughout gestation (Dib et al. 2003) or a significant
increase in Rl in gestational weeks’ 16-36 (Kurjak et al.
1992, Ogueh et al. 2011). Rl is calculated using systolic
and diastolic velocities and, therefore, might also be
influenced by other central haemodynamic parameters
rather than the renal vascular resistance itself. As a result,
differences in the examination methods/measures, as
well as examination intervals and number of samples,
are potential explanations for the conflicting results.
Similar to the results found in human studies, pregnant
rats either had increased renal blood flow at mid-
gestation and late gestation (Matthews & Taylor 1960)
or no change in renal blood flow at early gestation and
late gestation (Davison & Lindheimer 1980), represented
by increased PAH clearance. However, the former study
was done in anaesthetised rats, while the latter was done
in unanaesthetised rats. Meanwhile, pregnant rats at mid-
gestation were reported to have a significant decrease
in myogenic reactivity of small renal arteries compared
to non-pregnant control, supporting the potential
vasodilation effect of pregnancy on the renal vascular
function (Gandley et al. 2001, Novak et al. 2001).

A summary of vasculature changes in healthy human
and rodent pregnancy is shown in Table 1. Although this
review discusses the function and biochemical aspects
of isolated vessels from pregnant humans and animals,
it should be noted that there are remarkable differences
in blood vessel behaviour between and within different
organs; hence, it is important for future studies to
investigate and provide a better understanding of the
pregnancy-specific vasodilation effects on the maternal
vasculature system as a whole. Additionally, although

Reproduction (2022] 164 RE7-RYY

Downloaded from Bioscientifica eom at 168/3

291




T W A Doan and others

R90

UG|JE| | AR BULHN YN HEUED AR [BUDM (| BWS S IOURSISH JBINISEA [BUS HAY A ANaea Duafodu |eun YW xapu) aoues| s
‘|3 peEnisanu) 194D AR UDIIEULIOJUY OU YN inssaud [BLUBLE URBW YW SUONE| P AIDUE DUSUDSIL OYW a5 [AaU BuuEIe-T-00u-mN TN SUBLnY u) paedisaau)

108 ‘BN e s Asueudaid-adau euiaid-uod o] painial | — PasTBiaul | Paseainap 1SN 0[BA H|0ISEIP PUE 0ISAS SUISN PS1E|N 8D SEM (|3} K3PUL S0URISIS [BUSY BOURIS| S BN SEA

(U U] 368030 8 S129)1a (VS JO/PUE JR3 UL 3SEaI00| Uy YOy PUB Jyi SUSH paienofe sem Ay poLiaw aoueiea|d spenddigou|we-eied ag1 Sujsn painseai sem ({43) Mo|) poo|q |euay

{Boursisa
WiN WiN Jenasea 1} e+ WiN MR G~ avs
WiIN WiN el WiIN 5511 A
WiIN D LFFS Wrare =F L5889 UIWW 28°9-00" S I A
(100T} 2 12 yeaoN (LODT)
e 19 Aajpuen) g6 |} sewaypur
§ UOSIART] (096 L) J0jARL B smaynew {sp} JuiEpery
WM {TH00SH D05 E~ {1} p0SF00sE~ {1} 00SFD0SE~ (111 L T s SRV
(4} 00200~ {4} 0001009~ {4} OO0 L-00Z ~ 00900~ UL gy
=790 (41 29°0-59°0 4 £90-99'0 ) s90-99'0 90190 14
(110}
Je 1e yEni0y (E00T) e e G0 (He61L)
& 12 uewdeysy 9a61) 1E 12 ssIgimg
g1 dojung gSh 1) ZIVErY puE swis UELLIN |
HAH
{1} UOIESUGS PEanpiul- iy -
pasealap ‘uole| | posea
WM PRONPUL-BULOUDRL) B paseal | YN WiIN WiN AN
U A sumsip Aupigsusisip
aassed paseaioul (1) Anjigrsumsip awissed paseaou) i WM anpssed 15amo spey
070z} e 12
SUIoKY (9108 € 12 ey ey (L0
afpaeg] g aoud) (266 1) 18 1adaw Uy
eV
_t an|ea |oauos _.: an|jea
Jueudad-uou s |~ (anuod weudad-uou oo | = Wi WM Wi T
(1w ps1-ns1L 14wl pa1 WiN WIN wrl pg 1 sIey
(0TOT} T 12 S| (0 10T)
B 18 uouieg 16007} e 18 uapliay
18P UeA [E00D 9plarg ¥ 94000 uapoy
(LL0g) 2 12 yano o1zl e
ouediy (Z00Z) e 9 usswag (5e61)
D H R AT ITRAL) TE 9 LR WIN 4wy gy {dhww g WiN Wi 51§ | URWINg
avn
{= {1 dwwy ul adueys)
WIN VI UL RSURD] S T 01 g A g— o) p— YN FHWW £01-06 W
WM WiN WM T SHWW ge-gR  SHWW S01-101 sy
{2102} & 1= 2@ o0y olgeaw r 103}
JE e PRI (LOZ) e 1e utieg Uy
191L0T} & 13 Ao M (S L0E ‘FLOT
8 19 SILUOW (B00T) 'fE 13 U0SIapUND
1500T) e 12 ulmswayg (Z00T)
B 13 SUGLULIIS ‘[ L00T) "2 19 selaliesy {1 BHWW £6-72 =) SHuUW Fa—29 1) BHWW p5-59 (1) SHWW D6-59 FHWW 0E-17 UPLLINH
d¥W
sauRRjaY winy aed-sog Aoueuliaad ape Aoueuoad-piyy  Aueuliaad Aley (04U sapads uo)jeaasgey

‘|oapuod ueudaad-uou Jogpue Aueudad-sad o) saea ‘pousd wnpedisod v pue AsueuEaad Juapos pue vewing Agyesy Suung ssueys anenases | ajge

https:/rep. bicscientifica.com

Reproduction (2022) 164 RE7-R99

B2:88:85MM
wia free access

Dowii Loaded from Bioscientifica com at 18/31/2823

292



rodent studies are the most common, other studies on
maternal blood vessel vasodilation during gestation
have also been performed in larger animal models
such as rabbits, sheep, and guinea pigs (White et al.
2000, Brooks et al. 2001, Thompson & Weiner 2001,
Morschauser et al. 2014, Rosenfeld & Roy 2014).

Roles of endothelial cells and endothelium-derived
vasodilators

From the above, it is clear that there is a pregnancy-
induced vasodilation effect on the maternal blood
vessels, which can potentially be maintained post-
partum. These physiological changes are mainly caused
by activities of vascular endothelial cells and smooth
muscle cells. Endothelial cells produce a number of
vasodilators and vasoconstrictors, such as nitric oxide
(NO} and endothelin 1, respectively, which transduce
signals to the contractile vascular smooth muscle cells
to control the constriction and dilation of blood vessels
(Rensen et al. 2007, Sandoo et al. 2010, Gao et al. 2016,
Touyz et all 2018).

During pregnancy, there is an increase in the
production of vasodilators by endothelial cells, as
well as the sensitivity of endothelial cells themselves
towards vasodilators. For instance, there is an increase
in production of the vasodilators, NO and hydrogen
sulphide, and the vasodilator-producing  enzymes,
endothelial NO synthase {eNOS) and cystathionine
beta-synthase (CBS) in uterine artery endothelial
cell (hUAEC) cultures from pregnant women at late
gestation (week 35-36), compared to non-pregnant
women (Zhang et al. 2017). Moreover, treatment of
hUAECs with 10 ng/mL vascular endothelial growth
factor, a vasodilator, resulted in an even higher protein
expression of eNOS and CBS (Zhang et al. 2017). As
expected, when the endothelium-derived vasodilators,
such as NO synthase (NOS) (Cooke & Davidge 2003,
Barron et al. 2010} or prostaglandin H synthase (Cooke
& Davidge 2003} was inhibited (by Nomega-Nitro-
r-arginine methyl ester hydrochloride (L-NAME) or
meclofenamate, respectively) in pregnant rodents, the
pregnancy-specific vasodilation effect, including the
increase in blood vessel diameter and sensitivity towards
methacholine of utering arteries, was diminished or
abolished (Cooke & Davidge 2003, Barron et al. 2010).

Similarly, in eNOS-deficient mice, the increase in
uterine artery diameter until day 10 post-partum was
eliminated (van der Heijden et al. 2009). The pregnancy-
induced change in renal artery myogenic reactivity
during midterm was also attenuated by the inhibition of
either NOS or endothelin type B receptor (Gandley et al.
2001), or the removal of circulating relaxin (Novak et al.
2001), a 6-kDa ovarian peptide hormone that induces
NO production of endothelial cells and, hence, functions
as a vasodilator during pregnancy (Conrad 2011).
Likewise, relaxin-deficient mice lost the pregnancy-

hitps:frep.bicscientifica.com

Vascular adaptation in pregnancy  R91

specific increased sensitivity towards methacholine and
decreased sensitivity towards Ang Il in their mesenteric
arteries (Leo ef al. 2014a, Marshall et al. 2016).

There is evidence that there might also be an
adaptation of the maternal vasculature systern towards
the aberrant vascular relaxation during pregnancy.
Specifically, in the presence of L-NAME, myogenic tone
{i.e. the capability to sustain vasoconstriction (Johansson
1989)) of uterine arteries in late pregnant rats decreased
from 39 + 3.2% to 11 £ 5.0%, whereas myogenic tone
of uterine arteries in the non-pregnant control group
increased from 5 + 2.6% to 31 + 3.1% (Barron et al.
2010), suggesting a pregnancy-induced re-modelling
of uterine arteries that resulted in a decrease in arterial
stiffness (Patzak et al. 2018) that was pregnancy specific
in rats. Additionally, there was a greater uterine artery
diameter in eNOS-deficient mice at 2 days post-
partum compared to non-pregnant mice, proposing an
alternative source of NO and/or an alternative relaxation
pathway (van der Heijden et al. 2009).

Biochemical pathways of maternal blood vessel
vasodilation in pregnancy

As mentioned earlier, endothelial cells produce
vasoactive factors that interact with the smooth muscle
cells to control the vascular function during pregnancy.
Interestingly, endothelial cells and smooth muscle
cells are also targets of other vasoconstrictors and
vasodilators. In order to gain a better understanding
of the underlying mechanisms of vascular adaptation
lo pregnancy, numerous studies have focused on the
renin-angiotensin system and the peptide hormone
relaxin. This section will highlight different biochemical
pathways that are influenced by the factors mentioned
earlier, which can cause blood vessel vasoconstriction
or vasodilation.

Renin—angiotensin system

The renin-angiotensin system is known to have
a significant effect on regulating blood pressure,
including during pregnancy. While renin, a protease,
is produced from juxtaglomerular cells of the kidney;
angiotensinagen, the angiotensin precusor, is a procluct
of the liver (Timmermans et al. 1993). The generation
of biologically active Ang Il, a vasocaonstrictor, requires
the cleavage of angiotensinogen by renin, in order
lo generate angiotensin |, which is converted to
Ang Il by the angiotensin-converting enzyme (ACE)
(Timmermans et al. 1993). There are numerous Ang I
receptors that have been extensively studied over the
last few decades, two of which are angiotensin type 1
(AT1) receptor and angiotensin type 2 (AT2) receptor
(Bottari et al. 1993). The two receptors, despite having a
similar affinity towards Ang Il, are distinguished by their
different affinities towards antagonists that bind to them
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and later inhibit their binding to Ang Il (Bottari et al.
1993). Additionally, AT1 and AT2 receptors are expressed
in both vascular endothelial cells and vascular smooth
muscle cells (Bottari et al. 1993, Allen et al. 2000,
Henrion et al. 2001).

Early in pregnancy there is an increase in the
maternal plasma Ang Il level to stimulate the sodium
absorbing and holding capability of blood vessels
(Lumbers & Pringle 2014). This is suggested to be an
adaptive mechanism that helps maintain homeostasis as
the maternal cardiac output and blood volume increase
during pregnancy (Irani & Xia 2011, Lumbers & Pringle
2014). Nonetheless, since the 1970s, researchers have
reported a trend of weakened responsiveness of blood
vessels in the midgestational period, represented by
vascular resistance, towards the vasoconstriction effect
of infused Ang Il in normotensive, but not hypertensive,
pregnant women (Gant et al. 1973). One of the potential
explanations for the earlier observation is the pregnancy-
specific enhanced AT2 receptor and/or decreased AT1
receptor expression (Takeda-Matsubara et al. 2004,
Chen et al. 2007, Ferreira et al. 2009, Mirabito et al.
2014, Cunningham et al. 2016, 2018). In general, AT1
and AT2 receptors have opposite effects in regulating
blood pressure, in both the non-pregnant state and
during pregnancy (lrani & Xia 2008, Kawai et al. 2017).
The binding of Ang I, dependent on the ratio of AT1/
AT2 receptors, causes either a vasoconstriction or a
vasodilation outcome, when the receptor is either
AT1 or AT2, respectively (Chen et al. 2007). Lack of
AT1 receptor expression in female transgenic Ang
ll-enhanced/AT1-knockout mice caused a significant
decline in the systemic blood pressure (by 13% the WT
mice) measured at mid-gestation (Chen et al. 2007).
Meanwhile, inhibition of the AT2 receptor by an added
antagonist (PD123319) in WT mice caused an increase
in blood pressure (Chen et al. 2007). In AT2 receptor-
knockout mice, mid-gestational MAP did not change
from the pre-pregnancy value, whereas a significant
reduction by 6 £ 2 mmHg was seen in WT mice
(Mirabito et al. 2014). At gestational day 20, MAP of WT
mice was similar to the pre-pregnancy value, while MAP
of AT2 receptor-knockout mice increased by 13 = 7
mmHg (Mirabito et al. 2014). Additionally, there was
no change in the renal AT1 receptor mRNA expression
in AT2 receptor-knockout mice, compared to a reduced
expression in WT mice (Mirabito et al. 2014).

In rats, AT2 receptor mRNA expression measured in
the maternal aorta, renal artery, and mesangial cells
(main component of renal glomeruli in the renal cortex)
at day 12-14 of pregnancy significantly increased
compared to the non-pregnant control, whereas there
were no changes in AT1 receptor mENA expression
(Ferreira et al. 2009). The Ang Il-induced increase in
calcium concentration in mesangial cells of pregnant
rats was more than two-fold lower compared to the non-
pregnant control, suggesting a reduction in sensitivity of
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renal cells towards Ang Il in the midgestational period
(Ferreira et al. 2009). On the contrary, Ang ll-induced
renal wvascular resistance and renal mitochondrial
oxidative stress at late gestation increased when the
AT1 receptor function was enhanced by its agonist
autoantibodies (AT1-AA), which are detectable in
preeclamptic pregnancies (Cunningham et al. 2016,
2019). These phenatypes were reduced and/or inhibited
by the ATT-AA inhibitor ('n7AAc’) (Cunningham et al.
2018, 2019), suggesting the vasoconstriction-
inducing effect of the AT1 receptar, which is usually
decreased in a normal pregnancy but increased with
preeclampsia. Further emphasising the importance
of this system in pregnancy health and disease, in
preeclampsia hypersensitivity of the AT1 receptor
through its heterodimerisation leads to increased Ang
Il responsiveness (Abdalla et al. 2001b, Quitterer &
Abdalla 2021).

In regards to different biochemical pathways that
are activated by the binding of Ang Il to a receptor,
different consequential signalling cascades can lead
to either vasoconstriction or vasodilation. For instance,
when bound by Ang Il, AT1 receptor interacts with
heterotrimeric  G-proteins, which then transduces
signals to protein tyrosine kinase (PTK) and Rho
guanine nucleotide exchange factors (Rho GEFs)
(Kawai et al. 2017). Although PTK and Rho CEFs
activate other molecules in different pathways, such
as phosphoinositide-3-kinase  (PIK3), phospholipase
C, or Ras homolog family member A (RhoA) (Ushio-
Fukai et al. 1998, Seki et al. 1999, Lutz et al. 2005), the
final endpoint, vasoconstriction, is similar (Fig. 1). On
the contrary, the binding of Ang Il to the AT2 receptor
inhibits the RhoA/Rho kinase pathway and causes
vasodilation (Savoia et al. 2005) (Fig. 2. There are likely
more molecules involved in these pathways that are yet
to be discovered. Therefore, further research is required
to determine which specific pathway(s) are altered as an
adaptation to pregnancy.

Relaxin

The Human 2 relaxin and its two orthologs in rodents,
Mouse 1 relaxin and Rat 1 relaxin, are produced by
the ovarian corpus luteum and the placenta (Sherwood
2004, Marshall et al. 2017¢). The most studied role of
relaxin is that on the mesenteric, renal, and uterine
blood vessels. However, it likely also plays a role in
the placental vasculature. Despite limited information
regarding its functional rale in the placenta, it has been
shown to be important for the survival of cytotrophoblast
cells (Conrad 2016, Marshall et al. 20175).

Relaxin binds several receptors, including the
relaxin/insulin-like family peptide receptor 1 (RXFP1)
{lelinic et al. 2014), which is mostly found on the surface
of vascular endothelial and vascular smooth muscle cells
{Jelinic et al. 2014), except the human umbilical artery
endothelial cells (Sarwar et al. 2016). Relaxin is known
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to play an essential role in blood vessel vasodilation,
including during pregnancy, and the evidence of this
role comes from both animal (Ferreira et al. 2009,
McGuane et al. 2011, Vodstreil et al. 2012, Leo et al.
2014b, Marshall et al. 2016, 2017a, Mirabito
Colafella et al. 2017) and human (Quattrone et al.
2004, McGuane et al. 2011, Sarwar et al. 2016)
studies. Relaxin-knockout mice have an elevated heart
rate throughout pregnancy, in association with higher
MAP compared to WT mice at both mid-gestation
(gestational day 9; 9.7 mmHg higher) and late gestation
(gestational day 19; 7.2 mmHg higher) (Mirabito
Colafella et al. 2017). Moreover, the pregnancy-induced
decreased sensitivity of mesenteric arteries towards
the vasoconstriction effect of Ang Il was eliminated in
relaxin-deficient pregnant mice (Marshall et al. 2016).
In contrast, when relaxin-deficient mice were treated
with exogenous relaxin at days 12.5-17.5 of gestation,
the Ang ll-induced contraction of mesenteric arteries

Vascular smooth muscie cell

A 4

=

’ Quignard et at, 2001
PTK —— PIK3— PIP, to PIP, — Akt/PKB path
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was reduced by more than half the contraction seen in
untreated mice (Marshall et al. 2017a).

As both Ang Il and relaxin are involved in the
regulation of the maternal vasculature system during
pregnancy, there is a question of whether relaxin
interacts with any of the molecules/pathways induced
by the binding of Ang Il to its receptors. Indeed, the
addition of exogenous relaxin (1000 ng/mL) into human
umbilical vein endothelial cells (HUVECs) increased
NOS Il expression by 15 times compared to the
untreated cells (Quattrone et al. 2004). Consequently,
the protein expression of NOS Il and the NO production
were increased by more than double the untreated
control. In support of this finding, the direct addition
of serelaxin, a recombinant form of relaxin, into either
human umbilical artery smooth muscle cell (HUASMC)
or human umbilical vein smooth muscle cell (HUVSMC)
monoculture induced cGMP accumulation within the
smooth muscle cells (Sarwar et al. 2016), which interferes
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Figure 1 Different pathways activated as a result of the binding of Angiotensin Il to the AT1 receptor which result in vasoconstriction. Organs
and/or cell types in which the pathways were studied are shown. —, activates/binds; —, inhibits. PRKC, protein kinase C; PTK, protein tyrosine
kinase; PIK3, phosphoinositide-3-kinase; PIP,, phosphatidylinositol 4,5-bisphosphate; PIP,, phosphatidylinositol (3,4, 5)-trisphosphate; PKB,
protein kinase B; PLC, phospholipase C; Rho GEFs, Rho guanine nucleotide exchange factors; IP3, inositol triphosphate; DAG, diacylglycerol;
ROS, reactive oxygen species; CACC, calcium-activated chloride channel; MLCK, myosin light chain kinase; MLCP, myosin light chain
phosphatase; ERK, extracellular-signal-regulated kinase; MAPK, mitogen-activated protein kinase; EDN1, endothelin 1; WNK3, with-no-lysine
kinase 3; SPAK, STE20/SPS1-related proline/alanine-rich kinase; NKCC1, Na-K-Cl cotransporter isoform 1 (Aksoy et al. 1982, Yanagisawa et al.
1988, Sadoshima & 1zumo 1993, Archer et al. 1994, Griendling et al. 1994, Eguchi et al. 1996, Ushio-Fukai et al. 1998, Seki et al. 1999,
Takahashi et al. 1999, Touyz et al. 1999, 2001, 2004, Kubo et al. 2001, Quignard et al. 2001, Lutz et al. 2005, Qi et al. 2009, Abou-Saleh et al.
2013, Zeniya et al. 2013, Lin et al. 2014, Wang et al. 2015). Created with BioRender.com.
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with the release of Ca® from the sarcoplasmic reticulum
into the smooth muscle cell intracellular space, hence
affecting its contractile phenotype (Touyz et al. 2018).
This is known as one of the key steps involved in the Ang
I-AT2-NO/cGMP pathway that can lead to vasadilation
(Fig. 2). The addition of serelaxin into either HUVECs
or human coronary artery endothelial cells that were
co-cultured with HUASMCs and HUVSMCs also induced
cGMP accumulation within the smooth muscle cells
(Sarwar et al. 2016). Additionally, when the endothelial
cells were treated with L-NG-nitro arginine (NOARG), a
MNOS inhibitor, the relaxin-induced cCMP accumulation
was significantly reduced. Besides NO and cGMP,
relaxin was also shown to cause a vasodilation effect via
the activation of bradykinin (Leo et al. 2014b) and the
Pl;K-Akt pathway (Dimmeler ef al. 1999, McGuane et al.
2011, Lian et al. 2018), which are also involved in the
Ang lI-AT1/AT2 receptor regulation of blood vessels
(Figs 1 and 2). Taken together, relaxin interacts with
various factors and pathways in endothelial and vascular
smooth muscle cells leading to vasodilation.

These results, therefore, give rise to another question
of whether relaxin interacts with the Ang Il receptors.
A study on rat renal myofibroblasts reported that
relaxin treatment decreased renal fibrosis by increasing
extracellular-signal-regulated kinase phosphorylation
and NOS phosphorylation, by approximately double the
untreated control, and decreasing expression of TGFB1,
pSmad2, and alpha-smooth muscle actin to a similar
level compared to the untreated control (Chow et al.
2014). However, these effects were abolished when
the AT2 receptor activity was blocked by PD123319 or
when there was no cell surface AT2 receptor expression
(Chow et al. 2014). Bioluminescence resonance
energy transfer saturation assays of human embryonic
renal cells also confirmed the presence of RXFP1-AT2
receptor heterodimer when RXFP1 was bound by relaxin
(Chow et al. 2014). Likewise, evidence of the RXFP-AT1
heterodimer was found in rat renal myofibroblasts
(Chow et al. 2019) and human cardiac myofibroblasts
(Chow et al. 2019, Wang et al. 2020), suggesting that Ang
Il receptars are impartant for the function of relaxin and
that relaxin can indirectly activate the AT1/AT2 receptors
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function via the formation of RXFP1-AT1/AT2 complex.
However, it is not clear whether there is a relaxin-Ang Il
receptor interaction in vascular endothelial and smooth
muscle cells, and whether such event is responsible
for the vasodilation of maternal blood vessels during
pregnancy.

Besides relaxin and the renin-angiotensin system,
there is a range of other factors, such as oestrogen
and progesterone—the two sex hormones that also
play important roles in remodelling of the maternal
vascular system during pregnancy (Kodogo et al. 2019).
Moreaver, these hormones also interact with the renin-
angiotensin system and pathways that are activated by
the binding of Ang Il to its receptors. Indeed increased
levels of progesterone and prostacyclin may lead to
resistance of Ang Il effects (Gant et al. 1980, Irani &
Xia 2011). An in-depth discussion on the role of these
factors has been reviewed elsewhere (Lumbers & Pringle
2014, Wetendorf & Demayo 2014, Kodogo et al. 2019).

Ang Il/relaxin in preeclampsia

The role of Ang Ilfrelaxin in the maternal vasculature
systermn during pregnancy isimpaortant for the investigation
of aberrant haemodynamic functions in pregnancy
complications such as preeclampsia (Lumbers et al.
2019). Briefly, in preeclampsia, abnormal placental
development leads to the increased release of factors
into the maternal circulation (including renin and
AT1-AAs) and over-activation of the AT1 receptor and
vasoconstriction. Moreover, low levels of relaxin in the
first trimester have been identified in women who later
develop late-onset preeclampsia (Post Uiterweer et al.
2020). A better understanding of the relationship
between Ang Il pathways and relaxin in uncomplicated
pregnancies is critical to understand the role of relaxin
in complications such as preeclampsia.

Future perspectives

Interestingly, endothelial and smooth muscle cells are
mechanosensitive to changes in blood flow and blood
pressure during pregnancy altering the shear stress and
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stretch these cells experience, which can in turn alter
their expression and function (Boo et al. 2002, Rodriguez
& CGonzailez 2014, Jufri et al. 2015). Moreover, it is
known that at least some of the relevant receptors within
the relaxin-RXFP1-Ang Il pathways are themselves
mechanosensitive. For example, the AT1 receptor can be
mechanically activated through an Ang Il-independent
mechanism and can lead to actin remodelling and
changes in myogenic responsiveness (Hong et al. 2016).
Therefore, dynamic cellular culture under shear stress
may hold further insights and should be considered
when studying interactions within these pathways, in
vitro. For example, the use of organ-on-chip microfluidic
models which better mimic specific aspects of the in vivo
cellular physiological environment (Huh et al. 2011,
Ganesan et al. 2017). Indeed, microfluidic models have
been shown to recreate the mechanical forces and shear
stress similar to what the cells would experience within
blood vessels (Ostrowski et al. 2014, Gray & Stroka
2017, van Engeland et al. 2018). In addition, studies
of animal models, in which functional responses of
blood vessels can be measured using wire myography,
pressure myography (Leo et al. 2014a, Marshall et al.
2016, 2017a, 2018) and arteriography (Morris et al.
2020), can be used to investigate vasodilation in regards
to altered relaxin-Ang Il receptor interaction at different
time points during pregnancy and post-partum. This
might allow future studies to look at similar changes in
humans and provide prevention strategies or pathways
for treatment.

Conclusion

In summary, it is important to understand the underlying
mechanisms of maternal vasculature adaptation, such
as relaxin-RXFP1-Ang Il receptor interactions, in a
healthy human pregnancy. This might help explain why
there is potentially a protective effect on the vasculature
system post-partum in women that have a healthy
pregnancy. In addition, understanding the biochemical
pathways involved in maternal vasculature adaptation
to pregnancy may help shed light on how these
pathways may be disrupted in pregnancy complicated
by gestational hypertension or preeclampsia.
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APPENDIX B

SUPPLEMENTARY DATA OF
CHAPTER 4 - TIME POINT
EFFECT FOR REPEATED
MEASUREMENTS, INCLUDING

BODY WEIGHT,

BLOOD PRESSURE,

GLUCOSE TOLERANCE TEST

AND INSULIN CHALLENGE
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Supplementary data. Time point effect of repeated measurements during the examination of
body weight, blood pressure and metabolic function (glucose tolerance test (GTT) and insulin
challenge (IC)) of rat offspring. As body weight, blood pressure, and GTT/IC responses of
each offspring were measured over time, both treatment (sham (control) or restricted (IUGR)
and time point (body weight: birth to 12 months, systolic blood pressure: 2 months to 12
months, GTT: basal to 120 min, and IC: basal to 90 min) were considered as fixed effects in
the linear mixed-effect model. Results are averaged over the levels of control restricted.
Estimated marginal means (emmeans) of the linear mixed-effect model were reported instead
of the sample’s observed/descriptive means. As emmeans were extracted from the assumption
that all groups had the same variance (balanced population), standard deviations (SD) were

not reported. Instead, standard errors (SE) of emmeans were reported. Degrees-of-freedom

method used was Kenward-Roger. Confidence level used was 95%. Values within cells

coloured in grey are non-significant.

Body weight:
F1 males

contrast estimate SE df t.ratio p.value
12mo - | 2mo 226.155 2.6349 376.93 85.83 | <.0001
12mo - | 3mo 147.403 2.47782 375.84 59.489 | <.0001
12mo - | 4mo 100.031 2.49484 375.28 40.095 | <.0001
12mo - | 6mo 51.933 2.40375 375.77 21.605 | <.0001
12mo - | 9mo 18.539 2.45072 375.86 7.565 | <.0001
12mo - | birth 442.954 2.79518 380.42 158.471 | <.0001
12mo - | PN14 424.945 2.49455 376.12 170.349 | <.0001
12mo - | PN35 364.229 2.49774 376.71 145.824 | <.0001
12mo - | PN7 435.862 2.55613 376.16 170.516 | <.0001
2mo - | 3mo -78.752 2.62968 376.94 -29.947 | <.0001
2mo - | 4mo -126.124 2.66741 377.85 -47.283 | <.0001
2mo - | 6mo -174.222 2.56824 377.12 -67.837 | <.0001
2mo - | 9mo -207.616 2.62008 378.39 -79.24 | <.0001
2mo - | birth 216.8 2.923 379.58 74.17 | <.0001
2mo - | PN14 198.79 2.64533 377.01 75.147 | <.0001
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2mo - | PN35 138.074 2.65264 377.65 52.052 | <.0001
2mo - | PN7 209.707 2.70491 376.39 77.528 | <.0001
3mo - | 4mo -47.372 2.49832 374.88 -18.962 | <.0001
3mo - | 6mo -95.47 2.39985 374.57 -39.782 | <.0001
3mo - | 9mo -128.864 2.44328 37441 -52.742 | <.0001
3mo - | birth 295.551 2.79513 380.62 105.738 | <.0001
3mo - | PN14 277.541 2.49434 375.33 111.268 | <.0001
3mo - | PN35 216.826 2.4937 375.4 86.949 | <.0001
3mo - | PN7 288.459 2.55534 375.48 112.885 | <.0001
4mo - | 6mo -48.098 2.42745 375.03 -19.814 | <.0001
4mo - | 9mo -81.492 2.47289 375.23 -32.954 | <.0001
4mo - | birth 342.923 2.82638 381.69 121.33 | <.0001
4mo - | PN14 324.913 2.52204 375.89 128.83 | <.0001
4mo - | PN35 264.198 2.52148 375.96 104.779 | <.0001
4mo - | PN7 335.831 2.58146 375.53 130.094 | <.0001
6mo - | 9mo -33.394 2.3695 374.35 -14.093 | <.0001
6mo - | birth 391.021 2.72216 379.5 143.644 | <.0001
6mo - | PN14 373.011 2.41328 374.52 154.566 | <.0001
6mo - | PN35 312.296 2.41278 374.6 129.434 | <.0001
6mo - | PN7 383.929 2.49057 375.63 154.153 | <.0001
9mo - | birth 424.415 2.76536 379.84 153.476 | <.0001
9mo - | PN14 406.405 2.46371 374.99 164.957 | <.0001
9mo - | PN35 345.69 2.46306 375.04 140.35 | <.0001
9mo - | PN7 417.323 2.53694 376.37 164.499 | <.0001
birth - | PN14 -18.01 2.80311 379.98 -6.425 | <.0001
birth - | PN35 -78.725 2.80019 379.72 -28.114 | <.0001
birth - | PN7 -7.092 2.8686 380.82 -2.472 0.287
PN14 - | PN35 -60.715 2.48952 373.72 -24.388 | <.0001
PN14 - | PN7 10.917 2.57853 376.26 4,234 0.001
PN35 - | PN7 71.633 2.57795 376.34 27.787 | <.0001
F2 males

contrast estimate SE df t.ratio p.value
12mo - | 16mo -30.188 2.99824 469.95 -10.068 | <.0001
12mo - | 2mo 261.704 2.3128 472.04 113.154 | <.0001
12mo - | 4mo 123.881 2.35439 470.3 52.617 | <.0001
12mo - | 6mo 73.689 2.31917 475.09 31.774 | <.0001
12mo - | 9mo 27.923 2.45824 454.59 11.359 | <.0001
12mo - | birth 476.385 2.88864 497.68 164.917 | <.0001
12mo - | PN14 458.118 2.27477 478.08 201.391 | <.0001
12mo - | PN35 393.186 2.25269 476.3 174.541 | <.0001
12mo - | PN7 470.809 2.22703 478.96 211.406 | <.0001
16mo - | 2mo 291.891 2.79662 478.7 104.373 | <.0001
16mo - | 4mo 154.068 2.83375 478.1 54.369 | <.0001
16mo - | 6mo 103.877 2.79893 480.14 37.113 | <.0001
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16mo - | 9mo 58.111 2.92917 472.09 19.839 | <.0001
16mo - | birth 506.573 3.30523 500.54 153.264 | <.0001
16mo - | PN14 488.305 2.76344 482.92 176.702 | <.0001
16mo - | PN35 423.374 2.74871 482.87 154.026 | <.0001
16mo - | PN7 500.996 2.72519 484.13 183.839 | <.0001
2mo - | 4mo -137.823 2.0409 460.87 -67.531 | <.0001
2mo - | 6mo -188.014 1.99481 459.86 -94.252 | <.0001
2mo - | 9mo -233.781 2.20768 469.11 -105.894 | <.0001
2mo - | birth 214.681 2.61699 487.02 82.034 | <.0001
2mo - | PN14 196.414 1.95085 471.9 100.681 | <.0001
2mo - | PN35 131.483 1.92832 470.7 68.185 | <.0001
2mo - | PN7 209.105 1.89722 471.87 110.216 | <.0001
4mo - | 6mo -50.191 2.04025 459.22 -24.601 | <.0001
4mo - | 9mo -95.958 2.25134 467.43 -42.623 | <.0001
4mo - | birth 352.504 2.65867 488.36 132.587 | <.0001
4mo - | PN14 334.237 2.00111 471.78 167.026 | <.0001
4mo - | PN35 269.306 1.97657 469.98 136.249 | <.0001
4mo - | PN7 346.928 1.95041 473.67 177.875 | <.0001
6mo - | 9mo -45.766 2.21144 471.88 -20.695 | <.0001
6mo - | birth 402.696 2.62504 490.38 153.406 | <.0001
6mo - | PN14 384.428 1.95655 475.26 196.483 | <.0001
6mo - | PN35 319.497 1.92881 472.12 165.644 | <.0001
6mo - | PN7 397.119 1.89682 473.89 209.36 | <.0001
9mo - | birth 448.462 2.79977 495.98 160.178 | <.0001
9mo - | PN14 430.195 2.16601 475.57 198.612 | <.0001
9mo - | PN35 365.263 2.14334 473.98 170.418 | <.0001
9mo - | PN7 442.886 211721 477.01 209.184 | <.0001
birth - | PN14 -18.267 2.58177 492.45 -7.076 | <.0001
birth - | PN35 -83.199 2.56203 490.81 -32.474 | <.0001
birth - | PN7 -5.576 2.5314 488.6 -2.203 0.4562
PN14 - | PN35 -64.931 1.85436 457.68 -35.016 | <.0001
PN14 - | PN7 12.691 1.82438 459.4 6.956 | <.0001
PN35 - | PN7 77.623 1.79773 458.24 43.178 | <.0001
F2 females

contrast estimate SE df t.ratio p.value
12mo - | 2mo 97.3399 1.22883 535.98 79.214 | <.0001
12mo - | 4mo 36.5762 1.232391 534.62 29.679 | <.0001
12mo - | 6mo 18.8255 1.241361 536.98 15.165 | <.0001
12mo - | 9mo 5.3867 1.351254 518.71 3.986 0.0025
12mo - | birth 255.9637 1.537348 562.46 166.497 | <.0001
12mo - | PN14 237.6901 1.207301 544.69 196.877 | <.0001
12mo - | PN35 181.4631 1.214996 542.96 149.353 | <.0001
12mo - | PN7 250.0078 1.211374 546.28 206.384 | <.0001
2mo - | 4mo -60.7637 0.895701 514.62 -67.839 | <.0001
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2mo - | 6mo -78.5145 0.904863 514.08 -86.769 | <.0001
2mo - | 9mo -91.9533 1.081512 530.52 -85.023 | <.0001
2mo - | birth 158.6237 1.256547 544.54 126.238 | <.0001
2mo - | PN14 140.3502 0.855109 524.84 164.131 | <.0001
2mo - | PN35 84.1232 0.867876 522.89 96.93 | <.0001
2mo - | PN7 152.6679 0.860024 526.81 177.516 | <.0001
4mo - | 6mo -17.7507 0.908053 512.47 -19.548 | <.0001
4mo - | 9mo -31.1895 1.086148 530.45 -28.716 | <.0001
4mo - | birth 219.3875 1.257093 541.47 174.52 | <.0001
4mo - | PN14 201.1139 0.86113 524.79 233.547 | <.0001
4mo - | PN35 144.8869 0.873642 525.43 165.842 | <.0001
4mo - | PN7 213.4316 0.866112 526.9 246.425 | <.0001
6mo - | 9mo -13.4388 1.095979 533.07 -12.262 | <.0001
6mo - | birth 237.1382 1.265431 543.52 187.397 | <.0001
6mo - | PN14 218.8647 0.8721 526.92 250.963 | <.0001
6mo - | PN35 162.6377 0.884637 527.1 183.847 | <.0001
6mo - | PN7 231.1824 0.877105 528.98 263.574 | <.0001
9mo - | birth 250.577 1.414779 559.3 177.114 | <.0001
9mo - | PN14 232.3035 1.055131 539.72 220.165 | <.0001
9mo - | PN35 176.0764 1.065618 538.82 165.234 | <.0001
9mo - | PN7 244.6212 1.059814 541.37 230.815 | <.0001
birth - | PN14 -18.2735 1.229058 548.2 -14.868 | <.0001
birth - | PN35 -74.5005 1.240285 549.32 -60.067 | <.0001
birth - | PN7 -5.9558 1.231452 547.46 -4.836 0.0001
PN14 - | PN35 -56.227 0.824539 517.06 -68.192 | <.0001
PN14 - | PN7 12.3177 0.812358 512.36 15.163 | <.0001
PN35 - | PN7 68.5447 0.82821 516.38 82.762 | <.0001
F3 males

contrast estimate SE df t.ratio p.value
12mo - | 16mo -19.035 2.47909 517.67 -7.678 | <.0001
12mo - | 2mo 240.095 1.82583 516.47 131.5 | <.0001
12mo - | 4mo 109.966 1.76712 515.82 62.229 | <.0001
12mo - | 6mo 60.332 1.77028 514.91 34.08 | <.0001
12mo - | 9mo 20.778 1.96107 499.81 10.595 | <.0001
12mo - | birth 464.944 2.61521 556.29 177.784 | <.0001
12mo - | PN14 445.611 1.73081 522.76 257.458 | <.0001
12mo - | PN35 382.481 1.73624 523.09 220.292 | <.0001
12mo - | PN7 458.506 1.74205 523.93 263.2 | <.0001
16mo - | 2mo 259.13 2.37793 525.38 108.973 | <.0001
16mo - | 4mo 129.001 2.33539 525.39 55.237 | <.0001
16mo - | 6mo 79.367 2.33299 523.42 34.02 | <.0001
16mo - | 9mo 39.813 2.49039 517.28 15.986 | <.0001
16mo - | birth 483.979 3.01634 548.69 160.452 | <.0001
16mo - | PN14 464.647 2.30265 527.63 201.788 | <.0001
16mo - | PN35 401.516 2.30677 527.72 174.06 | <.0001
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16mo - | PN7 477.541 2.3125 528.34 206.504 | <.0001
2mo - | 4mo -130.13 1.58121 505.48 -82.298 | <.0001
2mo - | 6mo -179.763 1.58094 503.44 -113.707 | <.0001
2mo - | 9mo -219.318 1.84184 516.77 -119.075 | <.0001
2mo - | birth 224.848 2.46928 548.89 91.058 | <.0001
2mo - | PN14 205.516 1.53499 512.8 133.888 | <.0001
2mo - | PN35 142.386 1.543 514.23 92.278 | <.0001
2mo - | PN7 218.411 1.55213 517.72 140.717 | <.0001
4mo - | 6mo -49.633 1.51897 502.15 -32.676 | <.0001
4mo - | 9mo -89.188 1.78447 516.25 -49.98 | <.0001
4mo - | birth 354.978 2.41665 544.72 146.888 | <.0001
4mo - | PN14 335.646 1.47387 514.66 227.731 | <.0001
4mo - | PN35 272.516 1.48461 517.82 183.56 | <.0001
4mo - | PN7 348.541 1.49079 520.04 233.796 | <.0001
6mo - | 9mo -39.554 1.78633 514.79 -22.143 | <.0001
6mo - | birth 404.612 2.42533 548.05 166.828 | <.0001
6mo - | PN14 385.279 1.47591 512.95 261.046 | <.0001
6mo - | PN35 322.149 1.48503 515.63 216.931 | <.0001
6mo - | PN7 398.174 1.49336 518.57 266.629 | <.0001
9mo - | birth 444.166 2.62721 556.1 169.064 | <.0001
9mo - | PN14 424.834 1.74867 523.35 242.947 | <.0001
9mo - | PN35 361.703 1.75384 523.47 206.236 | <.0001
9mo - | PN7 437.729 1.76008 524.76 248.699 | <.0001
birth - | PN14 -19.332 2.39438 551.87 -8.074 | <.0001
birth - | PN35 -82.463 2.40804 554.74 -34.245 | <.0001
birth - | PN7 -6.437 2.40783 554.33 -2.674 0.1871
PN14 - | PN35 -63.13 1.4149 504.74 -44.618 | <.0001
PN14 - | PN7 12.895 1.42099 504.6 9.075 | <.0001
PN35 - | PN7 76.025 1.43116 506.82 53.121 | <.0001
F3 females

contrast estimate SE df t.ratio p.value
12mo - | 2mo 93.6682 1.545866 372.97 60.593 | <.0001
12mo - | 4mo 30.6111 1.731734 386 17.677 | <.0001
12mo - | 6mo 14.4986 1.547464 371.49 9.369 | <.0001
12mo - | 9mo 6.476 1.659294 360.19 3.903 0.004
12mo - | birth 258.9442 1.94452 388.09 133.166 | <.0001
12mo - | PN14 239.8794 1.536034 376.97 156.168 | <.0001
12mo - | PN35 184.8261 1.524771 377.71 121.216 | <.0001
12mo - | PN7 252.4986 1.561514 379.77 161.701 | <.0001
2mo - | 4mo -63.0571 1.262562 369.93 -49.944 | <.0001
2mo - | 6mo -79.1696 1.034495 351.42 -76.53 | <.0001
2mo - | 9mo -87.1922 1.240691 364.51 -70.277 | <.0001
2mo - | birth 165.276 1.52139 373.49 108.635 | <.0001
2mo - | PN14 146.2112 1.013743 362.84 144.229 | <.0001
2mo - | PN35 91.1578 0.993692 362.12 91.737 | <.0001
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2mo - | PN7 158.8304 1.047436 369.3 151.637 | <.0001
4mo - | 6mo -16.1125 1.267641 368.62 -12.711 | <.0001
4mo - | 9mo -24.1351 1.466853 385.83 -16.454 | <.0001
4mo - | birth 228.3331 1.648767 359.71 138.487 | <.0001
4mo - | PN14 209.2683 1.255657 379.28 166.66 | <.0001
4mo - | PN35 154.2149 1.235952 376.63 124.774 | <.0001
4mo - | PN7 221.8875 1.280835 380.77 173.237 | <.0001
6mo - | 9mo -8.0226 1.246318 363.74 -6.437 | <.0001
6mo - | birth 244.4456 1.528083 373.46 159.969 | <.0001
6mo - | PN14 225.3808 1.023655 363.82 220.173 | <.0001
6mo - | PN35 170.3274 1.002325 361.84 169.932 | <.0001
6mo - | PN7 238 1.058529 370.6 224.84 | <.0001
9mo - | birth 252.4682 1.712382 388.88 147.437 | <.0001
9mo - | PN14 233.4034 1.230835 371.14 189.63 | <.0001
9mo - | PN35 178.35 1.213763 371.25 146.94 | <.0001
9mo - | PN7 246.0226 1.260707 375.49 195.147 | <.0001
birth - | PN14 -19.0648 1.513129 378.37 -12.6 | <.0001
birth - | PN35 -74.1181 1.495588 376.23 -49.558 | <.0001
birth - | PN7 -6.4456 1.529406 378.44 -4.214 0.001
PN14 - | PN35 -55.0533 0.959288 352.64 -57.39 | <.0001
PN14 - | PN7 12.6192 1.00676 354.27 12.534 | <.0001
PN35 - | PN7 67.6726 0.992019 356.02 68.217 | <.0001
Blood pressure:
F1 males

contrast estimate SE df t.ratio p.value
12mo - | 2mo 9.14374 2.33691 197.04 3.913 0.0017
12mo - | 3mo 0.35911 2.22127 195.12 0.162 1
12mo - | 4mo -3.76419 2.26504 192.33 -1.662 0.5587
12mo - | 6mo -3.23133 2.21134 192.92 -1.461 0.6893
12mo - | 9mo 1.42573 2.21169 193.32 0.645 0.9874
2mo - | 3mo -8.78463 2.3455 194.93 -3.745 0.0032
2mo - | 4mo -12.9079 2.41157 205.83 -5.353 | <.0001
2mo - | 6mo -12.3751 2.36651 200.27 -5.229 | <.0001
2mo - | 9mo -7.71801 2.36023 201.8 -3.27 0.0158
3mo - | 4mo -4.1233 2.29628 196.1 -1.796 0.4709
3mo - | 6mo -3.59044 2.24609 198.53 -1.599 0.6005
3mo - [ 9mo 1.06662 2.23736 193.84 0.477 0.9969
4mo - | 6mo 0.53286 2.29099 197.41 0.233 0.9999
4mo - [ 9mo 5.18992 2.29708 195.77 2.259 0.216
6mo - | 9mo 4.65705 2.23969 198.48 2.079 0.3024
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F2 males

contrast estimate SE df t.ratio p.value
12mo - | 16mo -1.25973 2.16736 207.69 -0.581 0.9922
12mo - | 2mo 9.80047 1.60393 211.83 6.11 | <.0001
12mo - | 4mo -1.81445 1.65962 208.99 -1.093 0.8837
12mo - | 6mo -2.48075 1.63297 211.52 -1.519 0.6523
12mo - | 9mo -2.67275 1.71441 191.68 -1.559 0.6265
16mo - | 2mo 11.0602 2.11539 224.28 5.228 | <.0001
16mo - | 4mo -0.55472 2.15611 219.98 -0.257 0.9998
16mo - | 6mo -1.22102 2.1259 219.32 -0.574 0.9926
16mo - | 9mo -1.41302 2.19964 209.98 -0.642 0.9876
2mo - | 4mo -11.6149 1.54495 205.85 -7.518 | <.0001
2mo - | 6mo -12.2812 1.52264 205.24 -8.066 | <.0001
2mo - | 9mo -12.4732 1.63742 212.37 -7.618 | <.0001
4mo - | 6mo -0.6663 1.59232 215.34 -0.418 0.9983
4mo - | 9mo -0.8583 1.69235 210.13 -0.507 0.9959
6mo - | 9mo -0.192 1.67569 217.08 -0.115 1

F2 females

contrast estimate SE df t.ratio p.value
12mo - | 2mo 7.94294 1.90744 227.92 4.164 0.0004
12mo - | 4mo -2.94526 1.91885 240.35 -1.535 0.5408
12mo - | 6mo -2.068 1.91752 236.67 -1.078 0.8175
12mo - | 9mo -1.18779 2.06799 206.55 -0.574 0.9787
2mo - | 4mo -10.8882 1.52888 214.65 -7.122 | <.0001
2mo - | 6mo -10.0109 1.53179 215.49 -6.535 | <.0001
2mo - | 9mo -9.13073 1.75748 221.44 -5.195 | <.0001
4mo - | 6mo 0.87727 1.52879 210.42 0.574 0.9788
4mo - | 9mo 1.75747 1.76702 233.77 0.995 0.8576
6mo - | 9mo 0.8802 1.7681 232.79 0.498 0.9875

F3 males

contrast estimate SE df t.ratio p.value
12mo - | 16mo 1.23885 2.88484 271.39 0.429 0.9981
12mo - | 2mo 28.02272 2.11427 266.43 13.254 | <.0001
12mo - | 4mo 13.58028 2.09135 264.54 6.494 | <.0001
12mo - | 6mo 6.20829 2.06637 263.51 3.004 0.0343
12mo - | 9mo -0.60076 2.27392 242.1 -0.264 0.9998
16mo - | 2mo 26.78386 2.80055 283.79 9.564 | <.0001
16mo - | 4mo 12.34143 2.77907 280.66 4.441 0.0002
16mo - | 6mo 4.96944 2.76248 282.06 1.799 0.4681
16mo - | 9mo -1.83961 2.91983 272.46 -0.63 0.9887
2mo - | 4mo -14.4424 1.93251 254.52 -7.473 | <.0001
2mo - | 6mo -21.8144 1.90516 250.61 -11.45 | <.0001
2mo - | 9mo -28.6235 2.16625 269.7 -13.213 | <.0001
4mo - | 6mo -7.37199 1.87756 248.19 -3.926 0.0015
4mo - | 9mo -14.181 2.142 265.3 -6.62 | <.0001
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6mo |- | 9mo -6.80905 | 211353 |  262.44 3222  0.0178
F3 females
contrast estimate SE df t.ratio p.value
12mo - | 2mo 11.06249 2.06799 183.84 5.349 | <.0001
12mo - | 4mo 3.73692 2.07199 183.8 1.804 0.3747
12mo - | 6mo 6.47939 2.14191 182.15 3.025 0.0235
12mo - | 9mo 2.16563 2.21315 167.86 0.979 0.8646
2mo - | 4mo -7.32557 1.50023 156.94 -4.883 | <.0001
2mo - | 6mo -4.5831 1.60274 165.74 -2.86 0.038
2mo - | 9mo -8.89686 1.70745 170.6 -5.211 | <.0001
4mo - | 6mo 2.714247 1.60813 164.87 1.705 0.4335
4mo - | 9mo -1.57129 1.71558 175.78 -0.916 0.8905
6mo - | 9mo -4.31376 1.80122 170.67 -2.395 0.1217
GTT plasma glucose at 6 months of age:
F2 males
contrast estimate SE df t.ratio p.value
10min - | 120min 7.693571 0.756095 | 104 10.175 | <.0001
10min - | 20min -0.2567 0.756095 | 104 -0.34 1
10min - | 30min 0.209911 0.756095 | 104 0.278 1
10min - | 45min 2.252768 0.756095 | 104 2.979 0.0825
10min - | 5min 0.797589 0.756095 | 104 1.055 0.9792
10min - | 60min 3.600357 0.756095 | 104 4.762 0.0002
10min - | 90min 5.311071 0.756095 | 104 7.024 | <.0001
10min - | basal 9.221875 0.756095 | 104 12.197 | <.0001
120min - | 20min -7.95027 0.756095 | 104 -10.515 | <.0001
120min - | 30min -7.48366 0.756095 | 104 -9.898 | <.0001
120min - | 45min -5.4408 0.756095 | 104 -7.196 | <.0001
120min - | 5min -6.89598 0.756095 | 104 -9.121 | <.0001
120min - | 60min -4.09321 0.756095 | 104 -5.414 | <.0001
120min - | 90min -2.3825 0.756095 | 104 -3.151 0.0524
120min - | basal 1.528304 0.756095 | 104 2.021 0.5324
20min - | 30min 0.466607 0.756095 | 104 0.617 0.9995
20min - | 45min 2.509464 0.756095 | 104 3.319 0.0326
20min - | Bmin 1.054286 0.756095 | 104 1.394 0.8976
20min - | 60min 3.857054 0.756095 | 104 5.101 0.0001
20min - | 90min 5.567768 0.756095 | 104 7.364 | <.0001
20min - | basal 9.478571 0.756095 | 104 12.536 | <.0001
30min - | 45min 2.042857 0.756095 | 104 2.702 0.1601
30min - | 5min 0.587679 0.756095 | 104 0.777 0.9973
30min - | 60min 3.390446 0.756095 | 104 4.484 0.0006
30min - | 90min 5.101161 0.756095 | 104 6.747 | <.0001
30min - | basal 9.011964 0.756095 | 104 11.919 | <.0001
45min - | 5min -1.45518 0.756095 | 104 -1.925 0.5985

310




45min 60min 1.347589 0.756095 | 104 1.782 0.6936
45min 90min 3.058304 0.756095 | 104 4.045 0.0031
45min basal 6.969107 0.756095 | 104 0.217 | <.0001
5min 60min 2.802768 0.756095 | 104 3.707 0.0098
5min 90min 4.513482 0.756095 | 104 5.969 | <.0001
5min basal 8.424286 0.756095 | 104 11.142 | <.0001
60min 90min 1.710714 0.756095 | 104 2.263 0.3744
60min basal 5.621518 0.756095 | 104 7.435 | <.0001
90min basal 3.910804 0.756095 | 104 5.172 | <.0001
F2 females

contrast estimate SE df t.ratio p.value
10min 120min 7.512143 0.781577 123.49 9.612 | <.0001
10min 20min 0.586018 0.781577 123.49 0.75 0.9979
10min 30min 2.081483 0.789426 123.22 2.637 0.1825
10min 45min 3.390518 0.781577 123.49 4.338 0.001
10min 5min 0.110143 0.781577 123.49 0.141 1
10min 60min 5.677381 0.792216 123.78 7.166 | <.0001
10min 90min 7.311143 0.781577 123.49 9.354 | <.0001
10min basal 9.463775 0.789426 123.22 11.988 | <.0001
120min 20min -6.92613 0.758415 123.01 -9.132 | <.0001
120min 30min -5.43066 0.768915 123.28 -7.063 | <.0001
120min 45min -4,12163 0.758415 123.01 -5.435 | <.0001
120min 5min -7.402 0.758415 123.01 -9.76 | <.0001
120min 60min -1.83476 0.768766 123.19 -2.387 0.3007
120min 90min -0.201 0.758415 123.01 -0.265 1
120min basal 1.951632 0.768915 123.28 2.538 0.2244
20min 30min 1.495465 0.768915 123.28 1.945 0.5843
20min 45min 2.8045 0.758415 123.01 3.698 0.0096
20min 5min -0.47588 0.758415 123.01 -0.627 0.9994
20min 60min 5.091363 0.768766 123.19 6.623 | <.0001
20min 90min 6.725125 0.758415 123.01 8.867 | <.0001
20min basal 8.877757 0.768915 123.28 11.546 | <.0001
30min 45min 1.309035 0.768915 123.28 1.702 0.7439
30min 5min -1.97134 0.768915 123.28 -2.564 0.2129
30min 60min 3.595898 0.779425 123.53 4.614 0.0003
30min 90min 5.22966 0.768915 123.28 6.801 | <.0001
30min basal 7.382292 0.776916 123.01 9.502 | <.0001
45min 5min -3.28038 0.758415 123.01 -4.325 0.001
45min 60min 2.286863 0.768766 123.19 2.975 0.0817
45min 90min 3.920625 0.758415 123.01 5.169 | <.0001
45min basal 6.073257 0.768915 123.28 7.898 | <.0001
5min 60min 5.567238 0.768766 123.19 7.242 | <.0001
5min 90min 7.201 0.758415 123.01 0.495 | <.0001
5min basal 9.353632 0.768915 123.28 12.165 | <.0001
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60min 90min 1.633762 0.768766 123.19 2.125 0.4613
60min basal 3.786394 0.779425 123.53 4.858 0.0001
90min basal 2.152632 0.768915 123.28 2.8 0.1261
F3 males

contrast estimate SE df t.ratio p.value
10min 120min 8.473571 0.852539 79 9.939 | <.0001
10min 20min -0.54757 0.852539 79 -0.642 0.9993
10min 30min 1.288461 0.86897 79.24 1.483 0.8602
10min 45min 1.983 0.852539 79 2.326 0.3397
10min 5min 2.614286 0.852539 79 3.066 0.0691
10min 60min 4.491714 0.852539 79 5.269 | <.0001
10min 90min 6.664 0.852539 79 7.817 | <.0001
10min basal 10.33771 0.852539 79 12.126 | <.0001
120min 20min -9.02114 0.852539 79 -10.582 | <.0001
120min 30min -7.18511 0.86897 79.24 -8.269 | <.0001
120min 45min -6.49057 0.852539 79 -7.613 | <.0001
120min 5min -5.85929 0.852539 79 -6.873 | <.0001
120min 60min -3.98186 0.852539 79 -4.671 0.0004
120min 90min -1.80957 0.852539 79 -2.123 0.4659
120min basal 1.864143 0.852539 79 2.187 0.4244
20min 30min 1.836032 0.86897 79.24 2.113 0.4723
20min 45min 2.530571 0.852539 79 2.968 0.0884
20min 5min 3.161857 0.852539 79 3.709 0.011
20min 60min 5.039286 0.852539 79 5.911 | <.0001
20min 90min 7.211571 0.852539 79 8.459 | <.0001
20min basal 10.88529 0.852539 79 12.768 | <.0001
30min 45min 0.694539 0.86897 79.24 0.799 0.9966
30min 5min 1.325825 0.86897 79.24 1.526 0.8401
30min 60min 3.203254 0.86897 79.24 3.686 0.0118
30min 90min 5.375539 0.86897 79.24 6.186 | <.0001
30min basal 9.049254 0.86897 79.24 10.414 | <.0001
45min 5min 0.631286 0.852539 79 0.74 0.998
45min 60min 2.508714 0.852539 79 2.943 0.0942
45min 90min 4.681 0.852539 79 5.491 | <.0001
45min basal 8.354714 0.852539 79 9.8 | <.0001
5min 60min 1.877429 0.852539 79 2.202 0.4145
5min 90min 4.049714 0.852539 79 4.75 0.0003
5min basal 7.723429 0.852539 79 9.059 | <.0001
60min 90min 2.172286 0.852539 79 2.548 0.2258
60min basal 5.846 0.852539 79 6.857 | <.0001
90min basal 3.673714 0.852539 79 4.309 0.0015
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F3 females

contrast estimate SE df | t.ratio p.value
10min - | 120min 7.488333 0.708668 | 80 10.567 | <.0001
10min - | 20min -1.615 0.708668 | 80 -2.279 0.3671
10min - | 30min 0.460833 0.708668 | 80 0.65 0.9992
10min - | 45min 2.485833 0.708668 | 80 3.508 0.0202
10min - | 5min 2.065 0.708668 | 80 2.914 0.1008
10min - | 60min 4.538333 0.708668 | 80 6.404 | <.0001
10min - | 90min 5.410833 0.708668 | 80 7.635 | <.0001
10min - | basal 10.21583 0.708668 | 80 14.416 | <.0001
120min - | 20min -9.10333 0.708668 | 80 -12.846 | <.0001
120min - | 30min -7.0275 0.708668 | 80 -9.916 | <.0001
120min - | 45min -5.0025 0.708668 | 80 -7.059 | <.0001
120min - | 5min -5.42333 0.708668 | 80 -7.653 | <.0001
120min - | 60min -2.95 0.708668 | 80 -4.163 0.0024
120min - | 90min -2.0775 0.708668 | 80 -2.932 0.0966
120min - | basal 2.7275 0.708668 | 80 3.849 0.007
20min - | 30min 2.075833 0.708668 | 80 2.929 0.0971
20min - | 45min 4.100833 0.708668 | 80 5.787 | <.0001
20min - | 5min 3.68 0.708668 | 80 5.193 0.0001
20min - | 60min 6.153333 0.708668 | 80 8.683 | <.0001
20min - | 90min 7.025833 0.708668 | 80 9.914 | <.0001
20min - | basal 11.83083 0.708668 | 80 16.694 | <.0001
30min - | 45min 2.025 0.708668 | 80 2.857 0.1153
30min - | 5min 1.604167 0.708668 | 80 2.264 0.3763
30min - | 60min 4.0775 0.708668 | 80 5.754 | <.0001
30min - | 90min 4.95 0.708668 | 80 6.985 | <.0001
30min - | basal 9.755 0.708668 | 80 13.765 | <.0001
45min - | 5min -0.42083 0.708668 | 80 -0.594 0.9996
45min - | 60min 2.0525 0.708668 | 80 2.896 0.1051
45min - | 90min 2.925 0.708668 | 80 4.127 0.0028
45min - | basal 7.73 0.708668 | 80 10.908 | <.0001
5min - | 60min 2.473333 0.708668 | 80 3.49 0.0213
5min - | 90min 3.345833 0.708668 | 80 4.721 0.0003
5min - | basal 8.150833 0.708668 | 80 11.502 | <.0001
60min - | 90min 0.8725 0.708668 | 80 1.231 0.9471
60min - | basal 5.6775 0.708668 | 80 8.012 | <.0001
90min - | basal 4.805 0.708668 | 80 6.78 | <.0001
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GTT plasma insulin at 6 months of age

F2 males

contrast estimate SE df t.ratio p.value
10min - | 120min 0.274968 0.154034 103.07 1.785 0.6917
10min - | 20min -0.41075 0.154034 103.07 -2.667 0.1731
10min - | 30min -0.30682 0.154034 103.07 -1.992 0.5525
10min - | 45min -0.09851 0.154034 103.07 -0.64 0.9993
10min - | 5min 0.12345 0.154034 103.07 0.801 0.9966
10min - | 60min 0.236129 0.154034 103.07 1.533 0.8373
10min - | 90min 0.284075 0.154034 103.07 1.844 0.6529
10min - | basal 0.621575 0.154034 103.07 4.035 0.0032
120min - | 20min -0.68571 0.151233 103 -4.534 0.0005
120min - | 30min -0.58179 0.151233 103 -3.847 0.0062
120min - | 45min -0.37348 0.151233 103 -2.47 0.2592
120min - | 5min -0.15152 0.151233 103 -1.002 0.9849
120min - | 60min -0.03884 0.151233 103 -0.257 1
120min - | 90min 0.009107 0.151233 103 0.06 1
120min - | basal 0.346607 0.151233 103 2.292 0.3567
20min - | 30min 0.103929 0.151233 103 0.687 0.9989
20min - | 45min 0.312232 0.151233 103 2.065 0.503
20min - | 5min 0.534196 0.151233 103 3.532 0.0172
20min - | 60min 0.646875 0.151233 103 4.277 0.0014
20min - | 90min 0.694821 0.151233 103 4.594 0.0004
20min - | basal 1.032321 0.151233 103 6.826 | <.0001
30min - | 45min 0.208304 0.151233 103 1.377 0.9038
30min - | 5min 0.430268 0.151233 103 2.845 0.1151
30min - | 60min 0.542946 0.151233 103 3.59 0.0144
30min - | 90min 0.590893 0.151233 103 3.907 0.0051
30min - | basal 0.928393 0.151233 103 6.139 | <.0001
45min - | 5min 0.221964 0.151233 103 1.468 0.8677
45min - | 60min 0.334643 0.151233 103 2.213 0.4055
45min - | 90min 0.382589 0.151233 103 2.53 0.2303
45min - | basal 0.720089 0.151233 103 4.761 0.0002
5min - | 60min 0.112679 0.151233 103 0.745 0.998
5min - | 90min 0.160625 0.151233 103 1.062 0.9782
5min - | basal 0.498125 0.151233 103 3.294 0.0352
60min - | 90min 0.047946 0.151233 103 0.317 1
60min - | basal 0.385446 0.151233 103 2.549 0.2217
90min - | basal 0.3375 0.151233 103 2.232 0.3936

F2 females

contrast estimate SE df t.ratio p.value
10min - | 120min 0.117304 0.072159 1143 1.626 0.7888
10min - | 20min -0.36825 0.072159 114.3 -5.103 | <.0001
10min - | 30min -0.45172 0.072159 114.3 -6.26 | <.0001

314




10min - | 45min -0.14398 0.074717 114.62 -1.927 0.5967
10min - | 5min 0.118581 0.074379 114.17 1.594 0.806
10min - | 60min -0.16909 0.072159 114.3 -2.343 0.3257
10min - | 90min -0.01034 0.072159 114.3 -0.143 1
10min - | basal 0.352222 0.073263 114.01 4.808 0.0002
120min - | 20min -0.48556 0.07064 114.01 -6.874 | <.0001

120min - | 30min -0.56903 0.07064 114.01 -8.055 | <.0001

120min - | 45min -0.26128 0.073247 114.36 -3.567 0.015
120min - | 5min 0.001277 0.073292 114.46 0.017 1
120min - | 60min -0.28639 0.07064 114.01 -4.054 0.0029
120min - | 90min -0.12764 0.07064 114.01 -1.807 0.6776
120min - | basal 0.234918 0.072159 114.3 3.256 0.0384
20min - | 30min -0.08347 0.07064 114.01 -1.182 0.9588
20min - | 45min 0.224274 0.073247 114.36 3.062 0.0657
20min - | 5min 0.486832 0.073292 114.46 6.642 | <.0001

20min - | 60min 0.199167 0.07064 114.01 2.819 0.1211
20min - | 90min 0.357917 0.07064 114.01 5.067 0.0001
20min - | basal 0.720474 0.072159 114.3 9.985 | <.0001

30min - | 45min 0.307746 0.073247 114.36 4.201 0.0017
30min - | 5min 0.570304 0.073292 114.46 7.781 | <.0001

30min - | 60min 0.282639 0.07064 114.01 4.001 0.0035
30min - | 90min 0.441389 0.07064 114.01 6.248 | <.0001

30min - | basal 0.803946 0.072159 114.3 11.141 | <.0001

45min - | 5min 0.262558 0.075576 114.44 3.474 0.02
45min - | 60min -0.02511 0.073247 114.36 -0.343 1
45min - | 90min 0.133643 0.073247 114.36 1.825 0.6659
45min - | basal 0.4962 0.074717 114.62 6.641 | <.0001

5min - | 60min -0.28767 0.073292 114.46 -3.925 0.0045
5min - | 90min -0.12892 0.073292 114.46 -1.759 0.7086
5min - | basal 0.233642 0.074379 114.17 3.141 0.053
60min - | 90min 0.15875 0.07064 114.01 2.247 0.383
60min - | basal 0.521307 0.072159 114.3 7.224 | <.0001

90min - | basal 0.362557 0.072159 114.3 5.024 0.0001

F3 males
contrast estimate SE df | t.ratio p.value

10min - [ 120min -0.21714 0.143025 | 80 -1.518 0.8437
10min - | 20min -0.46514 0.143025 | 80 -3.252 0.042
10min - | 30min -0.646 0.143025 | 80 -4.517 0.0007
10min - | 45min -0.55914 0.143025 | 80 -3.909 0.0057
10min - | 5min 0.074857 0.143025 | 80 0.523 0.9998
10min - | 60min -0.40171 0.143025 | 80 -2.809 0.1291
10min - [ 90min -0.194 0.143025 | 80 -1.356 0.9104
10min - | basal 0.252857 0.143025 | 80 1.768 0.7026
120min - | 20min -0.248 0.143025 | 80 -1.734 0.7239
120min - | 30min -0.42886 0.143025 | 80 -2.998 0.0819
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120min 45min -0.342 0.143025 | 80 -2.391 0.3031
120min 5min 0.292 0.143025 | 80 2.042 0.5198
120min 60min -0.18457 0.143025 | 80 -1.29 0.9313
120min 90min 0.023143 0.143025 | 80 0.162 1
120min basal 0.47 0.143025 | 80 3.286 0.0383
20min 30min -0.18086 0.143025 | 80 -1.265 0.9385
20min 45min -0.094 0.143025 | 80 -0.657 0.9992
20min 5min 0.54 0.143025 | 80 3.776 0.0088
20min 60min 0.063429 0.143025 | 80 0.443 1
20min 90min 0.271143 0.143025 | 80 1.896 0.6186
20min basal 0.718 0.143025 | 80 5.02 0.0001
30min 45min 0.086857 0.143025 | 80 0.607 0.9995
30min 5min 0.720857 0.143025 | 80 5.04 0.0001
30min 60min 0.244286 0.143025 | 80 1.708 0.7399
30min 90min 0.452 0.143025 | 80 3.16 0.0539
30min basal 0.898857 0.143025 | 80 6.285 | <.0001
45min 5min 0.634 0.143025 | 80 4.433 0.0009
45min 60min 0.157429 0.143025 | 80 1.101 0.9725
45min 90min 0.365143 0.143025 | 80 2.553 0.2234
45min basal 0.812 0.143025 | 80 5.677 | <.0001
5min 60min -0.47657 0.143025 | 80 -3.332 0.0336
5min 90min -0.26886 0.143025 | 80 -1.88 0.6293
5min basal 0.178 0.143025 | 80 1.245 0.9438
60min - | 90min 0.207714 0.143025 | 80 1.452 0.8735
60min - | basal 0.654571 0.143025 | 80 4.577 0.0006
90min - | basal 0.446857 0.143025 | 80 3.124 0.0593
F3 females

contrast estimate SE df | t.ratio p.value
10min - [ 120min 0.020833 0.134194 | 80 0.155 1
10min - | 20min -0.41167 0.134194 | 80 -3.068 0.0687
10min - | 30min -0.40167 0.134194 | 80 -2.993 0.083
10min - | 45min -0.31083 0.134194 | 80 -2.316 0.3451
10min - | 5min 0.213333 0.134194 | 80 1.59 0.8075
10min - | 60min -0.05917 0.134194 | 80 -0.441 1
10min - | 90min -0.04917 0.134194 | 80 -0.366 1
10min - | basal 0.4425 0.134194 | 80 3.297 0.0371
120min - | 20min -0.4325 0.134194 | 80 -3.223 0.0455
120min - | 30min -0.4225 0.134194 | 80 -3.148 0.0556
120min - | 45min -0.33167 0.134194 | 80 -2.472 0.2616
120min - | 5min 0.1925 0.134194 | 80 1.434 0.881
120min - | 60min -0.08 0.134194 | 80 -0.596 0.9996
120min - [ 90min -0.07 0.134194 | 80 -0.522 0.9998
120min - | basal 0.421667 0.134194 | 80 3.142 0.0565
20min - [ 30min 0.01 0.134194 | 80 0.075 1
20min - | 45min 0.100833 0.134194 | 80 0.751 0.9978
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20min - | 5min 0.625 0.134194 | 80 4.657 0.0004
20min - | 60min 0.3525 0.134194 | 80 2.627 0.1922
20min - | 90min 0.3625 0.134194 | 80 2.701 0.1641
20min - | basal 0.854167 0.134194 | 80 6.365 | <.0001
30min - | 45min 0.090833 0.134194 | 80 0.677 0.9989
30min - | 5min 0.615 0.134194 | 80 4.583 0.0005
30min - | 60min 0.3425 0.134194 | 80 2.552 0.2237
30min - | 90min 0.3525 0.134194 | 80 2.627 0.1922
30min - | basal 0.844167 0.134194 | 80 6.291 | <.0001
45min - | 5min 0.524167 0.134194 | 80 3.906 0.0058
45min - | 60min 0.251667 0.134194 | 80 1.875 0.6323
45min - | 90min 0.261667 0.134194 | 80 1.95 0.582
45min - | basal 0.753333 0.134194 | 80 5.614 | <.0001
5min - | 60min -0.2725 0.134194 | 80 -2.031 0.5272
5min - | 90min -0.2625 0.134194 | 80 -1.956 0.5778
5min - | basal 0.229167 0.134194 | 80 1.708 0.74
60min - | 90min 0.01 0.134194 | 80 0.075 1
60min - | basal 0.501667 0.134194 | 80 3.738 0.0099
90min - | basal 0.491667 0.134194 | 80 3.664 0.0126
IC plasma glucose at 6 months of age
F2 males

contrast estimate SE df t.ratio p.value
20min - | 40min 0.576071 0.198393 51.01 2.904 0.0414
20min - | 60min 0.115893 0.198393 51.01 0.584 0.9768
20min - | 90min -0.30865 0.202313 51.34 -1.526 0.551
20min - | basal -2.51696 0.198393 51.01 -12.687 | <.0001
40min - | 60min -0.46018 0.198393 51.01 -2.32 0.1554
40min - | 90min -0.88472 0.202313 51.34 -4.373 0.0006
40min - | basal -3.09304 0.198393 51.01 -15.59 | <.0001
60min - | 90min -0.42454 0.202313 51.34 -2.098 0.2365
60min - | basal -2.63286 0.198393 51.01 -13.271 | <.0001
90min - | basal -2.20831 0.202313 51.34 -10.915 | <.0001

F2 females

contrast estimate SE df t.ratio p.value
20min - | 40min 0.12625 0.231051 56 0.546 0.9819
20min - | 60min -0.3025 0.231051 56 -1.309 0.6867
20min - | 90min -0.62125 0.231051 56 -2.689 0.0684
20min - | basal -3.25438 0.231051 56 -14.085 | <.0001
40min - | 60min -0.42875 0.231051 56 -1.856 0.353
40min - | 90min -0.7475 0.231051 56 -3.235 0.0168
40min - | basal -3.38063 0.231051 56 -14.632 | <.0001
60min - | 90min -0.31875 0.231051 56 -1.38 0.6431
60min - | basal -2.95188 0.231051 56 -12.776 | <.0001
90min - | basal -2.63313 0.231051 56 -11.396 | <.0001
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F3 males

contrast estimate SE df | t.ratio p.value
20min - | 40min 0.8475 0.232455 | 40 3.646 0.0064
20min - | 60min 0.3025 0.232455 | 40 1.301 0.6919
20min - | 90min -0.12833 0.232455 | 40 -0.552 0.9811
20min - | basal -3.35333 0.232455 | 40 -14.426 | <.0001
40min - | 60min -0.545 0.232455 | 40 -2.345 0.1523
40min - | 90min -0.97583 0.232455 | 40 -4.198 0.0013
40min - | basal -4.20083 0.232455 | 40 -18.072 | <.0001
60min - [ 90min -0.43083 0.232455 | 40 -1.853 0.3585
60min - | basal -3.65583 0.232455 | 40 -15.727 | <.0001
90min - | basal -3.225 0.232455 | 40 -13.874 | <.0001

F3 females

contrast estimate SE df | t.ratio p.value
20min - | 40min 0.227 0.306542 | 32 0.741 0.9452
20min - | 60min -0.232 0.306542 | 32 -0.757 0.941
20min - [ 90min -0.644 0.306542 | 32 -2.101 0.2445
20min - | basal -3.684 0.306542 | 32 -12.018 | <.0001
40min - | 60min -0.459 0.306542 | 32 -1.497 0.5716
40min - | 90min -0.871 0.306542 | 32 -2.841 0.0557
40min - | basal -3.911 0.306542 | 32 -12.758 | <.0001
60min - [ 90min -0.412 0.306542 | 32 -1.344 0.6665
60min - | basal -3.452 0.306542 | 32 -11.261 | <.0001
90min - | basal -3.04 0.306542 | 32 -9.917 | <.0001

GTT plasma glucose at 12 months of age
F2 males

contrast estimate SE df t.ratio p.value
10min - | 120min 6.549571 0.878976 108.1 7.451 | <.0001
10min - | 20min -1.71875 0.825492 108 -2.082 0.4909
10min - | 30min -0.47313 0.825492 108 -0.573 0.9997
10min - | 45min 0.968125 0.825492 108 1.173 0.9605
10min - | 5min 3.205625 0.825492 108 3.883 0.0054
10min - | 60min 2.09875 0.825492 108 2.542 0.224
10min - | 90min 4.815879 0.841898 108.03 5.72 | <.0001
10min - | basal 11.11313 0.825492 108 13.462 | <.0001
120min - | 20min -8.26832 0.878976 108.1 -9.407 | <.0001
120min - | 30min -7.0227 0.878976 108.1 -7.99 | <.0001
120min - | 45min -5.58145 0.878976 108.1 -6.35 | <.0001
120min - | 5min -3.34395 0.878976 108.1 -3.804 0.007
120min - | 60min -4.45082 0.878976 108.1 -5.064 0.0001
120min - | 90min -1.73369 0.894996 108.14 -1.937 0.5899
120min - | basal 4.563554 0.878976 108.1 5.192 | <.0001
20min - | 30min 1.245625 0.825492 108 1.509 0.849
20min - | 45min 2.686875 0.825492 108 3.255 0.0389
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20min 5min 4.924375 0.825492 108 5.965 | <.0001
20min 60min 3.8175 0.825492 108 4.625 0.0003
20min 90min 6.534629 0.841898 108.03 7.762 | <.0001
20min basal 12.83188 0.825492 108 15.545 | <.0001
30min 45min 1.44125 0.825492 108 1.746 0.7168
30min 5min 3.67875 0.825492 108 4.456 0.0007
30min 60min 2.571875 0.825492 108 3.116 0.0573
30min 90min 5.289004 0.841898 108.03 6.282 | <.0001
30min basal 11.58625 0.825492 108 14.036 | <.0001
45min 5min 2.2375 0.825492 108 2.711 0.1565
45min 60min 1.130625 0.825492 108 1.37 0.9067
45min 90min 3.847754 0.841898 108.03 4.57 0.0004
45min basal 10.145 0.825492 108 12.29 | <.0001
5min 60min -1.10688 0.825492 108 -1.341 0.9165
5min 90min 1.610254 0.841898 108.03 1.913 0.6066
5min basal 7.9075 0.825492 108 9.579 | <.0001
60min 90min 2.717129 0.841898 108.03 3.227 0.0421
60min basal 9.014375 0.825492 108 10.92 | <.0001
90min basal 6.297246 0.841898 108.03 7.48 | <.0001
F2 females

contrast estimate SE df t.ratio p.value
10min 120min 6.721689 0.898857 110.29 7.478 | <.0001
10min 20min -2.90313 0.881485 110 -3.293 0.0347
10min 30min -1.88 0.881485 110 -2.133 0.4569
10min 45min 0.541875 0.881485 110 0.615 0.9995
10min 5min 1.793125 0.881485 110 2.034 0.5233
10min 60min 2.261828 0.902298 110.56 2.507 0.2403
10min 90min 5.09375 0.881485 110 5.779 | <.0001
10min basal 10.29563 0.881485 110 11.68 | <.0001
120min 20min -9.62481 0.898857 110.29 -10.708 | <.0001
120min 30min -8.60169 0.898857 110.29 -9.57 | <.0001
120min 45min -6.17981 0.898857 110.29 -6.875 | <.0001
120min 5min -4.92856 0.898857 110.29 -5.483 | <.0001
120min 60min -4.45986 0.919347 110.82 -4.851 0.0001
120min 90min -1.62794 0.898857 110.29 -1.811 0.6748
120min basal 3.573936 0.898857 110.29 3.976 0.0039
20min 30min 1.023125 0.881485 110 1.161 0.9629
20min 45min 3.445 0.881485 110 3.908 0.0049
20min 5min 4.69625 0.881485 110 5.328 | <.0001
20min 60min 5.164953 0.902298 110.56 5.724 | <.0001
20min 90min 7.996875 0.881485 110 9.072 | <.0001
20min basal 13.19875 0.881485 110 14.973 | <.0001
30min 45min 2.421875 0.881485 110 2.747 0.1437
30min 5min 3.673125 0.881485 110 4.167 0.002
30min 60min 4.141828 0.902298 110.56 4.59 0.0004
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30min 90min 6.97375 0.881485 110 7.911 | <.0001
30min basal 12.17563 0.881485 110 13.813 | <.0001
45min 5min 1.25125 0.881485 110 1.419 0.888
45min 60min 1.719953 0.902298 110.56 1.906 0.611
45min 90min 4.551875 0.881485 110 5.164 | <.0001
45min basal 9.75375 0.881485 110 11.065 | <.0001
5min 60min 0.468703 0.902298 110.56 0.519 0.9999
5min 90min 3.300625 0.881485 110 3.744 0.0085
5min basal 8.5025 0.881485 110 9.646 | <.0001
60min 90min 2.831922 0.902298 110.56 3.139 0.0536
60min basal 8.033797 0.902298 110.56 8.904 | <.0001
90min basal 5.201875 0.881485 110 5.901 | <.0001
F3 males

contrast estimate SE df t.ratio p.value
10min 120min 7.862209 0.571403 78.08 13.759 | <.0001
10min 20min -1.70529 0.571403 78.08 -2.984 0.0851
10min 30min -1.21196 0.571403 | 78.08 -2.121 0.467
10min 45min 0.704204 0.587105 78.2 1.199 0.9543
10min 5min 2.028876 0.571403 78.08 3.551 0.0179
10min 60min 2.773876 0.571403 78.08 4.855 0.0002
10min 90min 5.771376 0.571403 78.08 10.1 | <.0001
10min basal 9.922209 0.571403 78.08 17.365 | <.0001
120min 20min -9.5675 0.556042 78 -17.206 | <.0001
120min 30min -9.07417 0.556042 78 -16.319 | <.0001
120min 45min -7.15801 0.571454 | 78.08 -12.526 | <.0001
120min 5min -5.83333 0.556042 78 -10.491 | <.0001
120min 60min -5.08833 0.556042 78 -9.151 | <.0001
120min 90min -2.09083 0.556042 78 -3.76 0.0094
120min basal 2.06 0.556042 78 3.705 0.0112
20min 30min 0.493333 0.556042 78 0.887 0.9931
20min 45min 2.409495 0.571454 | 78.08 4.216 0.0021
20min 5min 3.734167 0.556042 78 6.716 | <.0001
20min 60min 4.479167 0.556042 78 8.055 | <.0001
20min 90min 7.476667 0.556042 78 13.446 | <.0001
20min basal 11.6275 0.556042 78 20.911 | <.0001
30min 45min 1.916161 0.571454 | 78.08 3.353 0.0319
30min 5min 3.240833 0.556042 78 5.828 | <.0001
30min 60min 3.985833 0.556042 78 7.168 | <.0001
30min 90min 6.983333 0.556042 78 12.559 | <.0001
30min basal 11.13417 0.556042 78 20.024 | <.0001
45min 5min 1.324672 0.571454 | 78.08 2.318 0.3444
45min 60min 2.069672 0.571454 | 78.08 3.622 0.0145
45min 90min 5.067172 0.571454 | 78.08 8.867 | <.0001
45min basal 9.218005 0.571454 | 78.08 16.131 | <.0001
5min 60min 0.745 0.556042 78 1.34 0.9159
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5min 90min 3.7425 0.556042 78 6.731 | <.0001
5min basal 7.893333 0.556042 78 14.196 | <.0001
60min 90min 2.9975 0.556042 78 5.391 | <.0001
60min basal 7.148333 0.556042 78 12.856 | <.0001
90min basal 4.150833 0.556042 78 7.465 | <.0001
F3 females

contrast estimate SE df | t.ratio p.value
10min 120min 9.1125 0.775073 | 80 11.757 | <.0001
10min 20min -0.48083 0.775073 | 80 -0.62 0.9994
10min 30min 1.140833 0.775073 | 80 1.472 0.865
10min 45min 3.613333 0.775073 | 80 4.662 0.0004
10min 5min 2.1875 0.775073 | 80 2.822 0.1251
10min 60min 6.071667 0.775073 | 80 7.834 | <.0001
10min 90min 8.3325 0.775073 | 80 10.751 | <.0001
10min basal 11.78333 0.775073 | 80 15.203 | <.0001
120min 20min -9.59333 0.775073 | 80 -12.377 | <.0001
120min 30min -7.97167 0.775073 | 80 -10.285 | <.0001
120min 45min -5.49917 0.775073 | 80 -7.095 | <.0001
120min 5min -6.925 0.775073 | 80 -8.935 | <.0001
120min 60min -3.04083 0.775073 | 80 -3.923 0.0055
120min 90min -0.78 0.775073 | 80 -1.006 0.9842
120min basal 2.670833 0.775073 | 80 3.446 0.0242
20min 30min 1.621667 0.775073 | 80 2.092 0.4859
20min 45min 4.094167 0.775073 | 80 5.282 | <.0001
20min 5min 2.668333 0.775073 | 80 3.443 0.0245
20min 60min 6.5525 0.775073 | 80 8.454 | <.0001
20min 90min 8.813333 0.775073 | 80 11.371 | <.0001
20min basal 12.26417 0.775073 | 80 15.823 | <.0001
30min 45min 2.4725 0.775073 | 80 3.19 0.0498
30min 5min 1.046667 0.775073 | 80 1.35 0.9125
30min 60min 4.,930833 0.775073 | 80 6.362 | <.0001
30min 90min 7.191667 0.775073 | 80 9.279 | <.0001
30min basal 10.6425 0.775073 | 80 13.731 | <.0001
45min 5min -1.42583 0.775073 | 80 -1.84 0.6561
45min 60min 2.458333 0.775073 | 80 3.172 0.0523
45min 90min 4.719167 0.775073 | 80 6.089 | <.0001
45min basal 8.17 0.775073 | 80 10.541 | <.0001
5min 60min 3.884167 0.775073 | 80 5.011 0.0001
5min 90min 6.145 0.775073 | 80 7.928 | <.0001
5min basal 9.595833 0.775073 | 80 12.381 | <.0001
60min 90min 2.260833 0.775073 | 80 2.917 0.1
60min basal 5.711667 0.775073 | 80 7.369 | <.0001
90min basal 3.450833 0.775073 | 80 4.452 0.0009
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GTT plasma insulin at 12 months of age

F2 males

contrast estimate SE df t.ratio p.value
10min 120min -0.46 0.13571 111.11 -3.389 0.0261
10min 20min -0.745 0.13308 111 -5.598 | <.0001
10min 30min -0.5938 0.13308 111 -4.462 0.0006
10min 45min -0.6188 0.13308 111 -4.649 0.0003
10min 5min 0.04188 0.13308 111 0.315 1
10min 60min -0.4775 0.13308 111 -3.588 0.0141
10min 90min -0.2925 0.13308 111 -2.198 0.4143
10min basal -0.1031 0.13308 111 -0.775 0.9973
120min 20min -0.285 0.13571 111.11 -2.1 0.4786
120min 30min -0.1338 0.13571 111.11 -0.986 0.9865
120min 45min -0.1588 0.13571 111.11 -1.17 0.9611
120min 5min 0.50185 0.13571 111.11 3.698 0.0099
120min 60min -0.0175 0.13571 111.11 -0.129 1
120min 90min 0.16748 0.13571 111.11 1.234 0.9471
120min basal 0.35685 0.13571 111.11 2.629 0.1866
20min 30min 0.15125 0.13308 111 1.137 0.9673
20min 45min 0.12625 0.13308 111 0.949 0.9895
20min 5min 0.78688 0.13308 111 5.913 | <.0001
20min 60min 0.2675 0.13308 111 2.01 0.5398
20min 90min 0.4525 0.13308 111 3.4 0.0253
20min basal 0.64188 0.13308 111 4.823 0.0002
30min 45min -0.025 0.13308 111 -0.188 1
30min 5min 0.63563 0.13308 111 4.776 0.0002
30min 60min 0.11625 0.13308 111 0.874 0.9939
30min 90min 0.30125 0.13308 111 2.264 0.3731
30min basal 0.49063 0.13308 111 3.687 0.0103
45min 5min 0.66063 0.13308 111 4.964 0.0001
45min 60min 0.14125 0.13308 111 1.061 0.9784
45min 90min 0.32625 0.13308 111 2.452 0.2674
45min basal 0.51563 0.13308 111 3.875 0.0055
5min 60min -0.5194 0.13308 111 -3.903 0.005
5min 90min -0.3344 0.13308 111 -2.513 0.2375
5min basal -0.145 0.13308 111 -1.09 0.9746
60min 90min 0.185 0.13308 111 1.39 0.8993
60min basal 0.37438 0.13308 111 2.813 0.1233
90min basal 0.18938 0.13308 111 1.423 0.8866
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F2 females

contrast estimate SE df t.ratio p.value
10min 120min -0.0455 0.06309 128.9 -0.721 0.9984
10min 20min -0.3282 0.06111 128.32 -5.371 | <.0001
10min 30min -0.3076 0.06223 128.82 -4.942 0.0001
10min 45min -0.197 0.06198 128.51 -3.178 0.0469
10min 5min 0.03732 0.06111 128.32 0.611 0.9995
10min 60min -0.1374 0.06303 128.71 -2.18 0.425
10min 90min -0.0203 0.06223 128.82 -0.327 1
10min basal 0.23543 0.06111 128.32 3.853 0.0056
120min 20min -0.2827 0.062 128.56 -4.56 0.0004
120min 30min -0.2621 0.06281 128.23 -4.173 0.0018
120min 45min -0.1515 0.06288 128.81 -2.409 0.288
120min 5min 0.08279 0.062 128.56 1.335 0.9187
120min 60min -0.0919 0.06391 129.27 -1.438 0.8808
120min 90min 0.02515 0.06281 128.23 0.4 1
120min basal 0.28091 0.062 128.56 4.531 0.0004
20min 30min 0.02061 0.06113 128.43 0.337 1
20min 45min 0.13121 0.06091 128.26 2.154 0.4418
20min 5min 0.3655 0.06003 128.02 6.089 | <.0001
20min 60min 0.19078 0.06197 128.52 3.078 0.0618
20min 90min 0.30786 0.06113 128.43 5.036 0.0001
20min basal 0.56361 0.06003 128.02 9.389 | <.0001
30min 45min 0.1106 0.062 128.63 1.784 0.6927
30min 5min 0.34489 0.06113 128.43 5.642 | <.0001
30min 60min 0.17017 0.06304 128.95 2.699 0.1584
30min 90min 0.28725 0.06197 128.02 4.635 0.0003
30min basal 0.543 0.06113 128.43 8.882 | <.0001
45min 5min 0.23429 0.06091 128.26 3.847 0.0057
45min 60min 0.05957 0.06264 128.28 0.951 0.9894
45min 90min 0.17665 0.062 128.63 2.849 0.1116
45min basal 0.4324 0.06091 128.26 7.099 | <.0001
5min 60min -0.1747 0.06197 128.52 -2.819 0.1199
5min 90min -0.0576 0.06113 128.43 -0.943 0.99
5min basal 0.19811 0.06003 128.02 3.3 0.033
60min 90min 0.11708 0.06304 128.95 1.857 0.6441
60min basal 0.37283 0.06197 128.52 6.016 | <.0001
90min basal 0.25575 0.06113 128.43 4.184 0.0017
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F3 males

contrast estimate SE df | t.ratio p.value
10min 120min -0.6517 0.13703 | 80 -4.756 0.0003
10min 20min -0.6458 0.13703 | 80 -4.713 0.0003
10min 30min -0.825 0.13703 | 80 -6.021 | <.0001
10min 45min -0.55 0.13703 | 80 -4.014 0.0041
10min 5min 0.06917 0.13703 | 80 0.505 0.9999
10min 60min -0.7025 0.13703 | 80 -5.127 0.0001
10min 90min -0.5033 0.13703 | 80 -3.673 0.0122
10min basal 0.15917 0.13703 | 80 1.162 0.9621
120min 20min 0.00583 0.13703 | 80 0.043 1
120min 30min -0.1733 0.13703 | 80 -1.265 0.9384
120min 45min 0.10167 0.13703 | 80 0.742 0.998
120min 5min 0.72083 0.13703 | 80 5.26 | <.0001
120min 60min -0.0508 0.13703 | 80 -0.371 1
120min 90min 0.14833 0.13703 | 80 1.082 0.9752
120min basal 0.81083 0.13703 | 80 5.917 | <.0001
20min 30min -0.1792 0.13703 | 80 -1.308 0.9263
20min 45min 0.09583 0.13703 | 80 0.699 0.9987
20min 5min 0.715 0.13703 | 80 5.218 | <.0001
20min 60min -0.0567 0.13703 | 80 -0.414 1
20min 90min 0.1425 0.13703 | 80 1.04 0.9806
20min basal 0.805 0.13703 | 80 5.875 | <.0001
30min 45min 0.275 0.13703 | 80 2.007 0.5433
30min 5min 0.89417 0.13703 | 80 6.525 | <.0001
30min 60min 0.1225 0.13703 | 80 0.894 0.9927
30min 90min 0.32167 0.13703 | 80 2.347 0.3273
30min basal 0.98417 0.13703 | 80 7.182 | <.0001
45min 5min 0.61917 0.13703 | 80 4.518 0.0007
45min 60min -0.1525 0.13703 | 80 -1.113 0.9706
45min 90min 0.04667 0.13703 | 80 0.341 1
45min basal 0.70917 0.13703 | 80 5.175 0.0001
5min 60min -0.7717 0.13703 | 80 -5.631 | <.0001
5min 90min -0.5725 0.13703 | 80 -4.178 0.0023
5min basal 0.09 0.13703 | 80 0.657 0.9992
60min 90min 0.19917 0.13703 | 80 1.453 0.873
60min basal 0.86167 0.13703 | 80 6.288 | <.0001
90min basal 0.6625 0.13703 | 80 4.835 0.0002
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F3 females

contrast estimate SE df | tratio p.value
10min 120min 0.37967 0.15667 | 72 2.423 0.2876
10min 20min -0.3968 0.15667 | 72 -2.533 0.2342
10min 30min -0.1233 0.15667 | 72 -0.787 0.9969
10min 45min -0.097 0.15667 | 72 -0.619 0.9994
10min 5min 0.43 0.15667 | 72 2.745 0.151
10min 60min 0.18833 0.15667 | 72 1.202 0.9535
10min 90min 0.25633 0.15667 | 72 1.636 0.7817
10min basal 0.64917 0.15667 | 72 4.143 0.0028
120min 20min -0.7765 0.15667 | 72 -4.956 0.0002
120min 30min -0.503 0.15667 | 72 -3.211 0.0484
120min 45min -0.4767 0.15667 | 72 -3.042 0.0748
120min 5min 0.05033 0.15667 | 72 0.321 1
120min 60min -0.1913 0.15667 | 72 -1.221 0.9491
120min 90min -0.1233 0.15667 | 72 -0.787 0.9969
120min basal 0.2695 0.15667 | 72 1.72 0.7323
20min 30min 0.2735 0.15667 | 72 1.746 0.7165
20min 45min 0.29983 0.15667 | 72 1.914 0.6067
20min 5min 0.82683 0.15667 | 72 5.277 | <.0001
20min 60min 0.58517 0.15667 | 72 3.735 0.0106
20min 90min 0.65317 0.15667 | 72 4.169 0.0026
20min basal 1.046 0.15667 | 72 6.676 | <.0001
30min 45min 0.02633 0.15667 | 72 0.168 1
30min 5min 0.55333 0.15667 | 72 3.532 0.0196
30min 60min 0.31167 0.15667 | 72 1.989 0.5557
30min 90min 0.37967 0.15667 | 72 2.423 0.2876
30min basal 0.7725 0.15667 | 72 4.931 0.0002
45min 5min 0.527 0.15667 | 72 3.364 0.0318
45min 60min 0.28533 0.15667 | 72 1.821 0.6682
45min 90min 0.35333 0.15667 | 72 2.255 0.3827
45min basal 0.74617 0.15667 | 72 4.763 0.0003
5min 60min -0.2417 0.15667 | 72 -1.543 0.8315
5min 90min -0.1737 0.15667 | 72 -1.108 0.9711
5min basal 0.21917 0.15667 | 72 1.399 0.8946
60min 90min 0.068 0.15667 | 72 0.434 1
60min basal 0.46083 0.15667 | 72 2.941 0.0959
90min basal 0.39283 0.15667 | 72 2.507 0.246
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IC plasma glucose at 12 months of age

F2 males

contrast estimate SE df t.ratio p.value
20min - | 40min 1.088534 0.300307 53.38 3.625 0.0056
20min - | 60min 0.922284 0.300307 53.38 3.071 0.0266
20min - | 90min 0.815954 0.310135 53.23 2.631 0.079
20min - | basal -3.60522 0.300307 53.38 -12.005 | <.0001
40min - | 60min -0.16625 0.293674 53.02 -0.566 0.9794
40min - | 90min -0.27258 0.306523 53.58 -0.889 0.8996
40min - | basal -4.69375 0.293674 53.02 -15.983 | <.0001
60min - [ 90min -0.10633 0.306523 53.58 -0.347 0.9968
60min - | basal -4.5275 0.293674 53.02 -15.417 | <.0001
90min - | basal -4.42117 0.306523 53.58 -14.424 | <.0001

F2 females

contrast estimate SE df t.ratio p.value
20min - | 40min 0.511066 0.330784 55.73 1.545 0.5383
20min - | 60min 0.302316 0.330784 55.73 0.914 0.8904
20min - | 90min -0.52643 0.330784 55.73 -1.591 0.509
20min - | basal -4.15081 0.330784 55.73 -12.548 | <.0001
40min - | 60min -0.20875 0.324358 55.03 -0.644 0.9671
40min - | 90min -1.0375 0.324358 55.03 -3.199 0.0187
40min - | basal -4.66188 0.324358 55.03 -14.373 | <.0001
60min - | 90min -0.82875 0.324358 55.03 -2.555 0.0933
60min - | basal -4.45313 0.324358 55.03 -13.729 | <.0001
90min - | basal -3.62438 0.324358 55.03 -11.174 | <.0001

F3 males

contrast estimate SE df | tratio p.value
20min - | 40min 1.703 0.352095 | 32 4.837 0.0003
20min - | 60min 1.721 0.352095 | 32 4.888 0.0003
20min - | 90min 1.364 0.352095 | 32 3.874 0.0042
20min - | basal -3.12 0.352095 | 32 -8.861 | <.0001
40min - | 60min 0.018 0.352095 | 32 0.051 1
40min - | 90min -0.339 0.352095 | 32 -0.963 0.8696
40min - | basal -4.823 0.352095 | 32 -13.698 | <.0001
60min - | 90min -0.357 0.352095 | 32 -1.014 0.8471
60min - | basal -4.841 0.352095 | 32 -13.749 | <.0001
90min - | basal -4.484 0.352095 | 32 -12.735 | <.0001

F3 females

contrast estimate SE df | t.ratio p.value
20min - | 40min 0.621333 0.346499 | 36 1.793 0.3931
20min - | 60min 0.6075 0.346499 | 36 1.753 0.4157
20min - | 90min -0.08067 0.346499 | 36 -0.233 0.9993
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20min basal -3.64117 0.346499 | 36 -10.508 | <.0001
40min 60min -0.01383 0.346499 | 36 -0.04 1
40min 90min -0.702 0.346499 | 36 -2.026 0.2746
40min basal -4.2625 0.346499 | 36 -12.302 | <.0001
60min 90min -0.68817 0.346499 | 36 -1.986 0.2931
60min basal -4.24867 0.346499 | 36 -12.262 | <.0001
90min basal -3.5605 0.346499 | 36 -10.276 | <.0001
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