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Cyp3a, Cyp2b and Cyp2c enzymes, in order to exert their therapeutic effects. This is an
important finding as it is applicable to those individuals who are more likely to be
prescribed medication (e.g. statins for hypercholesterolemia) for the management of the
symptoms associated with the metabolic syndrome.

6.2 Future Directions

Chapter Three and Four of the thesis provide a mechanistic insight which improves our
understanding of why low birth weight babies are predisposed to increased risk of
metabolic syndrome. In identifying some of the underlying mechanisms, this thesis helps
identify early life dietary and/or drug intervention strategies which can be potentially
used to lower cholesterol and reduce the incidence of the metabolic syndrome. Such
strategies could reduce the long-term use of cholesterol lowering drugs in adulthood.
Moreover, considering that adults that were born low birth weight have a higher
likelihood of prescribing these drugs, chapter Five emphasizes the importance of
personalized pharmacological therapy in these individuals. However, upon collectively
analyzing the findings from the thesis, it is critical to realize that there are a number of
important questions that still need to be addressed. The following sections of the thesis
aim to highlight some of these important questions.

6.2.1 Molecular Mechanisms Underlying Sex-Specific Effects
observed in Adult Life of Low Birth Weight Offspring
These studies have demonstrated that elevated circulating cholesterol levels in LP2
offspring are associated with impaired Cyp7al expression in both sexes at three weeks
(pre-weaning) and exclusively in the males at four months of age®. This sex-specific
effect is consistent with findings from other animal model studies. For example, LP2
offspring exhibit insulin resistance® and visceral obesity® exclusively in the adult male
offspring at postnatal day 130. While the mechanisms underlying these sex-specific
programming effects have not been elucidated, it has been hypothesized that sex steroids
(i.e. estrogen) protect the female from the development of these disease processes,
including elevated blood pressure’. Evidence for this comes from the Aromatase

Knockout (ArKO) mouse, which cannot synthesize endogenous estrogens due to
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disruption of the Cyp19 gene®. ArKO females challenged with a high cholesterol diet
have higher circulating cholesterol levels and lower Cyp7al expression compared to
wild-type females and males of either genotype®. Moreover, estrogen replacement
reversed the hepatic steatosis in male ArkKO mice®. Interestingly, this reversal is only
possible at lower doses of estrogen which are comparable to physiological levels in the
female rats as two previous studies have demonstrated a biphasic response of CYP7AL to

estrogen levels in rats'®

. Lower doses of 17 Estradiol (an endogenous agonist)
resulted in an induction of CYP7A1 expression, while at higher doses there was a
repression of CYP7AL expression. The molecular mechanism mediating this biphasic
dose response has not been fully elucidated yet. The effects of estrogen may only be part
of the reason for the sexual dimorphism, as a loss of circulating testosterone has been
previously observed in MPR males®. It is plausible that the loss of this androgen also
underlies male-specific impairment of Cyp7al and cholesterol catabolism. Elevated
activity of testosterone metabolizing Cyp3a, Cyp2b and Cyp2c enzymes observed in
adult life of MPR derived male offspring (Chapter 5) now provide evidence for the
mechanism underlying this observation. However, to pinpoint the role of these Cyp
enzymes in male specific decreases in circulating testosterone, their expression in MPR
females would need to be evaluated. In order to fully elucidate whether estrogen or
testosterone are protective towards preventing high cholesterol observed in MPR derived
adult male offspring, one can design in vivo experiments which involve castration of
MPR derived male offspring followed by a timely supplementation of estrogen or
testosterone. In conjunction, supplementing estrogen or testosterone in ovariectomized
MPR derived female offspring would also be considered to conclusively determine the
role of each hormone in the MPR derived male-specific impairment of cholesterol
homeostasis. It is also important to account for the role of other hormones in this
impairment. For instance, MPR male offspring at 130 days of age have two-fold higher
levels of circulating insulin®, which has been known to inhibit Cyp7al transcription in
both rat hepatocytes and streptozotocin (STZ)-induced diabetic rats via decreases in the
binding of transcription factors Fox01 and Smad3 to the promoter of Cyp7al'?. Lastly,
studies have now demonstrated that sex steroid hormones can influence epigenetic

mechanisms, including post-translational histone modifications'®. Therefore, future
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studies should evaluate whether alterations in the “histone code” due to endocrine
disruptions mediate these sex-specific effects. Conversely, the impact of the “histone
code” should also be examined in mediating these endocrine disruptions in low birth

weight offspring.

6.2.2 Role of Histone Modifying Enzymes in Initiating and
Maintaining Transcription of Genes Regulating Cholesterol
Homeostasis in Low Birth Weight Offspring

An imbalance of histone modifying enzymes can result in aberrant histone modification

levels in several disease processes. Consequently, these enzymes have gained a lot of

attention as potential therapeutic targets over the past decade™. Yet, no animal study has
attempted to examine changes to the global expression profiles of all known histone
modifying enzymes in placental insufficiency (PI) induced-lUGR. Two studies have
descriptively investigated changes to in vivo binding of a few histone modifying enzymes
in order to understand the post-translational histone modifications occurring at the
promoter region of pdx-1 in pancreatic B-cells and glut-4 in skeletal muscles, which
underlie the development of type 2 diabetes in IUGR rat offspring™ *°. However, the role
of histone modifying enzymes in linking PI-IUGR to other risk factors of the metabolic
syndrome remains unexplored. The two main natural consequences of placental
insufficiency are low oxygen and nutrient delivery to the fetus, which can have an effect
on the expression and activity of histone modifying enzymes. For example, hypoxia has
been demonstrated to alter the expression and activity of a variety of histone modifying
enzymes*"#. Furthermore, hypoxia has been demonstrated to increase di-methylation of

Histone H3 K9 mediated by G9a methyltransferase?’, an enzyme known to be involved

with bile acid mediated Cyp7al repression®. As MPR has been well documented to

result in placental insufficiency with low oxygen and nutrient deliver to the IUGR fetus®*

28 'a change in expression and activity of a wide variety of histone modifying enzymes

during development would be expected in this model. Furthermore, given that MPR

resulted in long-term repression of Cyp7al, there is a need to examine the changes in
expression of histone modifying enzymes which result in stable repressive post-
translational histone modifications. Thus far, the steady-state mMRNA levels of those [K9]

demethylases (Jmjd2a, Jmjd2b, Jmjd2c, Jmjd2d) that remove three methyl groups from
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[K9] of Histone H3 has been examined®. Q-RT-PCR revealed that a decrease in the
hepatic Jmjd2a mRNA was observed at e19 (data not shown). Furthermore, expression of
histone modifying enzymes needs to be correlated with their in vivo binding changes at
the promoter of Cyp7al with the use of ChlP. This would provide insight into their role
in establishing and maintaining the chromatin environment at Cyp7al promoter region
and in regulating long-term Cyp7al transcription. This role can be further strengthened
by performing in vitro studies by determining whether Cyp7al expression is altered due
to siRNA knockdown of the candidate histone modifying enzyme. The long-term goal
should be to further characterize the function of histone modifying enzymes in altering
long-term transcription of a wide variety of other cholesterol regulatory genes involved
with catabolism (Cyp8b1)*, efflux (ATP binding Cassette Transporters Al, G5 and
G8)* and synthesis (Srebp-2)*! or uptake (LDL Receptor)®!. This would lead to the
identification of key histone modifying enzymes that are more specific in prevention of
hypercholesterolemia. Additionally, it will be the first time research would be geared
towards investigating how a particular histone modifying enzyme plays a role in
influencing epigenetic mechanisms governing cholesterol regulation in general. A similar
approach can be implemented to investigate the role of histone modifying enzymes on
genes involved with glucose homeostasis. Moreover, the mRNA, protein and ChIP
library established from these experiments can be used for collaborative projects involved
with the investigation of the role of histone modifying enzymes in long-term

transcriptional regulation of hepatic genes associated with other disease processes.

6.2.3  Preventing the Developmental Origins of
Hypercholesterolemia and Glucose Intolerance
Hepatic differentiation in mammals begins at an early stage in utero, during which liver
has a major hematopoietic function until birth®. In rodents, the liver bud is formed
containing bipotential progenitor cells that differentiate into either hepatocytes or ductal
cells at mid-gestation®?. In the last three days of gestation, a high rate of fetal hepatocyte
proliferation results in the tripling of total liver weight®*. This is followed by a transition
of fetal to adult rat hepatocytes in the first week of postnatal life®*. Given that there is a

high rate of neogenesis, replication and apoptosis during this neonatal period in rats>, it
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represents a critical window for therapy designed to improving hepatic function and
proliferation. It has been previously demonstrated that the neonatal administration of
Exendin-4 (a GLP-1 analogy) in IUGR rats derived from uterine-ligated dams rescued f-
cell function and prevented the development of diabetes®®’. This was attributed to be
due to the restoration of expression of a key transcription factor Pdx-1, via epigenetic
mechanism induced alterations at its promoter region. In addition, Exendin-4 treatment
during this neonatal period has been demonstrated to prevent the development of hepatic
oxidative stress and insulin resistance®. These studies remarkably illustrate that neonatal
intervention can influence both pancreatic and liver development long-term. Future
studies should be aimed at investigating how we can exploit this plasticity in liver
development to correct the abnormalities that result from an adverse in utero

environment.

Attempts were made to correct the hypercholesterolemia in MPR derived IUGR offspring
by administering an LXR agonist (GW3695) from postnatal day 5 to 15 (Figure 6.1). The
LXR agonist GW3695 was chosen for these studies in MPR offspring for several reasons:
(1) restoration of proteins during neonatal life (LP3) stimulated LXR expression and
restored cholesterol homeostasis, (2) hepatic LXR expression is impaired in MPR
offspring at day 130, (3) diminished hepatic LXR in MPR offspring also mediates their
impaired glucose tolerance®® and (4) GW3695 has been previously used in neonatal rat
studies in vivo to effectively boost LXR activity*® “°. Interestingly, a week later (postnatal
day 21), these offspring had decreased circulating LDL:HDL cholesterol ratios which
was concomitant with elevated LXRa and Cyp7al expression*. Furthermore, this was
associated with a permissive chromatin environment as assessed by increases in the
acetylation of histone H3 [lysine 9] surrounding the LXRE of the Cyp7al promoter*.
Investigations to determine whether these changes are maintained in adulthood as a
consequence of this neonatal LXR are currently underway. Future studies should also
focus on determining whether this intervention will reverse the glucose impairment

observed in these offspring in adult life.

In Chapter Four it was demonstrated that a mismatched diet leads to increased ER stress

in ITUGR rats. However, little is known about whether early intervention with diet or
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drugs could alleviate ER stress and symptoms of the metabolic syndrome long-term. In
adults, a number of studies have demonstrated significant clinical implications of
therapies to improve metabolic control by alleviating ER stress. In humans, weight loss
has been associated with a decrease in ER stress markers in the adipose and liver
tissues*. Furthermore, chemical and molecular chaperones have received a lot of
attention as agents improving metabolic control and insulin sensitivity in animal models,

43-46

as well as in obese humans™™. For instance, the chemical chaperone sodium 4-

phenylbutyrate (PBA), has been demonstrated to reduce ER stress induced by either

47 % In humans, oral

hepatocellular injury or chronic oleate exposure in mice
administration of PBA has been observed to alleviate insulin resistance and [ cell
dysfunction*. Although PBA is not safe to use during pregnancy, it is routinely used in
children for the treatment of urea cycle disorders
(http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_-

_Product_Information/human/000219/WC500024753.pdf)*°. Therefore, despite being
unsafe during pregnancy, it may prove to be an effective agent for intervention during
neonatal life of IUGR offspring. Orally active Tauroursodeoxycholic Acid (TUDCA) is
another example of chemical chaperone that has been demonstrated to improve insulin
sensitivity of the liver and skeletal muscle in animals and humans* “°. Interestingly,
unconjugated Ursodeoxycholic acid (UDCA) is clinically approved for the treatment of
intrahepatic cholestasis during pregnancy®*®. In addition, UDCA has been demonstrated
to reduce apoptosis in human placental explants treated with increasing levels of bile

acids®®

. However, the use of TUDCA for the purpose of preventing placental
insufficiency by increasing its ER folding capacity has never been investigated. In
addition, the use of PBA or TUDCA during neonatal life has not been considered in
preventing the onset of the metabolic syndrome in IUGR offspring. It is conceivable that
short-term intervention, which exploits liver plasticity during development, by
administration of chemical ER chaperones would help prevent the observed increases in
cholesterol levels and glucose intolerance in the adulthood* *°. Studies with similarity to
the LXRa agonist neonatal intervention approach are currently underway to determine if

oral administration of TUDCA (1g/Kg body weight) will prevent ER stress and rescue


http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_-_Product_Information/human/000219/WC500024753.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_-_Product_Information/human/000219/WC500024753.pdf
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the high cholesterol levels and glucose impairment of MPR derived ITUGR offspring in
adult life (Figure 6.1).
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Figure 6.1: Neonatal Drug Intervention Studies. Cholesterol and glucose homeostatic
parameters will be examined in four separate dietary regimes which include a normal
(20%) protein diet administered a vehicle (Vehicle + CONTROL) or a drug (Drug +
CONTROL) and a low (8%) protein diet during pregnancy and weaning alongside
administration of a Vehicle (Vehicle + LP2) or a drug (Drug + LP2) from postnatal day 5
to 15. Vehicle and drugs were administered intra-peritoneal (IP). Vehicle: DMSO
(50mg/kg 1P). Drug: LXRa Agonist GW3695 (50mg/kg IP) or ER chaperone TUDCA
(19/kg administered orally).
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6.2.4 Investigating Alterations in Drug Metabolism in Adulthood of
IUGR Offspring
Based on the findings presented in this thesis, IJUGR offspring are more likely to be
prescribed drugs for management of metabolic risk factors. However, epidemiological
studies have not been conducted to determine if this is indeed true. In Chapter Five, a
MPR rat model was used to demonstrate that IUGR offspring have elevated activity of
important hepatic drug metabolizing Cyp enzymes in adulthood. These findings
suggested that IUGR offspring would require augmented doses of drugs in adult life in
order to exert their therapeutic effect when compared to normal birth weight offspring.
Further experimentation is required in order to validate this point. A quick indicator of
whether pharmacokinetics of a drug is altered in animals can be derived from the
zoxazolamine paralysis assay, where a decrease in duration of paralysis is related to faster
clearance of zoxazolamine®’. For a more thorough and conclusive analysis,
pharmacokinetic parameters of drugs of interest need to be correlated with their
respective drug disposition molecular pathways in adult life of IUGR offspring. These
pathways mainly include Phase | and Phase Il drug metabolizing enzymes, plasma
binding proteins, uptake proteins and transporters in several tissues. Moreover, it remains
to be determined whether different insults leading to IJUGR would similarly impact drug

pharmacokinetic measures in adult life.

6.3 Conclusions

The impact of adverse events during development on an individual’s long-term wellbeing
is undoubtedly strong. In most cases these adverse events can be prevented from
occurring by intervention. However, there are several scenarios where adverse events
remain unnoticed or have already impacted developmental processes by the time they are
recognized. Therefore, development of biomarkers, which provide earlier identification
of impaired development would be invaluable in these situations. However, until this can
be achieved, it is imperative to increase our understanding of the underlying mechanisms
which program offspring impacted by these adverse events to an increased risk of adult

diseases. Therefore, the focus of this thesis was to investigate these mechanisms in order
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to enhance our understanding of why low birth weight offspring have increased risk of
developing the metabolic syndrome in adult life (Figure 6.2). In the first section of the
thesis, elevated cholesterol levels in low birth weight offspring were shown to be linked
to long-term repressive changes in histone modifications at the promoter of Cholesterol
7a-Hydroxylase, a rate-limiting enzyme involved with cholesterol catabolism. The
second section of the thesis provided novel evidence to suggest that in addition to
epigenetic and transcriptional mechanisms underlying the ‘developmental origins of adult
disease’, activation of hepatic ER stress may mediate long-term insulin resistance and
hypercholesterolemia observed in these offspring (Figure 6.2). Moreover, these two
sections provide support to the “Predictive Adaptive Response” hypothesis, as the
impairment in hepatic cholesterol catabolism and ER stress was present exclusively in the
IUGR rat offspring which received a nutritional mismatch and displayed accelerated
growth rates in postnatal life. By understanding the role of these molecular mechanisms
in mediating these developmental abnormalities, better strategies for preventing the onset
of adult diseases can be developed. The third section of this thesis focuses on
investigating mechanisms which will enable the development of strategies for risk
management as opposed to risk prevention (Figure 6.2). Given that IUGR offspring are
more likely to be prescribed medication for management of the metabolic syndrome, the
impact of IUGR on Phase | of drug metabolizing enzymes in adulthood was investigated
in Chapter Five. The findings demonstrated that IUGR offspring when faced with a
nutritional mismatch had elevated Cy3a, Cyp2b and Cyp2b enzyme activity, suggesting
the need for augmented doses of drugs metabolized by these enzymes in order to manage
the symptoms of the metabolic syndrome in adult life. Overall, it is anticipated that the
findings presented in this thesis will lead to a better understanding of the molecular

mechanisms underlying the early programming of the liver.
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