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ABSTRACT

Adult exposure to high fat diet (HFD) has been didkio increased risk of musculoskeletal,
cardiovascular, and metabolic diseases; howevercdhtribution of gestational HFD to elevated
oxidative stress (OS), perinatal cardiovasculaeletll, and metabolic dysfunction as well as
long-term effects on adult offspring are incompletenderstood. Pathophysiologic mechanisms
linking gestational HFD, OS, and insulin resistanaeperinatal development and adult-onset
chronic diseases are explored in the present studlymaternal antioxidant (quercetin) is offered
as a potential preventive dietary supplement taicedfetal and maternal sequelae of HFD.
Female C57BL/6 mice were fed “cafeteria-style” Hfiicluding 32.1% saturated fat to mimic a
typical fast food menu) with or without quercetiar fone month prior to conception, and
throughout gestation. HFD dams developed gestdtidiadetes with significantly increased
placental OS and vasculopathy. Neonates were enalbirth than age-matched controls, and
surviving offspring developed type 2 diabetes, Imgresion and osteoporosis during adulthood,
despite having been fed healthy diet throughout thestnatal life. Additional measures of bone
using three-dimensionally reconstructed computechofgraphic image analysis (microCT)
revealed microarchitectural changes of bone ahbiand at 6 and 12 months postnatally.
Fetuses from HFD dams displayed diminished boneeraindensity (BMD) and disrupted
endochondral and intramembranous ossification gighificantly shortened distal limb lengths,
as compared to offspring of standard rodent chomsda Skeletal malformation persisted into
adulthood despite the fact that both control andH¥fspring were fed conventional rodent
chow throughout postnatal life. The offspring gaetelly exposed to HFD showed significant
decreased femoral BMD at 6 months of age and dykaegn of distal femoral trabecular
architecture at 12 months of age, indicating dgwalent of osteoporosis. We were able to
reduce incidence of placental vasculopathy, fetaldevelopment and adult-onset type 2
diabetes, hypertension and osteoporosis with coscumaternal quercetin supplementation

during pregnancy. Collectively, these data suggkgtat maternal HFD increases placental OS



and vascular damage during pregnancy, which areciadsd with fetal malformation and
elevated adult-onset multisystemic chronic disedgeasernal quercetin supplementation must be
further explored as a potential dietary intervemtifor improved placental integrity, fetal
development and lifelong health.
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CHAPTER |

| ntroduction and Literature Review

Gestational diabetes mellitus

Gestational diabetes mellitus (GDM) is a common aielic abnormality, which is
characterized by glucose intolerance first recagphiduring pregnancy. GDM is associated with
increased incidence of fetal malformation, perihatartality, and maternal morbidity (Dandrow
and O'Sullivan 1966; Stevensen al. 1982). GDM is thought to result from an interaotiof
genomic and environmental factors, and affects 2-68%ll pregnancies with increased risk of
type 2 diabetes in GDM moms in subsequent yearsyedisas increased risk of diabetes and
obesity in offspring (Sha@t al. 2002). However, it is of considerable concern tretent
changes in the gestational environment, includirg, éir and water quality may be associated
with drastically increased incidence of GDM and miagresent a substantive health risk for
pregnant women and their offspring (Catalat@l. 2003). Relevant dietary factors, including a
high fat diet (HFD) intake, have been shown to atlygepromote glucose intolerance, obesity,
and hypertension (Bet al.2001; Rolo and Palmeira 2006).

Epidemiological studies have shown an increasedence of GDM (decreased maternal
insulin sensitivity/increased insulin resistancejoag populations consuming a typical Western
diet high in saturated fat (Catalaabal.2003). The percentage of saturated fat is an eldgnt
predictor of metabolic abnormalities, as women wath exceptionally high consumption of
saturated fat (30% of total kilocalories) develogrked abnormalities in glucose metabolism and
insulin resistance (B@t al. 2001). Although the primary cause of GDM is incdetgly

understood, it is clear that HFD- induced insuésistance plays an early role in its pathogenesis.



There is evidence that increased fatty acids fHRD appear to cause insulin resistance by
directly inhibiting insulin-stimulated glucose tsport activity (Dresneret al. 1999). This
inhibition is likely because intracellular fattyyhdCoAs and diacylglycerol accumulates. That
inactivates the tyrosine kinase domain of the insukceptor and interferes with the insulin
signaling pathway, ultimately leading to suppressad insulin signaling and further insulin
resistance (Lowell and Shulman 2005). Subjects déwelop GDM usually have a complex
phenotype with defects in insulin secretion, insezghhepatic glucose production, and resistance
to the action of insulin, all of which contribute the development of overt hyperglycemia.
Although the precise mechanisms whereby these tfaers interact to produce glucose
intolerance and diabetes are uncertain, it has kaggested that the final common pathway
responsible for the development of GDM and typaabetes is an incomplete compensation of
pancreatic beta cells to increase insulin secratioproportion to elevated circulating glucose
levels. This results in manifestation of GDM: byglycemia, hyperinsulinemia, and insulin
resistance (Saltiel and Olefsky 1996; Kahn 199&0u#z and Banerji 2004).

Animal models provide an important research toctltaidate pathophysiologic aspects
of human diseases. Animal models mimicking diabétepregnancy have historically been
induced by injecting diabetogenic drugs, partidylatreptozotocin (STZ) to pregnant or soon to
become pregnant mice. However, diabetogenic drugs as the alkylating agent STZ induce a
severe diabetic syndrome that more closely mimjipge tL rather than type 2 or GDM. This is
because STZ works by near-complete ablation of neatic beta cells, resulting in
hyperglycemia and hyperinsulinemia. In contragbet and GDM are characterized by intact
beta cells but alteration of insulin sensitivityedio dysregulated insulin receptor activity. GDM

is also often characterized by modest elevationblaod glucose levels, in contrast to STZ-



induced diabetes, which often results in mean gledevels exceeding 350 mg/dl (Holemats
al. 2004), which further suggests the inadequacy®f&hZ model for study of GDM (Holemans
et al. 2004). Consequently, attempts to improve the STadehinvolved lowering the dose of
STZ to cause a more modest elevation in circulaghgose, similar to GDM. This modified
STZ protocol did produce moderate hyperglycemia, desulted in variable effects on fetal
growth, pancreatic insulin content, and plasma I insulin, and therefore is still not
considered a suitable model for GDM (Kervigral. 1978; Aertset al. 1988; Ohet al. 1988; Oh

et al. 1991). Different genetic animal models have alserbconsidered for GDM studies.
However, use of genetically altered animal modaish as leptin or leptin receptor-altered mice,
to study environmental factors of metabolic disosds also not ideal. On one hand, it is difficult
to disentangle the contribution of genes and enwment. On the other hand, the genetic
modifications seen in these knockout strains atenofiot represented in human GDM patients
(Widdowson 1997; Wilsoret al. 1999). Therefore, a suitable GDM mouse model lmaaen
available.

Recent studies show that lifestyle and diet araugho to play critical roles in the
development of metabolic disorders of pregnancyhaag obesity and GDM (Holemaes al.
2004). Thus, we hypothesized that maternal highlit&t (HFD) induces GDM and initiated this
study with the objective of developing an economicaproducible, and appropriate mouse
model to investigate putative pathophysiologic namtéms of GDM, and to explore possible
preventive or therapeutic regimens to reduce adveffects of GDM in syngeneic C57BL/6J
mice. C57BL/6 is the most widely used inbred strésncommonly utilized in cardiovascular,
developmental, and immunologic research, and ig cmamonly used to study mechanisms of

diabetes, obesity, and osteoporosis. In the presedy,clinical signs of GDM were achieved by



feeding female C57BL/6 mice HFD diet before andirtyipregnancy, which produced insulin
resistance and hyperglycemia, similarly to GDM. Wen used this mechanism to explore the

effects of HFD and GDM on maternal health, and l@ron effects on surviving offspring.

Placental function on fetal growth

The placenta is central to fetal development bex#ysays such a vital role in control of
fetal nutrition. The placenta actively regulates tiature and extent of nutrient, gas, and waste
transfer between the dam and the fetus (Silgeywl. 2005). The placental vasculature and
trophoblast also produce hormonal signals thatcaffeaternal and fetal metabolism, and direct
placental and fetal signaling pathways of develapni®lyatt 2006). Appropriate development
of the placenta is crucial to normal fetal develept and a properly formed placenta plays
several roles on fetal growth, including nutriegds, and waste exchange, hormonal control, and
immune protection of the fetal allograft (Myatt Z)OIn the human placenta, the primary barrier
to maternal-fetal exchange is the syncytiotrophstbla transporting epithelium covering the
placental villi that project into the maternal bibof the intervillous space. Additionally, the
placenta contains an extensive network of intetdliigg fetal and maternal blood vessels that are
closely apposed, to readily facilitate nutrients,gand waste exchange between the mother and
the fetus during development. Placental nutrieamtdport has long been known to be dependent
on vascular development which determines blood timwoth sides of the placenta and transport
of flow-limited substrates. Recent animal experitasdmave highlighted the involvement of both
the vasculature and trophoblast in overall pladdatection (Myatt 2006).

Changes in placental growth represent an impbitak between perturbations in the

maternal compartment (such as reduced placentaddbllow, altered maternal nutrition and



diabetes) and alterations in fetal growth. Reducedernal placental blood flow, leading to
‘placental insufficiency’, probably represents thest common underlying cause of intrauterine
growth restriction (IUGR) in Western societies @on and Powell 2007). Conditions such as
smoking, obesity, and diabetes mellitus that ieterfwith placental cell viability, or placental
vascular integrity, will directly impact the heakind development of the fetus. Recent studies of
placental morphology have demonstrated distincoabalities of placental villi that could be
associated with particular presentations of IUGEh@gdom et al. 2000; Mayhewet al. 2004).
Environmental exposures or diseases that causesiear apoptosis of growth factor-secreting
placental trophoblasts, or cause elevated oxidaivess (OS) and ischemic or inflammatory
damage to maternal or fetal labyrinthine placentsdculature, have been shown to result in
IUGR and improper fetal organ system development.

A major role of the placenta during organogenesifoiregulate exposure of the early
developing embryo to reactive oxygen species (R@8ich are present in the maternal
circulation (Jauniawet al. 2006; Tjoaet al. 2006). This delicate mechanism of oxygen transfer
control protects the embryo from OS, as in the yeg@hases of development embryonic
antioxidant capacity is limited. The syncytiotropkestic cells that cover the outer surface of the
placental villi are in direct contact with the alaly high oxygen concentrations in maternal
blood, but have reduced levels of antioxidant ereyrdauniauwet al. 2006). Hence, they are
prone to redox state imbalance and damage if me&t@8 is markedly elevated. Because of this
delicate balance, states of increased maternal ©Shaught to exert significant and direct
effects on embryonic and fetal redox status. Irsgdaplacental OS has been described in
maternal diabetes, in preeclampsia and in otheades of pregnancy (Ornoy 2007). Several key

signaling molecules and growth factors have beemwslto contribute to OS-mediated placental



vasculopathy, including vasculoendothelial growdictér (VEGF), fibroblast growth factor-2
(FGF-2), matrix metalloproteinase-2 (MMP-2), platellerived growth factor (PDGF), leptin,
interleukin (IL) -1, 3, -11, -12, tumor-necrosistar (TNF) and granulocyte-colony stimulating
factor (G-CSF) (Ribattet al. 2007). These factors have been found to intexawergistically to
influence angiogenesis (Cao al. 2001), affect inmunomodulation (La Cagtal. 2004), alter
rate of cell apoptosis (La Caw al. 2004), and play instrumental roles in fetal andcphtal
development. Therefore, it is suggested that tsfamith OS-mediated abnormal placental
phenotypes have a greater risk of neonatal martatitt morbidity and possibly increased future
risk of ischemic heart failure and diabetes (Sib&tyal. 2005). Additional study into the
relationship between OS, inflammatory/ischemic gtdal vascular and trophoblast damage, and
their effects on the developing fetus will greathgprove mechanistic understanding of the

contribution of environmentally induced OS to fedavelopment.

High fat diet, oxidative stress and fetal maldevelopment

Oxidative stress refers to a disturbance in tharizad between the production of ROS and
antioxidant defenses that may lead to tissue in(ttglliwell 1997). Shortly after conception,
there is a physiologically necessary burst of RKx8 mediates implantation. ROS cause release
of MMPs that degrade endometrial connective tissue permit proper implantation. However,
prolonged or excessive OS during pregnancy is densil pathologic, as excessive OS interferes
with trophoblast differentiation, alters expressioh proinflammatory cytokines and growth
factors (Hill et al. 1998; Myattet al. 2000; Sikkemaet al. 2001), and induces lipid peroxidation,
protein carbonylation, and DNA damage that alteregexpression related to placental and fetal

growth. Specifically, several key components ofedlepment are impaired by excessive ROS,



including vascular endothelial health, fetal singl done density, reduced NAD(P)H reductant
capacity, and alteration of mesenchymal stem cgilating that favors adipocyte rather than

osteoblast differentiation. Collectively, thesetéas increase risk of osteoporosis later in life

(Baynes 1991; Cederbegg al. 2001; Baeret al.2004). These effects may be attributed either to
increased production of ROS, or decreased antiakickgpacity, or both.

It is thought that ROS mediate inflammation andppsis through altered cell signaling
and activation of NF- kappa B pathway, which causescular inflammatory placental damage
and enhances tissue-destructive effects by upregulaof multiple immune, protein,
inflammatory cytokine, and proapoptotic (Bcl-2 aodspase) genes that are related to fetal
development (Barnes and Karin 1997; Haddad 2002te/éh al. 2002; Coughlaret al. 2004;
Ribeiro et al. 2004; Pustovrlet al. 2005). ROS-mediated activation of NF- kappa Byaty,
inflammation, and apoptosis inhibits peroxisomelifexator-activated receptor-gamma (PPAR-
gamma) that in turn results in upregulation of wdacstress response genes. This pathway is
the proposed pathogenesis of human vascular dseaseh as preeclampsia and atherosclerosis
(Collins 1993; Rodriget al.2005; Gacet al.2006; Takad&t al.2006)

Optimal fetal development also relies on an intaba orchestrated availability of
nutrients. The developing fetus is highly sensitte intrauterine conditions during gestation.
Maternal health, nutrition, and environmental expes play an integral role in fetal
development, and stresses to the fetus, includimdnutrition, exposure to environmental
chemicals, and other maternal stressors lead tweqate fetal development. Busy Western
lifestyles have led to an increased reliance onféasl for nutrition, which is high in fat content,
especially saturated fat, which increases OS awdraely affects cardiovascular, endocrine, and

reproductive health of those who regularly ingdst(BErhardt et al. 1997). Increased OS



secondary to HFD and increased plasma free faity @A) concentrations are thought to
cause mitochondrial dysfunction. It has been sugdethat long-term HFD intake increases
guantity of electron transfer donors (NADH and FADlNnd further increases the ATP/ADP
ratio, which leads to the inhibition of the elect transport chain, which then generates excess
ROS by overproduction of superoxide by the mitoch@ electron-transport chain (Rolo and
Palmeira 2006). Elevated plasma fatty acids alsultrein uncoupling protein-2 (UCP-2)
dysfunction, which increases production of ROS, ahdrs gene expression in metabolic and
cell signaling pathways important to fetal devel@min(Briaudet al. 2002). UCP-2 expression
is inversely correlated with the level of ROS gatien by respiring mitochondria, and therefore
is thought to play a role in defense against agdveffects of excessive ROS (Negre-Salvastre
al. 1997). Moreover, HFD is also suggested to actipateoxidant enzymes such as NAD(P)H
oxidase nitric oxide synthase@NOS), xanthine oxidase and mitochondrial enzyméss, along
with altered glutathione systems, results in iasesl superoxide and other ROS formation,
which inflicts damaging effects on the vasculat{Raravicini and Touyz 2006). OS contributes
to vascular damage by promoting cell growth, exitatar matrix protein deposition, activation
of matrix metalloproteinases, inflammation, and ahdlial dysfunction (Stoker 2005; Tonks
2005; Paravicini and Touyz 2006). The resultinftammation and vascular damage are related
to diminished placental blood flow, placental troplast loss, and disruption of endothelium,
which together diminish fetal circulation and elevask of fetal skeletal malformation (Garcia-
Pattersoret al.2004).

Chronic consumption of diets high in saturated fatassociated with poorly-controlled
hyperglycemia (e.g., >140 mg/dL), hyperinsulineménd insulin resistance; these effects,

characteristic of type 2 and GDM, are linked to -&-fdld increased risk infant mortality.



Moreover, HFD-induced hyperglycemia, hyperinsulimeeand insulin resistance cause increased
OS and modification of cell signaling pathways tedbto fetal development (Styrad al. 1995;
Garcia-Pattersoet al. 2004; Wender-Ozegowsket al. 2005; San Martin and Sobrevia 2006).
Studies show the relationship between HFD, hypesghya, and GDM in the impairment of
fetal development, and this is thought to occuralbse of an upset in the oxidant-antioxidant
balance favoring the former. Elevating OS alterpression of proinflammatory cytokines
(particularly TNF-alpha, IL-1B, IL-6, IL-8, fibringen, e-selectin, C-reactive protein (CRP), and
monocyte chemotactic protein-1 (MCP-1)), markers eoiergy homeostasis (leptin, which
influences energy homeostasis; resistin, which irsggucose tolerance, and adiponectin, which
acts as an insulin sensitizing effector) (Bajatal.2002; Henson and Castracane 2002; Lappas
et al. 2002; Catalanet al.2003; Gordeladze and Reseland 2003; Megia.2004; Lappast al.
2005; Bastardet al. 2006), and growth factors (VEGF, glyceraldehyde@h8sphate
dehydrogenase (GAPDH), FGF-2, insulin-like growtactbr-1 (IGF-1) and 2, bone
morphogenetic protein-7 (BMP-7)) (Hgit al. 1998; Inzerillo and Epstein 2004; Qatial.2005)
Increased OS during pregnancy causes placentallaageathology, decreased fetal-
maternal gas and nutrient exchange, increased mesdflormation, and IUGR (Pratest al.
2006a). Therefore, adverse fetal outcomes may leetdulirect OS effects on the fetus, or
indirect effects on the placenta such as vasculanagie secondary to increased superoxide
generation (Lyallet al. 1998). Superoxide dismutase (SOD) is an enzymé diegrades
superoxide radicals and outcompetes damaging oeactif superoxide, thus protecting the cell
from superoxide toxicity. It is a major sourcecgfoplasmic and extracellular ROS scavenging
(Inoue et al. 1996). A study showed that mice genetically alteat the SOD locus (SOD

knockout mice) develop massive OS and a wide rahgathologies (Elchumt al.2005).SOD



aids placental trophoblast differentiation, and idished placental SOD causes trophoblast
syncitialization and increased trophoblast apoptoss observed in preeclampsia (Myetttal.
2000). Since trophoblasts direct fetal developntbrgugh liberation of cytokines and growth
factors, trophoblast cell loss is considered todb&imental to fetal development. Therefore,
increased OS, modification of cell signaling pathgyaand alterations in inflammatory cytokines
and growth factors, collectively result in placéntascular dysfunction and reduction in blood
flow and nutrient supply from placenta to levelsdufficient to sustain proper fetal skeletal
growth and development (Styrd al. 1995; Garcia-Pattersaet al. 2004; Wender-Ozegowska
et al.2005; San Martin and Sobrevia 2006). Based opt&eéous work, in the present study, we
investigated the effect of maternal HFD on placde@& and how this increased OS affects

placental vascular integrity and fetal growth aegelopment.

Platelet-endothelial cell adhesion molecule-1 (CD31)

CD31 is also called platelet-endothelial cell adhesmolecule-1 (PECAM-1) and
endothelial cell adhesion molecule (endoCAM). CDla single-pass transmembrane
glycoprotein of ~ 130 kDa with an ectodomain, a sraembrane region, and a cytoplasmic tail
(Newmanet al. 1990; DelLisseret al. 1994). It is secreted by trophoblasts and locdline
endothelium of large and small vessels in the piEc@ yall et al. 2001). This molecule is also
widely expressed by cells associated with the Jascaompartment, such as platelets,
endothelium, monocytes, neutrophils and Ilymphog¢ytasd appears very early during
development of the vascular system (DeLisdaal. 1994). CD31 is also expressed constitutively
on pulmonary arterial, capillary, and venular ehetitm (Tasakaet al. 2003). Although not all

of the physiological roles of CD31 have been deteech studies to date suggest that CD31
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functions as a cell adhesion molecule in at least tapacities. Its localization to cell-cell
borders of adjacent endothelial cells (Muller al. 1989) suggests that CD31 may play an
important role in endothelial cell homotypic intetians in the process of angiogenesis. This is
further confirmed by the ability of antibodies awggti CD31 to inhibit the formation of
endothelial cell-cell interactions (Albeldst al. 1990). Additionally, experiments both vitro
andin vivo have implicated CD31 in leukocyte transmigratibrotgh the vessel wall during
inflammation (Mulleret al. 1993). In fact, immunoneutralization of CD31 blseakeutrophil and
monocyte migration through endothelium (DeLisst¢ral. 1994). CD31 mediates adhesion
between several vascular cells, as well as celtsyaloid origin. Recent studies have suggested
that CD31 and other endothelial cell adhesion miésc (CAMs) may also play a role in
placental spiral artery transformation which iseg ktep towards establishment of fetal-maternal
exchange (Zhoet al. 1997). Thus, decreased expression of CD31 is titdiogbe a marker of
endothelial cell dysfunction and vasculopathy, ad indicator of vascular-induced fetal
malformation.

CD31 has also been demonstrated to associate at#icltenin by altering the quantity,
activation, phosporylation, and nuclear localizatod beta-catenin (llaet al. 1999; Biswaset al.
2003). Studies have suggested an association hetlwednished expression of beta-catenin and
reduced endothelial cell CD31 expression (Bisetal.2003). Thus, CD31 is thought to serve,
at least in part, as a reservoir for beta-catetlan (et al. 1999). Beta-catenin is critically
involved in canonical Wnt signaling, which mediatesveral biologic processes including
embryonic development, bone formation, glucose lgnd metabolism and insulin secretion.
Attenuation of the Wnt/beta-catenin signaling patkiwby decreased expression or

phosphorylation of beta-catenin has been suggestéidk with several features of metabolic
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syndrome including hyerlipidemia, hypertension,béi@s and osteoporosis (Manolagas and
Almeida 2007). Therefore, decreased CD31 expressiag be linked with above diseases
through the attenuation of Wnt/beta-catenin signgalln the present study, the intensity of CD31
immunofluorescense staining of control, HFD, andDHF antioxidant quercetin was used to

explore the effect of HFD and OS on the placemdbghelium.

Developmental Originals of Health and Disease (DOHaD)

The developmental origins of health and diseas®thgsis describes a concept that was
originally put forward by David Barker and colleaguwhich stated that environmental factors,
particularly nutrition, act in early life to prograthe risks for the early onset of cardiovascular
and metabolic disease and reduced life expectamcyadult life (Barker 1995). The
developmental environment is thought to determindarge part, the metabolic parameters of
the individual that will persist throughout life drsignificantly affect life-long risk of adult
diseases. The process whereby a stimulus, appleedréical or sensitive period of development,
results in a long-term or permanent effect on thaecture or function of the organism is called
fetal programming (Ozanne 2001). Numerous epidesgioél studies have demonstrated a
strong association between IUGR and the later dpweént of metabolic syndrome, consisting
of arterial hypertension, coronary heart diseagsliidemia, visceral obesity, impaired glucose
tolerance, and type 2 diabetes mellitus (Barkerl. 1989). Associations between low birth
weight in childhood and raised blood pressure (BP)adult life have been extensively
demonstrated around the world (Barker 1998). A ystud Sweden reported that the risk of
increased diastolic BP was significantly higheaigroup of male military recruits who had been

small at birth. These authors concluded that béiogn small for gestational age might be a
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valuable predicator of increased BP and increassdd af cardiovascular death in adult life
(Gennseret al. 1988). Hales, along with Barker, found that satgevho were smaller at birth
had a 6-fold increased risk of developing type &odies than those who were heavier at birth
(Haleset al.1991b) and also displayed more than 18-fold irswdaisk of developing metabolic
syndrome. Studies conducted in Denmark with botimemggotic and dizygotic twins in their
sixties who were discordant for type 2 diabetesagibthat the twin diagnosed with lower birth
weight more commonly developed type 2 diabetes thaim heavier twin (Poulsegt al. 1997).
This study indicated that increased risk of diabdtem poor fetal development is independent
of genotype as the monozygotic twins are geneyigdkntical. This finding also supports the
hypothesis that the fetal environment may be maftiential than genotype for the links
between fetal maldevelopment and risk of adult-bds®ases.

During the past decade there have been a numimeedifanistic frameworks proposed to
epidemiologically explain the biological basis bétassociations observed between birth weight
and health outcomes. In 1992, Hales and Barkernedoithe term the thrifty phenotype
hypothesis(Hales and Barker 1992 he ‘thrifty phenotype hypothesigfoposes that alterations
in fetal nutrition may result in developmental awdjons that permanently change the
physiology and metabolism of the offspring, thergirgdisposing individuals to metabolic,
endocrine and cardiovascular disorders (Hales aatteB 1992; Barker 1998). According to
‘the thrifty phenotype hypothesisvthen the fetal environment is poor, there is dapéve
response, which optimizes the growth of key bodyaos to the detriment of others and leads to
an altered postnatal metabolism, which is desigt®edenhance postnatal survival under
conditions of intermittent or poor nutrition (Halesd Barker 1992; Hales and Barker 2001).

These adaptations may confer an initial survivalaatiage to the fetus, but then may predispose
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the individual to degenerative disease in postaaypctive life, particularly if the postnatal
environment does not closely parallel the adversagial environment. Thus, the defective fetal
environment would affect long term offspring deyeieent and is thought to increase risk of
chronic multisystemic disease (Rolo and Palmeit@62Extending uponthe thrifty phenotype
hypothesis’the most recenpredictive adaptive response hypothegi&luckman and Hanson
2004b; Gluckman and Hanson 2004a) proposes thdethe makes adaptations utero (or in
the early postnatal developmental period) basethemredicted postnatal environment. When
this predictive adaptive response is appropriate, phenotype is normal; however, when
mismatch occurs between the predicted and actwaloament, disease manifests. Studies show
permanent growth restriction results if maternabt@in-restricted diet is continued during
lactation, even when the offspring are weaned antontrol diet; however, obesity often results
when the maternal diet exceeds that of the predat(Desaket al. 1996). Therefore, the degree
of mismatch between the pre and posthatal envirotsnes an important determinant of
subsequent diseases.

The intrauterine environment is now thought to bbecial in programming for adult
diseases (Barker 1995). The contribution of mataraaition to the fetal origins hypothesis has
been studied extensively in both the human pomratind in experimental animals, since it is
the critical factor to determine the intrauteringvieonment. Maternal malnutrition induces
abnormal glucose homeostasis (Guo and Jen 199%grTetyal. 2005), increased BP (Langley-
Evans 1996; Khaet al. 2005), abnormal serum lipid profiles (Karrek al. 1989; Guo and Jen
1995), increased adiposity (Guo and Jen 1995) afiverogenic lesions (Palinskt al. 2001),
reduced acetylcholine-induced vasodilatation (Tiagloal. 2004) and hyperleptinaemia (Taylor

et al. 2005). Human studies have shown that pregnant waxposed to protein malnutrition, as
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in the famine of the Dutch Hunger Winter, have pfiisg with reduced birth size and an
increased risk of glucose intolerance and obesitgdult life (Lumeyet al. 1993). Conversely,
nutritional excesses such as excessive saturat@adie in pregnant women could compromise
the fetus through elevated OS, with long-lastingsemuences (Gerbet al. 1999). Animal
studies indicate endothelial dysfunction in thespfing of dams fed saturated fat (Koukketial.
1998) and hypertension in male offspring of rat$ $aturated fat (coconut oil) (Langley-Evans
1996). Maternal cholesterol over-feeding duringgmancy and lactation in rodents results in
phenotypes of offspring that closely resemble humatabolic syndrome (Armitags al. 2005).
Reducing the proportion of protein in the diet oégnant rats results in offspring which have
reduced size at birth and also elevated BP (LangtelyJackson 1994) and glucose intolerance
(Dahri et al. 1991) in adult life. A variety of experimental appches to induce maternal
malnutrition in pregnancy have lead to similar glsagons in rats (Woodakt al. 1996), guinea
pigs (Persson and Jansson 1992), and sheep (Bkidrafial. 2003). Thus there can no longer
be any doubt that changes in maternal nutritioanimals can both change size at birth and also
permanently alter aspects of the physiology of affepring in a way that is consistent with
disease susceptibility observed in human studies.

Novel theories also suggest that an unsatisfadeday environment before birth results in
insufficient skeletal growth and leads to lifetirdeficits in bone volume, density and strength.
Maternal chemical exposure or disease during pregnalters important fetal skeletal signaling
pathways, and may contribute to life-long skelétadjility of offspring that, when compounded
with middle-aged hormonal fluctuations and othetritianal and environmental stressors,
becomes clinically significant and leads to elegtatsk of fragility fractures in pelvis, limbs, and

vertebrae of older adults (Holt 2002). It is rdpdrthat about 62% of the variance in bone mass
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is determined by the intrauterine environment, ehmaternal and paternal genetic influences
play a less significant role (20% and 18%, respebt) (Davieset al. 2005). A recent Finnish
cohort study has demonstrated a direct associbBbmeen poor childhood growth and later risk
of hip fracture (Armitageet al. 2005). Impaired bone density and architectuseltevhen the
fetal environment is less than optimal, and requtree infant to adapt for survival. Perinatal
adaptation to fetal growth restriction is often mested as ‘catch-up growth’, which favors
differentiation of immature cells into fat cellsd{pocytes) rather than bone cells (osteoblasts)
(Hales and Barker 1992). Additionally, alteredl-sggnaling pathways early in development by
maternal malnutrition favor adipocyte rather thasteoblastic differentiation of mesenchymal

stem cells (MSC), leading to decreased bone deasitlyincreased fat stores (Lecka-Czemtik

al. 2002) It is thought that bony defects such as malformationiswrdanized bony trabecular

architecture that arise during gestation are npically repaired postnatally, and are thought to
increase risk of bone fragility fractures in adobd (Gluckmanet al. 2005). Thus, the fetal
programming of bone development explored in thesgme study may provide a tentative link
between adverse fetal environment, intrauterine wtro restriction (IUGR), skeletal

malformation, and increased risk of adult fragifitgctures and osteoporosis.

Osteopor osis

Osteoporosis has been defined as a disease chaeattdy low bone mass and
microarchitectural deterioration of bone tissueadiag to enhanced bone fragility and a
consequent increase in risk of fracture. It issgancontributor to morbidity and mortality in the
aging US population (Riggst al. 1982) and a leading cause of disability in the N8arly 10

million Americans over age 50 currently are diagrtband an additional 34 million people are
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thought to have osteoporosis that remains undiaghastil they suffer a fragility fracture
(approximately 1.5 million cases each year) (www.gdv). Osteoporosis typically becomes
symptomatic after middle age in women, when deagjnperimenopausal estrogen levels result
in elevated osteoclastic activity and an imbalaotdone degradation over bone formation.
Recent data suggest that there may be an everegreahber of young adults with undiagnosed
abnormalities in bone density that could predispibgen to fractures. These abnormalities in
young women are not thought to be caused by horhflutduations, and other factors such as
sub-optimal childhood or prenatal nutrition mayraase susceptibility to young adult onset
osteoporosisTherefore, symptoms of osteoporosis may result fpgmmenopausal hormone
fluctuations, inadequacy of nutrition and exercidaring childhood, and perhaps most
importantly, nutrition and environmental factorddse birth. A great deal of evidence indicates
that osteoporosis is the result of a reciprocatrantion between genetic susceptibility and
environmental factors. These evidence suggestsirtadequate levels of nutrition or weight-
bearing exercise during childhood impair adolesdsome growth (e.g., prior to epiphyseal
closure) that are thought to result in insufficieletvelopment of total bone mass and strength.
Diet composition, in particular fat content, haemeshown to act negatively on bone status.
Children treated with ketogenic diet (very high &d low carbohydrate diet) showed a poor
bone mineral status (Bertadt al.2002). In animal models (rat), a western-stykd,die. high fat
content, results in low bone mass and poor bonditgudemonstrate that diets with high
saturated fat content have long-ranging adversectsffon bone mineralization and adult bone
health in growing animals (Zerniclet al. 1995; Wardet al.2003).

Importantly, other very recent studies are now drarg the contribution of the fetal

environment to increased risk of osteoporosis. dlltveories suggest that an unsatisfactory fetal
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environment results in a permanent alteration tdlfgrowth that results in low birth weight
babies, insufficient skeletal growth that is nqtaied postnatally, and lifetime deficits in bone
volume, density and strength. Exposure of the lopusg fetus to environmental toxins such as
second hand cigarette smoke or maternal malnutrisoa significant problem that is now
believed to contribute significantly to prenatakoggulation of osteogenesis, growth restriction,
and low BMD. Maternal chemical exposure or disediseng pregnancy alters important fetal
skeletal signaling pathways, and may contributéféslong skeletal fragility of offspring that,
when compounded with middle-aged hormonal fluctreti and other nutritional and
environmental stressors, becomes clinically sigarit and leads to elevated risk of fragility
fractures in pelvis, limbs, and vertebrae of olddults. Previous work has implicated leptin, a
hormone released from fat cells following matetd&D, as a central mediator of growth factor
signaling in bone development (Alexe al. 2006; Vickerset al. 2008). Diets rich in saturated
fats promote adipocytic release of the hormoneiriepPerinatal leptin release appears to be
influenced by maternal fat stores and diet. Lepas been proposed to mediate anti-osteogenic
effects on periosteal, trabecular, and epiphyseaklformation and remodeling (Du@t al.
2000; Alexeet al. 2006). Therefore, gestational HFD together witbtite may interfere with
fetal skeletal development by altering osteogeratl signaling pathwaysln this respect,
maternal dietary nutrients or food components kthkg bone health might play a fundamental
role in the prevention of this disease. Theseuntelcalcium, vitamin D, protein, sodium,
magnesium and the most recently studied antioxidagtcetin, which hails from the flavonoid
family (Kanteret al. 2007). In the current study, the effect of mateswgpplementation with

guercetin on fetal bone development and adult psiesis was examined.
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Quercetin

Flavonoids are a group of naturally occurring cooms that are widely distributed as
secondary metabolites in the plant kingdom. Theyehldeen recognized for their interesting
clinical properties, including anti-inflammatoryntaallergic, anti-viral, anti-bacterial, and anti-
tumoral activities (Middleton 1998). Flavonoidsdamore recently their metabolites have been
reported to function at the phosphoinositide 3-&a#PI 3-kinase), protein kinase B (PKB),
tyrosine kinases, protein kinase C (PKC), and neitogctivated protein kinase (MAP kinase)
signaling cascades. Inhibitory or stimulatory effeat these pathways are likely to modulate
cellular functions profoundly, via alterations dietphosphorylation states of target molecules,
and via the modulation of gene expression (Kemmal. 2006). Within the flavonoid family,
guercetin is a potent scavenger of ROS, includingesoxide, and reactive nitrogen species
(RNS) like NO and ONOOIt is ubiquitously present in foods, such as vages, fruit, tea and
wine as well as food supplements (Pawlikowska-Pgav al. 2003). Quercetin is thought to
promote optimal health, partly via its antioxidagffects in protecting cellular components
against ROS (Hertog and Hollman 1996). Quercetis vegported to scavenge superoxide in
ischemia-reperfusion injury (Huét al. 1998), to protect against OS induced by ultravibgt
(Erden Inal and Kahraman 2000), to reduce spontenkgpertension (Garcia-Sawetal.2005),
to decrease incidence of secondary biliary cirdhd8lereset al. 2000), to mitigate adverse
effects of bacterial lipopolysaccharide (Wadswoethal. 2001), and to inhibit angiogenesis
(Igura et al. 2001), carcinogenesis (Yargt al. 2000), and portal hypertensive gastropathy
(Moreira et al. 2004). A recent report indicates that quercetimalso able to partially prevent
serum nitric oxide increases in STZ-treated ratsskOnet al. 2005). Quercetin is thought to

reduce oxidant injury and cell death by several masms. These mechanisms include
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scavenging of oxygen radicals (Andrade al. 2007), protecting against lipid peroxidation
(Coskunet al.2005), and chelating metal ions (Afanastwal. 1989). The antioxidative effects
of quercetin are attributed to the presence of ambioxidant pharmacophores within the
molecule that have the optimal configuration faefradical scavenging. Moreover, quercetin is
suggested to substantially empower the endogendisx@ant shield due to its contribution to
the total plasma antioxidant capacity (Paravicimil &ouyz 2006). It is thought that quercetin
readily passes through the placenta, and as shehdedveloping fetus may benefit from both
indirect (placental effects of quercetin exposwaryl direct (transplacental quercetin delivery)
antioxidant effects of maternal quercetin ingest{Bkibola and Smith 2000). Studies showed
that serum levels of 0.65umol/L quercetin can pitevhighly efficient protection against OS
(Manachet al.1997).

It has recently been demonstrated that quercefattefa reduction in osteoclastic bone
resorptionin vitro via the direct targeting of the mature osteoclagta mechanism involving, at
least in part, the estrogen receptor (Wagtelal. 2003). Notoya et al. (Notoyat al. 2004)
reported that quercetin inhibits the proliferatioifferentiation, and mineralization of rat
calvarial osteoclast-like cells vitro, whereas it inhibits osteoclastic activity. Praatilet al.
(Prouilletet al. 2004) reported that quercetin induced an increasgkaline phosphatase (ALP)
activity in human osteoblasts via the activatiorthedf estrogen receptor. These results, together
with those previously reported by Wattel and caless (Wattelet al. 2003) suggest that
guercetin can both decrease osteoclastic activity stimulate osteoblastic activity. Thus,
guercetin may represent a new pharmacological foolthe treatment or prevention of

osteoporosis.
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MicroCT

Traditional techniques to quantify murine fetal Isk&l development, such as gross
measurements and clear-staining have been widely insthe past, where ethanol-fixed fetuses
are taken through a series of chemical immersionsldar soft tissue. Then they are double-
stained for ossified and cartilaginous tissues €firanet al. 1999). The significant long staining
time, loss of tissue integrity in the processedigednd inconsistent results due to excessive or
insufficient tissue clearing and staining have tedithe quality and extent of data we can collect
on environmental effects influencing fetal develgmin Additionally, these crude methods of
evaluating fetal formation exclude visualizationinfernal morphologic features, and as such
offer an incomplete and often inconsistent evatumbf fetal development. Imaging modalities
that have been customized for small animal reseimdbde tomographic imaging (CT), high
field magnetic resonance imaging (MR) and ultragwaphy. MR has been validated for
analysis of endochondral ossification and bone camgtin fetal mice (Oritaet al. 1996;
Ichikawa et al. 2004). However, the scanning procedure takes lomg to perform.
Ultrasonography has been validated for cardiac plypmg in fetal mice (Leatherburgt al.
2003). However, this imaging technique is of lirditealue for skeletal phenotyping because
bone surfaces block transmission of sound wavégrefore, novel noninvasive microcomputed
tomographic imaging (micro-CT) methodologies werevaloped to more specifically and
efficiently evaluate fetal skeletal development.ictd-CT is considered a superior method of
murine skeletal imaging (Oest al. 2008). Micro-CT is similar to medical CT in thatays are
collimated to a narrow slice band and projectesbupgh the subject over 360 degrees. The
transmitted x-ray energy is recorded by detectatsich convert the energy to an electrical

signal, which is then converted to numeric dataabgomputer, which is converted to visible
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images based on densities relative to water (Rit2@4). Micro-CT differs from medical CT in
that the x-ray beam energy range is narrow, tie ééview is smaller, detectors are much more
sensitive, and slice thickness capabilities arehramaller. Micro-CT scanning also offers fine
voxel resolutions up to 10um, so that finer tralecand cortical detail can now for the first
time be observed (Ford-Hutchinsenal.2003). Imaging murine fetal skeletons using miCib-
enables the researcher to nondestructively quariéfgl skeletal development parameters
including limb length, total bone volume and averdgpne mineral density, and permits the
investigator to completely evaluate the skeletateay for malformation (Ford-Hutchinsan al.
2003). Meanwhile, the nondestructive nature of teshnique preserves the fetus for further
experiments of soft tissue or histological proaaggOestet al. 2008). Micro-CT measurement
of fetal limb lengths correlates well with tradit@ gross measurements, but decreases
variability in measurement, decreases data acouisitme by eliminating the time needed for
tissue processing, and can preserve the intaal fiekis for further analysis. Moreover, micro-
CT is a power tool for assessing trabecular mictogectural morphology (such as trabecular
number, thickness, spacing, connectivity density dagree of anisotropy) in mature animals
(Oestet al. 2008). Qualitative and quantitative analyseskafetal structure can be performed
using post-processing software. Three- dimensige@instructions can be generated and rotated
in space so that all aspects of the skeleton camehdily observed and measured (Ford-
Hutchinsonet al. 2003). Therefore, micro-CT provides an accuratedestructive method for
determining the developmental state of the murk&leson using not only limb lengths and
identification of malformation, but also total s&&ll bone volume, average skeletal mineral

density, and bone microarchitecture as well. Ashswmicro-CT was utilized in the present study
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to quantify diet-induced changes in fetal skeletorg adult offspring of control, HFD, or HFD +

guercetin fed dams.

Hypothesis

In this study, we hypothesized that maternal HF@nnnbred syngeneic rodent strain of
C57 BL/6 mice for one month prior to and througlkegrancy will result in the development of
GDM, and will serve as a novel model for improvingchanistic understanding of oxidative and
metabolic effects of HFD. This will offer avenuesgtudy novel treatments and preventions of
GDM on placental and fetal development. More speallf/, we hypothesize that concurrent
antioxidant supplementation during gestation wilt kast partially reduce maternal
hyperglycemia and hyperinsulinemia induced by HFD.

We also hypothesizedhat gestational maternal HFD will increase placental, OS
inflammation, and induce placental vasculopathyictvimay be associated with indirect adverse
effects on fetal formation as well as elevate abldult-onset type 2 diabetes, hypertension, and
osteoporosis; we further hypothesize that matemraioxidant supplementation with the
flavonoid quercetin will partially protect againdeD induced placental OS, inflammation and
vasculopathy and protect fetal development as aglbng-term cardiovascular, endocrine, and

skeletal health in developing and adult offspring.
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CHAPTER |1

Experimental M ethods and Protocols

Methods for bothn vitro and in vivoexperiments were utilized in this dissertation.
Animals were humanly handled. Experiments werag@gtiroved by the Virginia Tech Animal
Care and Use Committee and not initiated until apgirwas granted.

Chapter lll:

1) Mouse body weight was recorded on a top-loabadgnce.

2) Maternal blood samples were obtained via taiipencture to determine insulin and
glucose levels. Non-fasting blood glucose levelsavgetermined by glucometer.

3) Non-fasting plasma insulin levels were quantifiiy enzyme-linked immunosorbent assay
(ELISA)

4) Placental weights were recorded on a top-loalaignce.

5) Placental histopathology was evaluated by hexyaiteeosin (H & E) staining for
morphological analysis under light microscopy.

6) Placental OS were assessed by malondialdehyBé|Mnalysis

7) Placental CD 31 expression was examined by inoffworescence staining and confocal
microscopy.

Chapter IV:

1) Fetal weights were recorded on a top-loadirigrizz.

2) Fetal gross measurements of crown-to- rump kewgis measured by an Olympus SZX7
Stereomicroscope and Image J software was usguixigrto-mm conversion.

3) Fetal BV, BMD and skeletal structural lengthgeveeasured by micro-CT.
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Chapter V:

1) Six and twelve month old offspring body weiglds recorded on a top-loading balance.
2) Adult mouse blood samples were obtained viav&iipuncture to determine insulin and
glucose levels. Non-fasting blood glucose levelsavgetermined by glucometer.

3) Adult mouse non-fasting plasma insulin levelsevguantified by enzyme-linked
immunosorbent assay (ELISA)

4) Systolic and diastolic blood pressure (BP) wiermined by noninvasive tail cuff method,
using the SC1000 blood pressure analysis system.

5) Adult offspring bone development was evaluatgdicro-CT.
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Abstract

Gestational diabetes mellitus (GDM), which is dést as impaired glucose tolerance
during mid- to late-pregnancy, is associated wétialfmalformation and increased risk for type 2
diabetes mellitus later in life. The etiology of ®Ds thought to be multifactorial in origin,
including both genetic predisposition and contiidsutof environmental factors. However,
mechanisms are incompletely understood, and cuf®¥ animal models do not appear to
closely mimic the clinical situation in humans. the present study, we used environmental
exposure to high saturated fat diet (HFD) to dgvedo GDM mouse model, which closely
simulates the metabolic abnormalities seen in hui@&M. This model was then used to
determine the relative contributions of HFD-indua@esulin resistance, elevated oxidative stress
(0S), and placental vascular dysregulation to gfiyapathologic manifestations of the disease.
This model was also used to explore potential preve intervention with dietary antioxidant to
reduce incidence and severity of GDM, which coutdapplied to improved human health. In
this study, female C57BL/6 mice were fed “cafetestide” HFD (including 32.1% saturated fat
to mimic a typical fast food menu) for one montiopto conception, and throughout gestation.
Dam body weight increased from gestation day 0 @O0 GD 19 by 41% with HFD, as
compared to 23% in control dams; HFD dams alsoldpee insulin resistance (66% increase in
plasma insulin and 27% increase in plasma gluceseld by GD 10) as compared to control
dams. GD 19 placental weight was 19% lower in HiSDcontrol mice, which was attributed to
decreased vascular and cellular viability and O$iated cellular loss. Our findings suggested
that a diet high in saturated fat prior to and wgrpregnancy alters glucose metabolism,

characteristic of GDM, and increases placental wlagathy that may impair successful
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pregnancy outcome. Further, we determined thatwosct dietary antioxidant supplementation

may provide partial protection against HFD-indueelderse effects during pregnancy.

I ntroduction

GDM is characterized by hyperglycemia, hyperingurima, and insulin resistance, as
well as placental vascular maldevelopment and fetalformation (Shacet al. 2002). GDM
affects 2—-8% of all pregnancies with increased atklevelopment of diabetes and obesity in
offspring, and elevated long-term risk of developimef type 2 diabetes in the mother (Steo
al. 2002). It is believed that hormones producedragpancy increase insulin resistance, which
is then followed by beta cell dysfunction and risise to insulin-mediated glucose disposal.
Beta cells normally compensate for insulin resistahy secreting more insulin to maintain the
glucose homeostasis, which results in a compenshtgrerinsulinemia. Progressive impairment
of beta cell function leads to deterioration ofaglse homeostasis and subsequent development
of hyperglycemia, hyperinsulinemia, impaired gluedslerance, and frank diabetes (Saltiel and
Olefsky 1996; Lebovitz and Banerji 2004).

During recent years, scientists have recognizet gaaetic factors are unable to fully
explain the development of GDM. Environmental fastasuch as a high saturated fat intake,
may directly promote glucose intolerance duringgpeacy (Boet al. 2001). Recent changes in
Western lifestyles include increased intake of fémtd, which is high in saturated fat.
Consumption of such a diet increases OS and adyeaffects endocrine, cardiovascular and
bone health, and causes poorly-controlled hypeegiya, hyperinsulinemia, and insulin

resistance (Bcet al. 2001). Consumption of HFD during pregnancy may asntribute to
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hyperglycemia, hyperinsulinemia, and insulin resise through similar mechanisms, and may
elevate risk of GDM.

Human GDM is associated with placental vasculafuthyion that reduces blood flow,
gas and nutrient supply from placenta to fetuseardia-Pattersoret al. 2004), and these
changes are thought to be mediated by elevatedHBB.and hyperglycemia increase OS either
by elevating production of reactive oxygen spe¢SS) or by decreasing antioxidant capacity.
Fatty acid consumption is thought to decrease supds dismutase (SOD) and increase
production of superoxide by the mitochondrial electtransport chain, which together generate
excess ROS (Rolo and Palmeira 2006). SOD is comrsld® be an important component of
placental health in pregnancy: SOD aids placemtgihoblast differentiation, and diminished
placental SOD increases trophoblast apoptosis gndtmlization, as is seen in preeclampsia
(Myatt et al. 2000; Sikkemaet al. 2001). Diabetic women demonstrate placental vascul
damage due to increased superoxide generation,tl@edunderscores the importance of
mitigating OS to protect placental health duringgirancy and improve birth outcome (Lyatl
al. 1998).

Quercetin is one of the most potent antioxidantheflavonoid family, and is found in
apples, grapes, citrus fruits, onions, and manyergreegetables. Quercetin contains two
antioxidant pharmacophores within the molecule teiver the optimal configuration for free
radical scavenging (Paravicini and Touyz 2006).Qet&n can readily pass through the placenta,
so that several components of the conceptus, imgufktus and placenta, can benefit from
maternal quercetin ingestion (Skibola and Smith@@0M this study, the protective antioxidant
effects of quercetin against HFD-induced hypergtyiee hyperinsulinemia, insulin resistance,

and placental vasculopathy were examined.
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Animal models of diabetes during pregnancy areialio explore the pathophysiologic
aspects of human GDM. Although there are severaimanmodels (genetic as well as
chemically-induced) available for the study of GDiMbne closely mimic the pattern of disease
initiation and development seen in the clinicauaiion in humans. The classical use of
streptozocin (STZ) during pregnancy to induce hgpyeemia results in almost complete
destruction of pancreatic beta cells. The suitgbdf this model has been questioned because
destruction of pancreatic beta cells typifies typeather than type 2 diabetes mellitus or GDM:
mean glucose levels often exceed 350mg/dl (Holenedred. 2004) and beta cell destruction
causes insulin deficiency rather than insulin tesise and reactive hyperinsulinemia (Rerup
1970). Consequently, low dose STZ has been widedg to induce hyperglycemia, but its use
in the study of GDM is not ideal due to its unpctdble effects on pancreatic insulin secretion
(Aerts et al. 1988; Ohet al. 1988; Ohet al. 1991). Transgenic GDM animal models are also
available; however, these genetically altered alsng® not tend to develop hyperglycemia
similarly to human GDM (Luoet al. 1998). Moreover, the observation derived from ¢hes
genetic strains may not always be satisfactorilieroted to the human population as a whole
because GDM patients have not been shown to exphessgene alterations that cause
hyperglycemia in these genetically altered animatlets (Widdowson 1997; Wilsoet al. 1999).

The present study endeavors to devedo@DM mouse model using HFD that closely
simulates the common metabolic abnormalities seerhuman GDM, and to explore the
pathophysiologic mechanisms linking gestational HféDelevated OS, insulin resistance and

placental vascular damage.
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M aterials and M ethods

Animals and dietary protocol

Male and female C57BL/6J mice were obtained frookdan Laboratories (Bar Harbor,
ME) at 6 weeks of age. Mice were housed in groupve in a temperature (22.0 1°C),
humidity (40%-60%), and light-controlled (12/12 ight/dark) room for a 2-week acclimation
period. Mice were given food and fresh waadrlibitum Experiments were all approved by the
Virginia Tech Animal Care and Use Committee and indtated until approval was granted.
Female mice were arbitrarily assigned to one @ddhreatment groups: control, HFD, or HFD +
guercetin, in a generalized randomized completekbtesign, with 16 mice per group. Mice
were fed control rodent diet (Harlan Teklad Globadt 2018: 18% protein and 5% fat, Madison,
WI1), HFD (20% protein, 60% total fat, 32.1% satechfat, Research Diets Lab, New Brunswick,
NJ) (Table 1) or HFD supplemented with 66mg/kg gaen (HFD/Q). A typical daily human
consumption is 700mg/ day (200-400mg 3x/day) (Manetcal. 1997). Following one month
dietary intervention, breeding studies were ingtht For breeding, male mice were housed
individually, and then bred to females overnightairi:2 ratio; mating was confirmed by the
presence of a vaginal mucous plug the next mornling presence of the vaginal plug was

designated day O of gestation.

Body weight, blood glucose and plasma insulin mesasants

Female body weight, blood glucose, and plasma imsuére recorded prior to dietary
intervention, after four weeks HFD, and at GD 0, 4&0d 19. Body weight was recorded on a
top-loading balance (Accu-622, Fisher Scientifiow@nee, GA), and maternal blood samples

were obtained via tail venipuncture to determingulm and glucose levels. Non-fasting blood
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glucose levels were determined by glucometer (cdes Surestep, Johnson & Johnson,
Langhorne, PA) and non-fasting plasma insulin levelere quantified by enzyme-linked
immunosorbent assay (ELISA) (Alpco Diagnostics, Wiam, NH), according to the

manufacturer’s instructions.

Placental weight

Dams were euthanized on GD 19 by intraperitongaiciion of sodium pentobarbital
(150-200mg/kg). Uteri were excised and fetuses wssparated from placentas. Placental
weights were recorded on a top-loading balance rasdrved for histopathological analysis,

guantification of OS, and immunofluorescent stagno endothelial cells1=16.

Histopathology

GD 19 placentas from control and treatment grougsewcollected at the time of
euthanasia and some of these placentas were peddarBouin’s fixative for 18 hr, washed with
10 volumes ddkD, and stored in 70% EtOH. Placentas were trandquéependicular to the
long axis of the disc, processed, paraffin-embeddewl S5um sections were stained with
hematoxylin-eosin (H & E) for morphological anakysinder light microscopy. Trophoblast
health was evaluated by enumeration of viable twbpdsts per 10-1000x fields. Additionally,
non-viable labyrinthine endothelial cells from atas of control and treatment dams were
enumerated per 10-400x fields. Both trophoblastlabgrinthine placentas from all groups were

also observed for evidence of necrosis, inflamnmatr@morrhage, and fibrosis=5.
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Measurement of placental OS

GD 19 placentas from control and treatment grougsewcollected at the time of
euthanasia and some of these placentas were imglgdstored at -70°C until measurement of
malondialdehyde (MDA), a common marker for OS. Qif@ation of lipid peroxidation per mg
total protein (using BCA protein assay kit; PIERGckford, IL) was performed to assess the
extent of OS of placentas using a commerciallylaisde MDA kit (Bioxytech MDA-586, Oxis
Research, Portlan@R). Briefly, placentas in each treatment groops) were homogenized in
assay buffer (0.1 M phosphate buffered saline (PB#) 0.5 M butylated hydroxytoluene
(BHT). Using 200ul samples, 10ul of 0.5M BHT and B40f N-methyl-2-phenylindole were
added. The samples were mixed by briefly vortexaagh tube and then 150ul of concentrated
hydrochloric acid were added to the tubes. Theduere vortexed and samples were then
incubated at 45°C for 60 min. Then the turbid sasplere centrifuged for 10 min at 10,000 x g.
Absorbance of the clear supernatant was measuredb88t nm (Beckman DU-640

spectrophotometer, International MI-SS, Corona CA).

Immunofluorescence

GD 19 Bouins-fixed placentas from each treatmemiugrwere processed, paraffin-
embedded, and sectioned at 5um for CD31 immunafieemce and confocal microscopic
evaluation. Placental tissues were deparaffinizeckylene and rehydrated in serial alcohol
solutions. Tissues were dipped in unmasking smiufi/ector Laboratories, Burlingame, CA) at
120°C in a pressure cooker for 5 min and washezkttimes in 0.1 M PBS for 5 min each time.
Placental sections were then blocked in 10% ra#siim (Fisher Scientific) for 30 min followed

by incubation in CD31 primary antibody (M-20, Safteuz Biotechnology, Santa Cruz, CA)
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diluted 1:300 in 1.5 % serum overnight at 4°C. Tdiwing day, the slides were washed three
times for 10 min each in 0.1 M PBS followed by ibation for 30 min in Alexa Fluor 594 rabbit
anti-goat antibody (Invitrogen Corporation, CamarilCA) diluted 1:200 in 0.1M PBS. After
several washes in 0.1 M PBS, the slides were mduastng mounting solution with DAPI
(Vector Laboratories) and visualized under confdeaker scanning microscopy (Zeiss CLSM

510 META, Carl Zeiss, Germany).

Statistical analysis

All data in this study were presented as mean tidstal error. One-way analysis of
variance (ANOVA) was used with Tukey-Kramer HSDt tgdVIP, SAS Institute Inc., Cary, NC)
to establish significant differences between grouf¥ata were determined to be statistically

different whenP<0.05.

Results

Effects of HFD on maternal body weight

Maternal body weight was determined before HFD ifegdat the end of four weeks’
HFD feeding, and during pregnancy at GD 0, GD 1fid &D 19. After exposure to the
respective diet for 4 weeks, as shown in Fig. &, ¢bntrol maternal body weight moderately
increased throughout the pregnancy. In contrash H&ms rapidly increased in body weight. At
GD 0 and 10, HFD dam weight was significantly imsed as compared to controls. At GD 10,
HFD feeding increased maternal body weight by 89c@¥hpared with 37% for control dams.

Body weights of mice from HFD/Q group were not gigantly different from control group,
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which suggested protective effects against devetppbesity by dietary supplementation with

guercetin.

Effects of HFD on blood glucose

Blood glucose levels were determined before HFDRIifege at the end of HFD feeding
and at GD 0, 10, and 19 for control, HFD, and HF@Qups. As shown in Fig. 2, HFD dam
blood glucose levels progressively increased attiee of HFD feeding and during pregnancy,
and were significantly higher than control glucéseels. Blood glucose level reached its highest
point of 229.3mg/dl on GD10 and decreased at thearazed GD19 in the HFD group, as
compared to a high of 172.4mg/dl at GD 10 in cdstrdl'he blood glucose level from HFD/Q

group was not significantly different from control.

Effects of HFD on plasma insulin

Plasma insulin levels were measured by ELISA bekF® feeding, at the end of HFD
feeding and at GD 0, 10, and 19 for control, HFBg &FD/Q groups. As shown in Fig. 3,
plasma insulin levels at the end of HFD feedingeased 58.3% in the HFD group, which was
significantly higher than the controls that did metrease during this period. Plasma insulin
levels of HFD dams continued to rapidly increaseulghout the pregnancy. Mice from HFD
group showed significantly greater plasma insuéimel from GD 0 to GD 10 compared with
controls. Quercetin supplementation was not sigaifily protective against HFD-induced

hyperinsulinemia.

52



Effect of HFD on insulin resistance

Data from Fig. 2 and Fig. 3 together demonstraterloae correlation between blood
glucose levels and plasma insulin levels duringgpamcy. The HFD group developed
concurrent hyperglycemia and hyperinsulinemia, Wwhdefines insulin resistance. This change
was not observed in the control group. Concurrenercetin supplementation did not

significantly protect against HFD-induced insul@sistance in mid-gestation.

GD 19 mouse placental weight
As shown in Fig. 4, GD 19 placental weight was nucadly decreased to 78% of control
by HFD, which was statistically insignificant, bsihowed a trend that may have resulted from

OS-mediated cellular loss. HFD/Q placental weigaswot different from control.

Histopathologic examination of GD 19 placenta

Placentas from GD 19 dams of each treatment groepe vevaluated under light
microscopy for alterations in architecture acrosatment groups, usingin H & E sections
(Fig. 5). Placentas from HFD treated dams (Fig) SiBowed multifocal areas of necrosis that
predominately targeted endothelium in the labyrmghlayer, with karyolysis and pyknosis,
cellular fragmentation, and hypereosinophilia, amged fibrinous inflammation which are key
indicators of cellular necrosis. The trophoblastl dayer also contained mild mixed
inflammation and loss of trophoblasts (Fig. 5B) ethimay be attributable to OS-mediated
trophoblast apoptosis. Control (Fig. 5A) and HFO#). 5C) placentas were highly cellular,

with minimal evidence of necrosis, inflammation, llemorrhage. HFD significantly reduced
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viable trophoblast cell numbers to 53.40 per 108@&gnification field compared to 9.73/field in
control placental trophoblast (Fig. 6), but quarcadid not significant protect viability of
trophoblast against HFD-induced cell loss. GestaliddiFD significantly increased necrosis of
labyrinthine endothelial cells (14.48 necrotic sBIDOx magnification field, as compared to
1.87/field in control placentas; Fig. 7). Quergetivas protective against HFD-induced
endothelial cell loss, and significantly decreasadothelial necrosis to 5 per 400x magnification

field (Fig. 7).

Lipid peroxidation of GD 19 mouse placenta

Placentas from GD 19 HFD dams showed significainityeased MDA levels compared
to controls, indicating increased lipid peroxidatiand elevated OS due to gestational dietary
HFD (Fig. 8). Quercetin supplementation signifitardecreased placental MDA levels, which
suggested beneficial antioxidative effects of qgewnc against HFD-induced placental
labyrinthine vascular damage. These data supportetular changes observed via

histopathologic examination of GD19 placentas is #tudy.

CD 31 immunofluorescence

Placenta from HFD dams (Fig. 9B) showed decreaseeld of CD31 immunostaining
intensity of labyrinthine endothelial cells andeadtd vascular integrity compared to control (Fig.
9A), which indicated endothelial necrosis and phaake cellular and vascular pathology
secondary to gestational HFD. Placenta from HFD&Msl showed highly improved level of
CD31 immunostaining intensity compared to HFD gr@eig. 9C), which was comparable to the

staining intensity of control placentas. Fig. 18pthys CD31 immunostaining intensity of
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labyrinthine layer capillaries from control, HFD,FB/Q placentas (Figs 10A, B, and C,
respectively). Control placental labyrinthine lagapillaries showed dramatically stronger CD31
staining intensity compared to HFD placenta capdtg which showed minimal scattered
staining. HFD/Q placental labyrinthine layer cagoyl CD31 immunofluorescence staining was
comparable to controls, indicating the protectivieats of quercetin against GDM-induced

placental vascular damage.

Discussion

The present study demonstrated that administrati@diet rich in saturated fats to mice
prior to and during pregnancy results in patholeganifestations similar to the human condition
of GDM. This dietary intervention elevated midgéstaal body weight, insulin resistance,
placental OS, and placental vasculopathy, thatthegeare thought to contribute to adverse
consequences of fetal development and impaired butcome.

Human GDM is associated with hyperglycemia, hymidimemia, insulin resistance, and
a greater risk for producing type 2 diabetes indfispring (Boet al. 2001; Rolo and Palmeira
2006). Maternal hyperglycemia, hyperinsulinemiag amsulin resistance were observed in this
murine study by feeding C57BL/6J mice HFD for 4 wedefore breeding and throughout
pregnancy, suggesting that HFD feeding increasasn free fatty acid (FFA) concentrations
and induces an insulin-resistant state that regultbesity and non-insulin-dependent diabetes
(Steineret al. 1980; Reaveret al. 1988; Frayne 1993). Elevations in plasma FFA eval
humans cause insulin resistance by initial inhopitof glucose transport and/or phosphorylation
activity that is concurrently followed by a redwcti in the rate of both muscle glycogen

synthesis and glucose oxidation (Dresatrl. 1999). Studies show that the preferential use of
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increased fatty acids for oxidation blunts the limsmediated reduction of hepatic glucose
output and reduces the glucose uptake or utilimatioskeletal muscle leading to compensatory
hyperinsulinemia, a common feature of insulin asise (lwanishi and Kobayashi 1993;
Rosholt et al. 1994; Belfiore and lannello 1998). Our study segigd that the dynamic
relationship between insulin resistance and congiensg increases in beta cell glucose
metabolism were disrupted by alteration in dieiatgke of fat. When the compensatory process
is adequate, normal glucose tolerance is maintaMéaen beta cell compensation fails, glucose
levels rise, leading to either impaired glucoserahce or overt diabetes.

Our discovery of a link between HFD and insulindqarction offers new information that
may aid in the understanding of the etiopathogemechanism that triggers the early stages of
GDM. Ohtsuboet al. (2005) found that HFD suppresses the activitypaficreaticMgat4a
encoded GIcNACT-IV glycosyltransferase (GnT-4a) &watls to type 2 diabetes in mice due to
failure of pancreatic beta cells (Ohtsukb al. 2005). GnT-4a normally maintains glucose
transporters on the surface of beta cells in theeggas, such as glucose transporter 2 (Glut-2).
Glut-2 plays a crucial role in allowing the betdl de sense circulating glucose levels, and
transport of glucose across the cell membrane patacreatic beta cells then triggers insulin
secretion. The study from Ohtsubbal. (2005) shows that in the absence of sufficient @aT
enzyme, Glut-2 lacks an attached glycan which guired for it to be expressed at the cell
membrane. Without that glycan, Glut-2 leaves tHesteface and becomes internalized, where it
can no longer transport glucose into the cell. @quoently, this failure impairs insulin secretion,
causing insulin-resistant diabetes in the mice. s€éheesearchers also revealed that HFD

attenuates GnT-4a mRNA levels (Ohtsut@l. 2005). Results of the present study may suggest

56



GnT-4a dysfunction; additional studies are requitedxplore this pathophysiologic mechanism

of HFD-induced insulin resistance.

The induction of HFD-induced alterations in glucosetabolism and insulin pathways in
this study may also be associated with increassdlimlike growth factor (IGF) levels during
pregnancy. IGFs are major endocrine and paracregulators of metabolism and may
potentially be important regulatory factors in ilistsensitive diabetes (Pask al. 2006) as well
as insulin-resistant diabetes. Studies indicadettansgenic mice over-expressing IGF-2 in beta
cells show increased insulin mRNA levels and enbdnglucose-stimulated insulin secretion.
These mice develop hyperinsulinemia, mild hypergig@, and about 30% of these animals
develop type 2 diabetes when they are fed HFD (Bieve et al. 2000). IGFs share a high
degree of structural homology with insulin and botlthem belong to the protein tyrosine kinase
receptor family (Devedjiaret al. 2000; van Haeften and Twickler 2004), and as ssblye
common signaling pathways with insulin (van Haefdeal Twickler 2004); therefore, reciprocal
interference during pregnancy between IGFs and limscould mechanistically explain
alterations in glucose homeostasis during pregnaveyernal circulating IGFs increase during
early pregnancy, and their activity, along withttbé insulin, may be partially blocked by the
variety of hormones that are produced by the placdaring pregnancy (Sferruzzi-Peet al.
2006). This may be an important factor to considehe phenomenon of insulin resistance and
GDM. Human placental lactogen is suggested tamhe of the hormones primarily responsible
for decreased insulin sensitivity with advancedaes (Yamashitat al. 2000). Other research
reveals that insulin receptor tyrosine phosphoigtais significantly decreased in subjects with
GDM compared with pregnant and non-pregnant corguiljects (Shaet al. 2000). These

findings correspond well with our results, whichnamstrated that HFD feeding during
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pregnancy induced a suitable mouse model of hypegglia, hyperinsulinemia, and insulin

resistance, similar to human GDM.

In this study, placental OS and vascular damage wereased with HFD feeding prior
to and throughout gestation, similar to human GDONhuman GDM, increased blood glucose is
accompanied by either reduced antioxidant supeeogismutase (SOD) production (Djordjevic
et al. 2004) or overproduction of ROS such as superokigethe mitochondrial electron-
transport chain, which results in vascular compiices and DNA damage associated with
embryonic dysmorphogenesis (Little and Gladen 199Bhis serves as a plausible
etiopathological mechanism of placental vasculanatze in human GDM and our GDM mouse
model. The elevation of placental OS, blood glucas®d plasma insulin, due to increased
plasma FFA concentration secondary to HFD, likeutted in diminished placental blood flow,
placental trophoblast loss, disruption of endotheli and vascular dysfunction, similar to what
has been reported in the human literature (Mgia#t. 2000).

Our results of placental histopathology, MDA measwent and CD31
immunoflourescence staining data further demoretrathat OS-induced vasculopathy of
placenta is associated with symptoms of GDM of A58Bmice. CD31, also called platelet-
endothelial cell adhesion molecule-1 (PECAM-1) amadothelial cell adhesion molecule
(endoCAM), is secreted by trophoblasts and is foumdhe embryonic vasculature of the
placental labyrinth (Ottersbach and Dzierzak 2086y is well recognized as one of the
important endothelial cell markers (Lyadt al. 2001). CD31 is important in mediating the
adhesive interaction between trophoblast and vaseudothelium, and as such is instrumental
in placental development (Coukes al. 1998). Our research suggested that HFD treatment

decreased CD31 staining intensity of placentalelsssvhich supported histological evidence of
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labyrinthine endothelial necrosis and vascular dgmaaused by HFD during pregnancy.
Supporting studies also show that CD31 is involwedontrolling the localization and levels of
tyrosine phosphorylated beta-catenin by both réogiiit to the plasma membrane and by its
dephosphorylation (llaret al. 1999). Moreover, CD31 has the ability to preveatabcatenin
nuclear translocation and to enable cell bordealipation upon stable expression. This suggests
that endothelial cells regulate changes in the ds¢eplasmic pools of beta-catenin and maintain
their stability. Therefore, CD31 functions as aergsir for beta-catenin (llaat al. 1999). Beta-
catenin is a key downstream component of the Watii-batenin signaling pathway. It plays a
very profound role in embryonic development anccghe and lipid metabolism, as well as bone
formation. Attenuation of Wnt/ beta-catenin signglidue to beta-catenin deficiency leads to
hyperglycemia, hyperlipidemia, and osteoporosisriMagas and Almeida 2007). Therefore, our
results may suggest an additional parallel mechaniyy which HFD-induced vascular
endothelial damage during pregnancy decreased @R®@ssion, and reduced availability and
stability of beta-catenin for the proper functioh Wnt/ beta-catenin pathway. Therefore,
disturbed glucose and lipid metabolism due to a@éon of Wnt/ beta-catenin signaling may
exacerbate development of GDM.

In this study, the antioxidant effects of dietanypglementation of quercetin were
noteworthy. Our results showed that the GDM-indup&tental OS and endothelial necrosis
were significantly mitigated by quercetin suppleta¢ion. Results from this report also
revealed that quercetin supplementation partialgcreased maternal hyperglycemia and
hyperinsulinemia. These findings may provide adpeutic method for improved management

of GDM mothers.

59



In conclusion, our data suggested that a diet imghaturated fat prior to and during
pregnancy alters glucose metabolism and resulggestational hyperglycemia, development of
insulin resistance, and placental OS. The phenotygemilar to that observed in humans with
GDM. Because of its simplicity and its resemblat@ésDM in women, this novel method of
GDM development in rodents may provide a usefull tb@r improving mechanistic
understanding of OS and metabolic effects of HFOLDM. Further study of maternal, fetal,
and neonatal sequelae of this dietary intervenmdhoffer more complete avenues for novel

treatments and preventions of adverse consequehGi3M.
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Table 1. High Fat Diet (HFD) Composition

High Fat Diet gm% Kcal%
Protein 26.2 20
Carbohydrate 26.3 20
Fat 34.9 60

Fat composition: %
Saturated 32.1
Monounsaturated 46
Polyunsaturated 16.9
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Body Weight (g)
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Fig. 1. Effect of HFD on Maternal Body Weight.

Falen body weight was measured before

HFD, at the end of four weeks’ HFD and during prewy at GD 0, 10, 19. HFD-treated mice

weighed significantly more than controls on the Gand GD 10. Body weight of mice in the

HFD/Q group was not significantly different compér® HFD. Values are given as means *

SEM. * denotes significant differende,< 0.05. n=16.
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Blood Glucose Level of C57BL/6 Mice
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Fig. 2. Blood Glucose Level of C57BL/6 Mice. Blogilicose concentrations were measured
before HFD, at the end of four weeks’ HFD, and nigipregnancy (GD 0, 10, and 19) in control,
HFD and HFD/Q groups. The HFD group showed sigaifity higher blood glucose level
compared to control dams. The HFD/Q group was gotifscantly different with HFD. Values

are given as means + SEM. * denotes significarfiéihce P < 0.05. n=16.
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Plasma Insulin Level of C57BL/6 Mice
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Fig. 3. Plasma Insulin Level of C57BL/6 Mice. Plasmsulin concentrations were measured by
ELISA before, after four weeks’ HFD, and during gmancy (GD 0, 10, and 19). Mice in HFD
group showed significantly increased plasma insld#ivel compared to control. Quercetin
supplementation was not significantly protectivaiagt HFD-induced hyperinsulinemia. Values

are given as means + SEM. * denotes significariéihce P < 0.05. n=16.
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Placenta Weight of GD19 C57BL 6 Mice

Control HFD HFD/Q

Fig. 4. Placental Weight of GD 19 Mice. Placentaights were measured immediately after
euthanasia. Neither HFD nor quercetin affectedgrital wet weight. Values are given as means

+ SEM. Bars with same letters are not significadifferent,P > 0.05. n=16.
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Fig. 5. Histopathologic Images of GD 19 MousecBtdas. GD 19 placentas were stained with

hematoxylin-eosin for morphological analysis untigint microscopy. Control GD 19 placenta
(5A) was highly cellular, with minimal evidence é&crosis, inflammation or hemorrhage. HFD
GD 19 placenta (5B) showed multifocal areas of osisr cellular fragmentation, and
hypereosinophilia, which predominately targetedathelium in the labyrinthine layer. The
trophoblast cell layer also contained marked mixéidmmation with necrosis and hemorrhage,
and displayed reduced cellularity as compared tdrots. HFD/Q GD 19 placenta (5C) was
highly cellular, with minimal evidence of necrosigflammation or hemorrhage, which was

comparable to control. LL (labyrinthine layer), 8lncitiotrophoblast).
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Trophoblast Number of GD19 C57 Mouse
Placenta
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Fig. 6. Trophoblast Numbers in GD 19 C57BL/6 MolWacentas. Trophoblast health was
evaluated by enumeration of viable trophoblasts j#24000x fields. The HFD group showed
significantly fewer viable trophoblast cells thaontrols. Quercetin partially protected against
trophoblast loss. Values are given as means + vk with different letters are significantly

different,P < 0.05. n=5.
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Dead Endothelial Cells of GD19 C57 Mouse Placenta
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Fig. 7. Endothelial Cell Necrosis in GD 19 C57BIMuse Placentas. Non-viable labyrinthine
endothelial cells from different dams were enurnestain 10 fields of 400x. The HFD group had
significantly increased necrotic endothelial celés compared to controls. Quercetin
supplementation showed significant protective affeagainst endothelial cell loss. Values are

given as means = SEM. Bars with different letteessagnificantly differentP < 0.05. n=5.
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Fig. 8. Lipid Peroxidation of GD 19 C57BL/6 MouB&acentas. Malondialdehyde (MDA) levels
were evaluated in GD 19 placenta from each grosmraindicator of relative OS induced by
HFD or quercetin dietary interventions. The HFDupshowed significantly higher MDA level
compared to controls, indicating HFD-induced eledgtlacental OS. Quercetin supplementation
significantly reduced placental lipid peroxidatiofalues are given as means + SEM. Bars with

different letters are significantly differe?,< 0.05. n=>5.
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Fig. 9. CD31 Immunofluorescence Staining of GD 19oudge Placenta. CD31

immunofluorescently stained placentas from contrtftD, and HFD/Q groups were observed
via confocal microscopy. Placentas from control dashowed much stronger CD31 staining
intensity (9A) compared to HFD dams placenta,whsbbwed much less CD31 staining (9B).
HFD/Q (9C) dams placenta also showed strong CDa@hisg intensity, which was comparable

to control.
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Fig. 10. CD31 Immunofluorescence Staining of GDM®&use Placenta Labyrinthine Capillary
Endothelium. Control placental labyrinthine capyl@&ndothelium showed much stronger CD31
staining intensity (10A) compared to HFD placengddyrinthine capillary endothelium (10B).
HFD placental labyrinthine capillary endothelialllseshowed dramatically decreased CD31
staining intensity, and concurrent quercetin  suppletation returned CD31
immunofluorescence staining to control-level stagni suggesting the protective effects of

antioxidant supplementation against HFD-inducedeital vasculopathy.
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Abstract

Recent studies have focused on the effects of mtalronment (maternal nutrition,
gestational health, and oxidative stress) on patrtEvelopment.Our previous study showed
that gestational high saturated fat diet (HFD) comgtion increases placental oxidative stress
(OS) and vascular damage, which are thought toceechaternal-fetal gas and nutrient exchange
and impair fetal development. This study also destrated that concurrent dietary
supplementation with the antioxidant quercetin éygameliorates HFD-induced placental
vasculopathy, and as such, is considered to liketgtect against HFD-induced fetal
malformation. In the present study, C57BL/6J moofspring from dams exposed to HFD or
HFD with dietary antioxidant quercetin supplemeotat (HFD/Q) during gestation were
examined for quality of skeletal formation. We atveel a marked reduction in GD19 limb
length, bone mineral density (BMD; 20%), total baredume (BV; 45%), and crown-to-rump
length (12%) in progeny of dams who consumed HFD¢@mpared to control©ur findings
demonstrated that placental damage from HFD-indueedtive oxygen species (ROS) may
contribute to improper perinatal skeletal formatiand concurrent antioxidant supplementation
during pregnancy may significantly improve placémtéegrity and function, and protect fetal
development. Improved understanding of the roleHBD and elevated OS on fetal skeletal
development will help to determine the contributadrthe fetal environment to long-term risk of

adult-onset disease.
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I ntroduction

Environmental stress, particularly at critical pels of development, has recently been
recognized as a powerful determinant of long-tesaltin (Barkeret al. 2002). To understand
the etiopathological mechanisms by which impropatamal diet during gestation alters fetal
skeletal formation, we used a mouse model to stieeffects of chronic fast food consumption
on placental and fetal development. Previous studlemonstrated a marked increase in
placental OS and reduced viability of trophoblasiiei labyrinthine endothelial cells following
maternal consumption of a diet that mimics the miagtrient content of fast food, or a cafeteria-
style diet (Lianget al. 2009a), and the protective effects of concurrégtady supplementation
with the antioxidant quercetin against placental & vasculopathy. The present study was
designed to extend these previous studies to deterthe impact of gestational HFD and
placental vascular dysregulation on fetal skeldwlelopment, using gross measurements and
three-dimensionally (3-D) reconstructed micro-cotepiutomographic image analysis (micro-CT)
of the developing fetus.

Quantifiable measures of bone formation such a® haume (BV) and bone mineral
density (BMD) are influenced by both genetic andiemmmental factors (Horliclet al. 2004).
Dietary composition, particularly saturated fat womn, has been shown to negatively impact
bone formation: children consuming a high fat &owd carbohydrate diet developed a poor bone
mineral status (Bertokt al. 2002). In animal models, a western - style diehststing of high
saturated fat content, results in low bone mass:; pone quality (Waret al.2003), diminished
whole bone mineralization (Smi#t al. 2000), and decreased calcium absorption and amtyet

which collectively negatively impact BMD (L&t al.2008).
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Neonatal bone mass and osteogenesis are positeetglated with placental health
(Jansson and Powell 2007). The placenta is a fomudtional organ and the interface between
the fetus and mother. It is essential for fetawgh as it supplies the developing fetus with
oxygen and nutrients, and it may play a cruciag rial protecting the fetus from adverse effects
of maternal environmental exposures. Abnormaliteplacental structural development impair
placental function, reduce substrate supply to fétas, or contribute to intrauterine growth
restriction (Khonget al. 1986). Previous studies in our laboratory demauet the effect of
environmental chemical exposures on placental ametal f development. Gestational
administration of the teratogenic alkylating agergthylnitrosourea (MNU), which is found in
tobacco smoke, and is produced endogenously inathgic gastric environment following
ingestion of a nitrite-rich protein meal, causasilfand placental pathology due to elevated OS
(Prateret al. 2006a). Increased OS during pregnancy, eithertduenvironmental chemical
exposure or pre-existing disease (e.g. materna| diabetes mellitus or preeclampsia) causes
placental vascular pathology, increased blood presslecreased fetal-maternal gas and nutrient
exchange, increased fetal malformation, and ingérang growth restriction (Pratet al.2006a).

Reactive oxygen species (ROS) play important ratedetal development, and are
instrumental early in development during implamatiand in late gestation related to parturition
(Fantel 1996). Therefore, appropriate levels ofSR&e important regulators of normal fetal
development. However, altered ROS levels may uiedietal dysmorphogenesis. For instance,
excessive OS secondary to maternal diabetes hasshee/n to increase incidence of neural tube
defects (NTDs) in the rat fetus and embryo (Yagal. 1997; Wentzel and Eriksson 1998).
Embryonic development is exquisitely sensitive he teffects of oxidative stress, perhaps

because of the immaturity of the free radical sngireg pathway (Neubest al. 1971; Clough
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and Whittingham 1983; el-Hage and Singh 1990), @apig at the early stages of organogenesis,
where excessive ROS at inappropriate times of dpweént result in severe embryonic damage,
embryonic death, and /or congenital anomalies (@&@07). It is therefore not surprising that
environmental agents or maternal disease that peothcreased levels of free radicals (free
oxygen or nitrogen radicals) might affect the depalg embryo by increasing lipid peroxidation,
protein carbonylation, and DNA or RNA damage (Or2697) .

Quercetin, a member of flavonoid family, is ubiquisly present in foods including
vegetables, fruit, tea and wine as well as countlesd supplements. It has been recognized for
its wide range of clinical properties, includingtiainflammatory, antibacterial, and antioxidant
activities (Bootset al. 2008). Quercetin is also thought to effect changedevelopment due to
its capacity to alter key signaling pathways sushN&kB, JakSTAT, and protein kinase C.
These signaling pathways regulate cell proliferatidifferentiation, apoptosis, transcription,
inflammation, and immunity, and as such, are ingurtdeterminants of proper fetal
development (Diagt al. 2005; Kempuragt al. 2005). Quercetin is highly efficient in reducing
lipid peroxidation, protecting proper osteogeniffedentiation of mesenchymal stem cells, and
normalizing developing bone tensile strength aabtdcular bone density (Prouillet al. 2004,
Kim et al. 2006; Kanteret al. 2007). Additional studies show that quercetin tiresnt may
ameliorate some hematological values (blood glucassulin, C&*, and Md") and bone
histomorphometry in streptozocin-induced diabedis (Kanteret al. 2007). Prior studies in our
lab indicated an association between quercetineged reduction of chemical-induced OS,
placental improvement, and reduction of distal liméfects (Prateet al. 2008). To date,

mechanisms linking quercetin to protection of fetiedletal formation are poorly understood. In
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the present study, we investigated the antioxidsffects of dietary supplementation with

guercetin against maternal HFD-induced fetal skélatlformation.

M ethods

Animals and dietary protocol

Six-week-old male and female C57BL/6J mice (JacKsalmoratories, Bar Harbor, ME)
were acclimated for 2 weeks at 22.0%, 40%-60% humidity, and on a 12/12 h light/deykle.
Mice were given standard rodent chow (Harlan Tek¥obal Diet 2018: 18% protein and 5 %
fat, Madison, WI) and fresh wated libitum Following two-week acclimation, female mice
were arbitrarily assigned to one of three groupsitol, HFD, or HFD + quercetin. Mice were
fed either with a HFD (20% protein and 60% totd) 82.1% saturated fat, Research Diets Lab,
New Brunswick, NJ) (Table 1) or with the standawdent diet (Harlan Teklad Global Diet 2018:
18% protein and 5% fat), or the high fat diet sepptnted with 66mg/kg quercetin. Average
human consumption is 700mg/day (200-400mg 3x/dEdgn@chet al. 1997)). Breeding was
initiated following a four-week period of dietargtervention. Males and females (1:2 ratio)
were bred overnight, and mating was confirmed ke ghesence of a vaginal mucous plug in
females the next morning. The presence of vagihaj was designated as GDO0. Females and
males were then separated after pregnancy wasrmaafi Pregnant female were sacrificed on
GD19 by pentobarbital overdose (150mg/kg intrapegtl injection, IP; Schering-Plough
Animal Health Corp, Kenilworth, NJ). Fetuses wemarediately harvested, preserved in 70%
ethanol (EtOH), and submitted for gross and micfoi@age analysis. Each group=16.
Experiments were all approved by the Virginia Téahimal Care and Use Committee and not
initiated until approval was granted.
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Fetal weight

GD 19 Pregnant dams from control, HFD and HFD/Qupgsowere euthanized and
fetuses were harvested as described above. Fatdite/avere recorded on a top-loading balance
(Accu-622, Fisher Scientific, Suwanee, GA). Fetif$mring were then fixed in 70% EtOH for

later evaluation.

Gross measurements

Fetuses were harvested as described above. Aftroim in 70% EtOH, fetuses were
imaged using an Olympus SZX7 Stereomicroscope (PhgmEuropa GmbH, Hamburg,
Germany) with a DBX microscope-to-video camera ¢eudor direct image projection
(Diagnostic Instruments, Sterling Heights, MI) an&cion digital camera to acquire the image
(Scion CFW-1310C 1394, Scion Corporation, FredehtiR). The image was captured on the
computer via a Scion firewire camera image acqarsitapplication (version 1.0, Scion
Corporation, Frederick, MA). Whole body measuremei crown-to-rump length was thus
measured. Limb lengths were obtained by Image tvacé for pixel-to-mm conversion (v1.30,

NIH, Bethesda, MD).

Micro-CT assessments of total bone volume and boneral density

Fixed fetuses were placed in an acrylic tube ahigh-speedn vivo micro-CT system
(VivaCT 40, Scanco Medical, Bassersdorf, Switzat)amas used to obtain 3-D images of GD19
fetal skeletal structures. Fetuses were imagedyubia following settings: 55kVp, 145uA, 500

projections, 21um voxel size. A microfocus X-raysme with a 5-7um focal spot was used in
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the VivaCT and a voxel resolution of 38um was emptb Using a global threshold
corresponding to 54.25 mg hydroxylapatite (HA)}craind a Gaussian filter to partially smooth
and suppress noise in the images (sigma = 1.5 supp8), the fully mineralized skeletal
structures were isolated from the surrounding ssdue of each fetus. Total bone volume (BV)
(expressed as minand average bone mineral density (BMD) (expressethg HA/crm) were
then calculated. Component labeling was applietetiuce any image artifacts not contiguous

with the fetal skeleton.

Micro-CT assessments of skeletal structural lengths

Using micro-CT techniques described above, recoastd 3-D grayscale images of each
GD 19 fetus were converted to DICOM (Digital Imagiand Communications in Medicine)
format. The DICOM files were then exported to aaloworkstation customized to be able to
handle large image datasets (Mac Pro, Apple Inape@ino, CA). Measurement of the fetal
skeletal structural lengths was accomplished ugD®yiX, a DICOM-compatible freeware
program (OsiriX, version 2.6, Medical Imaging Sdit@, Los Angeles, CA). For all
measurements, uniform image display factors weee.uBhree-dimensional images were rotated
to display the maximum length (single-plane origatg for the structure of interest. Skeletal
structural lengths were determined using the inag#ysis software’s length measurement tool.
Overlying structures were removed as needed inrdadelearly visualize the bone of interest.
Skeletal structure measurements of each fetusdadlmandible, maxilla, humerus, radius, ulna,

femur, and tibia.
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Statistics

All data in this study were presented as mean tidstal error. One-way analysis of
variance (ANOVA) was performed, and Tukey-KrameiH8st (JMP, SAS Institute Inc., Cary,
NC) was used to establish significant differencesvieen groups. Differences were considered

statistically significant aP<0.05.

Results

Fetal size

As showed in Fig. 1, Fetal weight from HFD dams wamerically but not significantly
decreased compare to control. Fetal weight fronDA@Fdams was not different from control.
Measurement of crown-to-rump lengths on fetusesigeal comparisons of overall fetal size and
was used as a general indicator for fetal developm@s shown in Fig. 2, fetuses from HFD
dams were significantly shorter than controls. €orent dietary quercetin supplementation

significantly protected against HFD-induced shagtborown-to-rump length.

3-D Micro-CT image analysis of fetal skeletal depehent

Using reconstructed, 3-D micro-CT imaging techngjuietal skeletal structures were
evaluated to determine the contribution of gestaticHFD and elevated OS to fetal skeletal
formation. Fig. 3 displays the visible changes imeralized tissue between treatment groups
using 3-D micro-CT image analysis of GD 19 mougades from control, HFD, HFD/Q groups.
Fetuses from HFD group showed dramatically lowdogdl mineralized tissue associated with
maternal HFD due to delayed ossification, as coegpén control. Fetuses from HFD/Q group

showed numerically improved skeletal ossificaticompared to HFD fetuses.
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Micro-CT assessments of BV and BMD

Fetal BV and BMD were calculated using informatioom micro-CT images. Fig. 4
demonstrates that the BV of the HFD group was 8amtly reduced by 45% as compared to
controls. Quercetin supplementation significantigtpcted against HFD-induced fetal low bone
mass. We also observed a marked reduction in GIBMBD of 20% (Fig. 5) in HFD group

compared to controls. However, quercetin did notgut against HFD-induced BMD loss.

Micro-CT assessments of skeletal structural lengths

Micro-CT image analysis represents a precisegatgle, and non-destructive method
to quantify both axial and appendicular skeletalali@oment in developing murine fetuses (Oest
2008). In the present study, we measured seves#lassstructures of fetuses from control and
treatment groups, to determine the role of gestatitlFD on fetal endochondral as well as
intramembranous skeletal development. Structuressured included mandible, maxilla,
humerus, radius, ulna, femur and tibia. Figuresd&®onstrate that fetuses from the HFD group
had significantly shortened mandibular and maxillakeletal structure lengths compared to
controls (Fig. 6), which indicates fetal skeletalfarmation and developmental delay associated
with maternal HFD. Maternal dietary quercetin s@opéntation significantly protected against
HFD-induced mandibular and maxillary maldevelopmersimilarly, gestational HFD was
associated with significantly shortened humeraljalaand ulnar lengths compared to controls
(Fig. 7). Maternal dietary quercetin supplementatsignificantly protected against HFD-
induced skeletal limb length loss in all structuegsept the radius. Similar results were observed

in the measurement of skeletal lengths of femur tdnd, where gestational HFD significantly
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impaired femoral and tibial lengths as comparedaiatrols (Fig. 8). Quercetin supplementation

significantly protected against shortened femonal tibial lengths.

Discussion

Recent studies suggest that both maternal environhnaed genetic background
significantly contribute to the trajectory of fetalevelopment (Eriksson and Borg 1993).
Maternal factors such as OS, malnutrition, and giigad vasculopathy during pregnancy may
collectively contribute to fetal dysmorphogenediaternal nutrition is an important factor in
determining fetal growth. Our previous study shdwbat maternal consumption of HFD
elevates OS and is associated with placental vasampairment and cellular loss, which is
likely related to fetal skeletal maldevelopmenth€@s have demonstrated fetal malformation
subsequent to inflammation-induced placental danf&parovaet al. 2003). In this study, we
further investigated the effects of HFD on fetatlskal development. Our data demonstrated
that fetuses from HFD dams showed a numericallyedsed body weight and a significantly
reduced fetal crown-rump length compared to costroidicating poor fetal growth. These
findings may be due to elevated OS and placenttutapathy, leading to growth retardation.
The placenta functions as a nutritional intermadiaetween mother and child and it plays a
central role in fetal programming by regulatingafetutrient supply and fetal growth (Jansson
and Powell 2007). Appropriate development of thacehta is crucial to normal fetal
development. Damage of placental trophoblast andotbelium adversely affects the
transplacental transport of nutrients (Jansson Rodell 2007). Our previous study showed
severe placental vascular damage in HFD-fed subjeath decreased viable placental

trophoblast and labyrinthine cell numbers (Liagigal. 2009a). Since trophoblasts direct fetal
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development through liberation of cytokines andwdlo factors, trophoblast cell loss is
considered to be detrimental to fetal developmserdeanonstrated in this research. We observed
for the first time a marked reduction in GD19 cresamp length, BV, BMD, and skeletal limb
lengths in offspring of HFD-fed dams. These matkdietary-induced changes affected both
intramembranous and endochondral ossification gsE® and resulted in significant
developmental delay that is not likely to be repadipostnatally and may result in long-term
skeletal deformities.

Placental vascular damage and cellular loss inahgratory and others was determined
to result from increased OS (Myadt al. 2000), as quantified by placental malondialdehyde
levels, a stable lipid peroxidation product of eesd OS (Lianget al. 2009a). This study
extends previous studies suggesting that elevat8ddininishes vascular integrity in the
placenta, leading to fetal compromise (Myetital. 2000). It is thought that increased ROS up-
regulatesp53 (pro-apoptotic) genes, and down-regulates bclri-gpoptotic) gene expression
in proliferating conceptus tissues (Bianehial. 2003; Cicchillitti et al. 2003), which adversely
affects fetal and placental development. The ikedatmmaturity of the fetal free radical
scavenging system (el-Hage and Singh 1990) maycalstysibute to the developing embryonic
and fetal sensitivity to OS.

As demonstrated in our studies (Liaagal. 2009a), maternal HFD, increased OS and
placental vascular damage are believed to be tigesaof fetal malformation. It is noted that in
our previous study HFD dams also developed gestdtibyperglycemia with blood glucose
levels of 229.3mg/dl at GD 10 (Liangt al. 2009a). Maternal hyperglycemia exceeding

200mg/dl! is thought to cause mitochondrial dysfiomgtaltered cell signaling, and adversely
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affect fetal development (Heinze and Vetter 19839, maternal hyperglycemia may also
contribute to the fetal dysmorphogenesis obsemedd present study.

One quantitative method of assessing the fetal dyghogenesis in animal models is by
measurement of specific skeletal parameters, sadimd lengths, crown-to-rump length, and
cranial size (Oeset al. 2008). Dual energy x-ray absorptiometry (DEXAgHzeen a widely
used general method to evaluate overall skeletakhehowever, this technique relies on 2-D
estimates for bone mineral assessment and yielddvedy poor resolution as compared to
newer tomographic image technology. DEXA analy$s® @oes not permit detailed analysis of
bone architecture by excluding key information ¢tnuctural morphology such as architectural
assessment of trabecular bone, which renders thigaptimal technology with which to fully
evaluate bone development, architectural soundiaesklong-term risk of chronic disease such
as osteoporosis (Schreiwasal. 2003; Hesteet al. 2004). Other traditional techniques, such as
gross morphometry and clearing staining are algwogpiate for crude determination skeletal
structures and lengths, however, the time-consummbunpredictable outcome of these tedious
processes often do not accurately represent skédetaations due to variability in findings, and
result in unacceptable specimen fragility, dissi@mg and destruction of fetal tissues (Oeisal.
2008).

In this study, results from micro-CT image analysire consistent with those obtained
using traditional technique (i.e. clear-stainind)ile decreasing variability within and between
samples, and simultaneously providing addition&rmation including total skeletal BV and
BMD for each fetus, as we had previously reportedstet al. 2008). Micro-CT is a rigorous
tool for measurement of murine fetal skeletal strrec parameters, and because of high signal

contrast between bone and soft tissue (HoldswarthTdnornton 2002), it is especially suited for
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measurements of bone density and evaluation ofbiome structures. Using micro-CT technique,
we observed a significant reduction on fetal BV ancharked reduction on fetal BMD in HFD
group compared to controls. Bones are formed bydisbnct mechanisms—intramembranous
ossification and endochondral ossification, botartstg from mesenchymal condensations.
Skeletal structural lengths of bones from bothamtembranous ossification (mandible, maxilla)
and endochondral ossification (humerus, radiusgg,Uemur and tibia) were measured by micro-
CT in this study. Our data revealed that both fetafamembranous ossification and
endochondral ossification processes were advemsgigcted by maternal HFD. Fetuses from
HFD dams had significantly shortened limb lengtaed changes in mineralized structure
development were clearly visible by micro-CT imagelysis. HFD fetuses showed dramatically
lowered total mineralized tissue and delayed s&kleissification compared to control,
suggesting skeletal maldevelopment by HFD. Alsp]dag bones, the central part of the shaft is
the embryonic site of the primary ossification ezrend secondary ossification centers would
develop at either or both ends of the bone in #terlcourse of maturation (Hochberg 2002).
Therefore, our findings of fetal long bone maldepehent also suggested that maternal
malnutrition of HFD seems to predominantly disttive primary ossification pathway.

There have been studies showing that maternalrgistgpplementation can effectively
protect against fetal teratogenesis of NTDs (Flgmamd Copp 1998), indicating possible
transplacental activity of soluble mediators. Matydies using rodent embryos have shown that
elevated maternal ROS increases fetal malformdtanget al. 2003) and administration of
antioxidants, such as butylated hydroxytoluengmih E, or flavones can mitigate TNF-alpha-
induced adhesion of monocytes to endothelium, ibtile NFkB pathway, and protect against

ROS-mediated placental and fetal malformation &dn and Siman 1996; Sivan al. 1996;
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Choiet al.2004; Prateet al.2006a; Prateet al. 2006b). Other methods to reduce excessive OS,
such as transgenic overexpression ofZm** superoxide dismutase, have also been shown to
protect mouse embryos from developmental defeatsechy excessive OS (Hagatyal. 1995).
Our previous study showed quercetin significantgcreéased OS, increased viable placental
trophoblast and labyrinthine cell numbers, and owpd placental vascular integrity and
placental function in HFD-fed mice (Liareg al.2009a). The present study further demonstrated
that fetuses from HFD/Q showed significantly impedwskeletal development compared to those
from HFD dams. These effects may be due to theddant effects of quercetin on reduction of
placental OS. Alternatively, this may representieed, transplacental effect of gestational
dietary antioxidants on fetal formation; clearlyddéional studies are required to more
completely elucidate the mechanisms surroundingeptive effects of quercetin on fetal
formation. Quercetin prevents oxidant injury andl ceath by several mechanisms, which
include ROS scavenging and protection against lygcbxidation (Boot®t al. 2008). There is
also evidence that quercetin has bone-buildingceffevhich suggest that quercetin may exert
some direct effect on stimulation of alkaline phusjase activity, activation of extracellular-
regulated kinases in osteoblasts by an estrogegpt@edependent pathway (Prouillet al.
2004), or by influencing other signaling pathways/alved in osteoblastic proliferation,
differentiation, and mineralization. Studies dentoate that treatment with quercetin
dramatically increases bone formation rate in $t@gin-induced osteopenia (Kanter al.
2007). Quercetin can both decrease osteoclasivmtaand stimulate osteoblastic activity and
therefore may represent a new pharmacologicalftmahe treatment of osteoporosis (Kanger

al. 2007). In this study, fetuses from HFD/Q dams stmwignificantly improved crown-to-

rump lengths, BV and skeletal structural lengthmpared to fetuses from HFD dams. 3-D
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micro-CT images showed dietary quercetin suppleatiem dramatically reduced HFD induced
low bone bass and improved overall bone qualitysoAldietary quercetin did not cause
externally visible morphologic defects in C57BL/6étdses in this research. These findings
provided evidence for a contributing role of plae¢rOS in fetal skeletal malformation and a
rationale that antioxidants might have a positmpact on the outcome of human pregnancy.

In summary, our study demonstrated that elevatsthtienal OS by maternal HFD plays
a causal role in the incidence of congenital defacid fetal skeletal dysmorphogenesis. Dietary
guercetin supplementation improved development&tarae in HFD-exposed mice simply by
reducing OS and ROS-related placental damage.adtldeen suspected for many years that
control of OS lowers the risk of congenital anomsl{Mills et al. 1988). Thus, our finding offers

one more supporting clue toward understanding oinegptex etiology of fetal malformation.
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Table 1. High fat diet (HFD) composition

High Fat Diet gm% Kcal%
Protein 26.2 20
Carbohydrate 26.3 20
Fat 34.9 60

Fat composition: %
Saturated 32.1
Monounsaturated 46
Polyunsaturated 16.9
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Body Weight of GD 19 C57BL/6 Mouse Fetuses
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Fig. 1. Measurement of GD19 Mouse Fetal Body WeiBlaims were sacrificed on GD 19. Fetal
weights from control, HFD and HFD/Q dams were rdedr Fetuses from HFD dams showed a
numerically decreased body weight by 15% compapecdontrol, but this was not statistically
significant. Fetal body weight from HFD/Q group wast significantly different from HFD.
Values are given as means + SEM. Bars with sanerdeindicate values are not significantly

different,P >0.05.n=16.
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Crown- Rump Lengths of GD19 Fetuses
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Fig. 2. Crown- Rump Lengths of GD19 Fetuses. &rsasurement was used to quantify the
crown-rump lengths of GD 19 fetuses from contraokDHand HFD/Q dams. The HFD group
showed significantly shortened crown-rump lengtipared to control. Quercetin significantly
protected against fetal crown-to-rump length logdHbED. Values are given as means + SEM.

Bars with different letters represent significardifferent valuesP < 0.05.n=16.
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Fig. 3. 3-D Micro-CT Imaging of GD 19 Fetuses. Faleeletal structures were generated using
reconstructed 3-D micro-CT imaging technique. Fideifh to right: control, HFD and HFD/Q.

Fetuses from HFD dams showed dramatically lowestad mineralized tissue, poor bone quality
and delayed ossification process, while fetuses fit-D/Q dams showed numerically improved

total mineralized tissue, bone quality and ossdlificaprocess compared to HFD fetuses.
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Total Bone Volume of GD19 C57BL/6 Mouses Fetuses
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Fig. 4. Measurement of Total Bone Volume of GDM8use Fetuses. Fetal BV from
control, HFD and HFD/Q dams were measured by miXfo+fetuses from HFD group
showed significantly less fetal BV compared to contQuercetin significantly protected
against HFD induced total bone loss. Values arergiass means = SEM. Bars with

different letters represent significantly differemiuesP < 0.05.n=16.
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Fig. 5. Measurement of Average Bone Mineral DensityoD 19 Mouse Fetuses. Fetal BMD
from control, HFD and HFD/Q dams were measured lbgroyCT. Fetuses from HFD dams
showed numerically decreased BMD as compared ttraloQuercetin did not show protective
effects against fetal BMD loss by HFD. Values aireeg as means + SEM. Bars with different

letters represent significantly different valuBss 0.05.n=16.
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Strugture Length (mm)

Fig. 6. Measurement of Mandibular and Maxillary k&l Structure Lengths of GD 19 Mouse
Fetuses. Axial skeletal lengths (mandible and nexdf fetuses from control, HFD and HFD/Q
were measured by micro-CT. Fetuses from HFD danmwethi significantly shortened
mandibular and maxillary structural lengths comgate control. Quercetin significantly
protected against HFD-induced mandible and maleitgth loss. Values are given as means *

SEM. Bars with different letters represent sigrfidy different values? < 0.05.n=16.
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Skeletal Structure Length of GD19 C57BL/6 Mouse Fetuses
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Fig. 7. Measurement of Humeral, Radial and Ulnagl&al Structure Lengths of GD 19 Mouse
Fetuses. Appendicular skeletal lengths (humerususaand ulna) of fetuses from control, HFD
and HFD/Q dams were measured by micro-CT. Fetuses HFD dams showed significantly
shortened humerus, radius and ulna structural hengtompared to control. Quercetin
significantly protected against HFD-induced skedlsteuctural length loss in the measurement of
humerus and ulna, but not in radius. Values avergas means = SEM. Bars with different

letters represent significantly different valuBss 0.05.n=16.
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Skeletal Structure Length of GD19 C57BL/6 Mouse Fetuses
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Fig. 8. Measurement of Femoral and Tibial Skel8talicture Lengths of GD 19 Mouse Fetuses.
Appendicular skeletal lengths (femur and tibiajeatises from control, HFD, HFD/Q dams were
measured by micro-CT. Fetuses from HFD dams shasigraficantly shortened femoral and
tibial structural lengths compared to control. Qe#in significantly protected against HFD-
induced femoral and tibial length loss. Values gireen as means = SEM. Bars with different

letters represent significantly different valuBss 0.05.n=16.
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Abstract

A large body of human epidemiological and animaldsts has demonstrated a close
relationship between poor fetal growth and incrdagsk of diseases in adult life; this concept is
referred to as the Developmental Origins of Healtld Disease (DOHaD). The developmental
environment is thought to strongly influence fggabgramming and determine, in part, lifelong
metabolic parameters and risk of adult diseases. €fffects of maternal malnutrition on fetal
growth and adult offspring health have been stud@nsively. However, the contribution of
gestational high saturated fat diet (HFD) and oaastress (OS) to adult-onset metabolic
disease and skeletal dysfunction is incompletelgenstood. Animal models show deleterious
effects of maternal HFD during pregnancy, includiexcessive OS, placental and vascular
dysfunction, and fetal maldevelopment. Human ckitddoorn of mothers consuming HFD during
pregnancy are smaller at birth. In the presentystyp@dthophysiologic mechanisms linking
gestational HFD and elevated OS to perinatal deweémt and adult-onset skeletal,
cardiovascular and metabolic dysfunction were engadloResults of this study demonstrated that
adult offspring of dams fed HFD during pregnanchibited life-long adverse effects, including
hyperglycemia, insulin resistance, obesity, andelngmsion, despite being fed healthy standard
rodent chow throughout postnatal life. These offgpralso showed significant lower femoral
epiphyseal bone mineral density (BMD) at 6 monthage, and dysregulation of distal femoral
trabecular architecture at 12 months of age, cheniatics of osteoporosis, as measured by
micro-computed tomographic image analysis. We \abte to reduce incidence of these adverse
skeletal and metabolic effects with maternal antiamt (quercetin) supplementation during
pregnancy. This effect may be related to improvedgntal integrity and function. Collectively,

these data suggest that offspring of dams who coesa diet rich in saturated fat during
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pregnancy are at increased risk of type 2 diabétgsertension and osteoporosis in adult life.
Maternal quercetin supplementation may be consid@as a possible preventive strategy to

reduce altered fetal programming caused by gesttldFD consumption.

I ntroduction

Chronic diseases such as cardiovascular diseasesityy diabetes mellitus, and
osteoporosis are leading causes of death and liligahi the United States. These diseases
account for 7 of every 10 deaths and affect thdityuaf life of 90 million Americans. An
estimated 10 million Americans over age 50 haveagstrosis and 1.5 million people suffer an
osteoporotic-related fracture each yeamv{v.cdc.qgoy. Results of recent studies suggest that
many adult diseases may originate from suboptiratiitions in fetal life. Low birth weight and
short body length at birth are associated with aled risk of obesity, cardiovascular disease and
non-insulin dependent diabetes in adult life (Rddper et al. 2005). This phenomenon is
referred to as the fetal basis of adult diseaséDOHaD’, the developmental origins of health
and disease. These studies link fetal environnmaatdrnal nutrition, gestational health, and OS)
with permanently altered fetal programming and &fed risk of adult-onset diseases (Rolo and
Palmeira 2006).

Optimal fetal development relies on an intricatetghestrated availability of nutrients
and oxygen. Stresses to the fetus such as malonfrimaternal diseases and exposure to
environmental chemicals lead to inadequate fetagldpment (Hales and Barker 2001). Studies
in experimental animals have demonstrated thatmmatautrition also plays an important role in
lifelong health status, as poor nutrition duringgmancy is related to adulthood cardiovascular

and metabolic disorders (Barker 1998; Barlkéral. 2002). Low protein nutrition results in
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significant growth restriction, and offspring of me consuming insufficient protein are born
15% lighter than controls. These babies also detnate impaired glucose tolerance (Ozaane
al. 2003) and are at increased risk of developingkfdiabetes and hypertension in adulthood
(Petry et al. 1997; Petryet al. 2001). Maternal iron restriction has also beenudwented to
induce low birth weight, increased systolic bloaggsure, and insulin resistance in adult life
(Lewis et al. 2001). A large body of epidemiological studies ladéso demonstrated a strong
relationship between early growth restriction amel $ubsequent development of type 2 diabetes
and metabolic syndrome (Ozanne 2001). Howevelg litformation is available regarding the
role of maternal HFD in adult-onset multisystenticanic diseases.

Exposure to environmental toxins during childhoodeven during gestation, is thought
to also cause improper skeletal development an@nalization (Andradeet al. 2007), and may
be an important contributors to adult bone pathpl@@ianchi 2007). Bony defects such as
malformation or disorganized long bone trabecutehigecture that arise during gestation are not
typically repaired postnatally, and are thoughinimease the risk for bone fragility fractures in
adulthood (Gluckmaret al. 2005). Worldwide epidemiological studies have shaWwat poor
growth in fetal life and infancy is associated witbcreased bone mass in adulthood due to
altered fetal skeletal growth trajectory duringical periods of early development (Melggal.
2002). However, few animal studies have been cdedut¢o date, that mechanistically explain
the observations from human populations regardiegebpment original of adult-onset
osteoporosis. We previously reported that mateHiaD during gestation induces placental
damage and fetal malformation in the mouse mode@-et al. 2009a; Lianget al. 2009b). In
an attempt to understand mechanisms relating éetafonment to development of chronic adult

diseases, the present study is intended to extendesults of our prenatal research of maternal
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HFD-induced fetal malformation into adulthood. Thkisidy was designed to determine the role
of maternal gestational HFD and fetal environmarglevating risk of cardiovascular, metabolic,
and skeletal disease in 6 and 12-month offsprin@®7BL/6 mouse dams. We hypothesized
that maternal HFD-induced placental OS and vasayaregulation, which interfere with fetal
formation, will elevate risk of adult-onset typel@betes, hypertension, and osteoporosis.
Quercetin is among the most common and potenbiflan antioxidants available that
can be administered orally to reduce dietary-inddged peroxidation. It is commonly found in
fruits and vegetables, and has been shown to bgedficial health effects, including protection
against osteoporosis, cancer, cardiovascular dgiseasd aging (Bootst al.2008). In addition to
its antioxidant effects, quercetin is also thoughtreduce bone resorption in animals by
inhibiting osteoclast differentiation and activatigWoo et al. 2004). Therefore, the present
study also examined the effect of maternal gestatidietary antioxidant supplementation with
guercetin on development of HFD-induced adult-orntyge 2 diabetes, hypertension, and
osteoporosis. To our knowledge, few studies havenbeonducted that examine possible
preventive strategies to reduce fetal origins afiadiseases. Our study demonstrating protective
effects of quercetin against gestational HFD induggult-onset multi-systemic chronic diseases

may provide new insight into treatment or prevemsirategies of these diseases.

M ethods

Animals and dietary protocol
Male and female C57BL/6J mice were obtained frookdan Laboratories (Bar Harbor,
ME) at 6 weeks of age. Mice were housed in grodds/e and were acclimated for 2 weeks at

22.0 +1°C, 40%-60% humidity, and on a 12/12 h light/deykle. Mice were given food and
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fresh waterad libitum Experiments were all approved by the Virginia A émimal Care and
Use Committee and not initiated until approval waanted. Following two-week acclimation,
female mice were arbitrarily assigned to one oé¢hgroups: control, HFD, or HFD + quercetin.
Mice were then fed either with a standard rodeet {fHarlan Teklad Global Diet 2018: 18%
protein and 5% fat; SD) or with the HFD (20% protand 60% total fat, 32.1% saturated fat,
Research Diets Lab, New Brunswick, NJ) (Table it)wih HFD supplemented with 66mg/kg
guercetin, which is equivalent to 700mg/day (averagman consumption is 200-400mg 3x/day;
(Manachet al. 1997) for four weeks prior to breeding. Breedingswvinitiated following the four-
week period of dietary intervention as such: maled females (1:2 ratio) were bred overnight,
and mating was confirmed by the presence of a whgmucous plug in females the following
morning. The presence of a vaginal plug was desegihday O of gestation (GD 0). Female were
permitted to give birth, with an expected gestatemgth of 20 days. Littermates were housed
together with their dam until weaning at 21 daysagke. After weaning, dams and male
offspring were euthanized by pentobarbital overd@®Omg/kg intraperitoneal injection, IP;
Schering-Plough Animal Health Corp, Kenilworth, NJFemale offspring were housed in
groups of<5, and fed conventional rodent chow (Sd)) libitum for 12 months. Six month old
offspring of all groups have=5. Twelve month old offspring of control and HFDg@ups have

n=5, HFD group has=4 (due to premature death of one mouse).

Measurements of blood glucose, plasma insulin amty bveight
Female blood glucose, plasma insulin, and body htewgere recorded at 6 and 12
months of age. Body weight was recorded on a tagig balance (Accu-622, Fisher Scientific,

Suwanee, GA), and maternal blood samples were r@uataria tail venipuncture to determine
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non-fasting insulin and glucose levels. Blood gke&devels were determined by glucometer
(Lifescan Surestep, Johnson & Johnson, Langhor#g, dhd plasma insulin levels were
guantified by enzyme-linked immunosorbent assay$&l). (Alpco Diagnostics, Windham, NH),

according to the manufacturer’s instructions.

Measurements of blood pressure

Systolic and diastolic blood pressure (BP) weresmheined by noninvasive tail cuff
method, using the SC1000 blood pressure analysiemy(Hatteras Instruments, Cary, NC) in
adult female offspring of control, HFD, and HFD/@ndls, at 6 and 12 months of age. Mice were
comfortably restrained and constantly observed ipreewarmed dark chamber, to allow
consistent BP reading. Real-time data (systoliastdlic, and mean arterial pressures) were
displayed using volume pressure recording. Tastddic and diastolic BP were then recorded

following the manufacturer’s instructions.

Micro-CT assessments of offspring bone development

The present study also endeavored to improve utashelieng of the contribution of the
intrauterine environment to the bone architectunough adulthood. We hypothesized that
gestational HFD would dysregulate skeletal programgrincrease bony malformation, diminish
bone density, and disrupt trabecular architect@iradalt offspring. The effect of maternal HFD
on the bone mass of the adult offspring was asdebgehigh-resolution micro-computed
tomographic image analysis (micro-CT). Trabeculasnéd density and bony trabecular
microarchitecture were measured postnatally at &gasd 12 months, to document gestational

HFD-induced fetal skeletal alterations that perdisbughout adulthood. A high-speéed vivo

113



micro-CT system (VivaCT 40, Scanco Medical, Basdenfs Switzerland) was used to assess
adult mouse skeletal structures, following mild etexh with isoflurane. At six months of age,
the female offspring skeletal structures were erauohias such: the scanning chamber was pre-
warmed using flexible tubing attached to a Bair gergwarm air machine (Arizant Healthcare
Inc., Eden Prairie, MN). Mice were positioned inaamylic container in sternal recumbency with
hindlimbs extended caudally, with head supportetth \yauze pads to maintain neck extension
and open airway, and the tail was taped to thedidee tube. Skeletal image data were archived
and manipulated using OsiriX, a DICOM-compatibleefivare program (OsiriX, version 2.6,
Medical Imaging Software, Los Angeles, CA) to céte bone mineral density (BMD) and to
evaluate metaphyseal and epiphyseal trabecularoarnitecture. At 12 months of age,
offspring were euthanized by intraperitoneal peatblial overdose (150mg/kg), and skeletal
structure scanning and evaluation were performdadguthe same protocol as previously

described for 6-month old offspring.

Statistical analysis

All data in this study were presented as mean tidstal error. One-way analysis of
variance (ANOVA) was used with Tukey-Kramer HSDt tigdVP, SAS Institute Inc., Cary, NC)
to establish significant differences between grouf¥ata were determined to be statistically

different whenP<0.05.

Results

Effects of HFD on blood glucose
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Blood glucose levels of mouse offspring were deteeah at 6 and 12 months of agAs
shown in Fig.1, blood glucose levels at 6 monthd && months from the HFD offspring
increased 31.2% and 78.8% respectively, which wagaificantly different from control,
indicating the development of hyperglycemia in tHED group. We also observed a
progressively increased blood glucose level frome A2 months, indicating an age-dependant
effect of gestational HFD on postnatal female miceMaternal quercetin supplementation
significantly protected against gestational HFDtioeld increased of blood glucose of offspring

at the ages of 6 and 12 months.

Effects of HFD on plasma insulin

Six-month old HFD offspring showed numerically ieased of insulin levels, but this did
not become significant until 12 months of age, whéiD offspring showed significantly higher
plasma insulin levels compared to controls. Quercetipplementation significantly protected

against the development of hyperinsulinemia in olifspring at 12 months of age.

Effects of HFD on insulin resistance

Taken together, data of Fig. 1 and Fig. 2 demotestra close association between blood
glucose levels and plasma insulin levels in 6 addnbnth old HFD offspring. These offspring
developed hyperglycemia and hyperinsulinemia caeatily, which suggested development of
insulin resistance and type 2 diabetes followingtag@onal exposure to HFD. These changes
were not observed in the control group, and were aiserved in offspring of dams fed
concurrently with quercetin during pregnancy. Ehstidies demonstrated that gestational HFD

significantly increases risk of insulin resistamee type 2 diabetes in female offspring, and that
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antioxidant supplementation effectively reducedajemal HFD-induced insulin resistance and

development of type 2 diabetes in 6- and 12- mofdtoffspring.

Effects of HFD on body weight

Gestational HFD also altered female offspring bagyght in adulthood. As shown in
Fig. 3, at the age of 6 months, HFD offspring shavsggnificantly increased body weight
compared to control. At 12 months of age, HFD affgpshowed numerically increased of body
weight compared to control, but this number wadomger significantly different than controls.
At this point, the female offspring appeared toho@ched and exhibited an unthrifty hair coat,
which gave the appearance of accelerated aging.erNEt quercetin supplementation

significantly protected against HFD-induced weighin at 6 months of age.

Effects of HFD on blood pressure

At 6 months of age, offspring from the HFD groumwied numeric but insignificantly
increased systolic and diastolic BP compared tarob(Fig. 4). By the age of 12 months, BP of
HFD offspring increased significantly as compared dontrols, which demonstrated that
gestational exposure to HFD caused female offsgardgvelop hypertension over time (Fig. 5).
A progressively increased systolic and diastolic fB#n 6 to 12 months was again observed,
indicating an age-dependant association. Mateuailcetin supplementation showed significant

protection against HFD-induced hypertension in Idtith old offspring.
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Micro-CT assessments of 6- month offspring boneldpment

Using reconstructed, 3-D micro-CT imaging techngju@ and 12 month old offspring
bone health was evaluated to determine the comimibwf gestational HFD and elevated OS to
offspring skeletal development. Trabecular bonenfiaoth metaphyseal and epiphyseal femur
was examined in order to more completely understhrdeffects of gestational HFD, with or
without concurrent antioxidant supplementation,aoinlt bone health. In the epiphyseal region,
the HFD offspring at 6 months of age showed sigaiftly lower BMD compared to control
(HFD offspring were 87% of control), which suggesstievelopment of early osteoporosis (Fig.
6). Maternal quercetin supplementation signifibaptotected against HFD-induced BMD loss.
In metaphyseal region, there was no difference rebgeregarding BMD among groups.
Regarding 6-month femoral trabecular microarchitextfemoral trabecular number, thickness,
spacing, anisotropy and connectivity density werangned. As shown in Fig. 7 and Fig. 8,
there was no difference observed regarding trabecuicroarchitecture changes among groups

at this time point.

Micro-CT assessments of 12- month offspring bomeldpment

Femoral trabecular microarchitecture was similasgluated by micro-CT in offspring at
12 months of age. Femoral trabecular number, tigisk, spacing, anisotropy, and connectivity
density were examined. The trabecular spacingataphyseal region significantly increased in
offspring from HFD dams compared to control (Fiyy. Maternal quercetin supplementation did
not protect against the increasing of trabeculacsy of HFD offspring. Fig. 10 displays the
measurement of 12-month offspring trabecular cotivige density. At epiphyseal region,

trabecular connectivity density of offspring fromFB dams was significantly deceased
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compared to control. Concurrent maternal quercstipplementation significantly protected
against HFD-induced reduction of trabecular conuiggtdensity of 12 month old offspring.

There was no difference observed among groupeimtttaphyseal region.

Discussion

Evidence from animal and human studies demonsttaggésnany adult chronic diseases
have their origins in fetal life (Barker 1998). Theesent study demonstrates the important role
of gestational exposure to HFD in increased risktyge 2 diabetes, hypertension and
osteoporosis in adult female offspring. An impottéactor that makes this study particularly
relevant is that all the offspring from control, BIland HFD/Q dams were fed standard rodent
chow and fresh watend libitum after weaning. This experimental design permitthd
researchers to specifically isolate the effectsnaternal HFD +/- quercetin consumption, and
removed post-weaning diet as a confounding variabdeour knowledge, this is the first time
maternal HFD intervention was used to explore th&rdbution of gestational diet on long-term
elevated risk of cardiovascular, endocrine andetketliseases.

The terms ‘developmental origins of health andeas®’ and ‘fetal programming’ were
coined on the basis of the inverse associationdmvbirth weight and adult-onset hypertension,
diabetes, coronary heart disease, and stroke sepanmerous epidemiological studies (Barker
1998). The importance of environmental factors perinatal development has been
demonstrated by a number of human studies. AHetlween intrauterine environment and adult
disease was pioneered by Barker and co-workers, deinoonstrated association between low
birth weight and adverse profile of adult glucosd asulin metabolism (Halest al. 1991b) and

cardiovascular disease (Barketral. 1989). These studies suggest that fetal enviranmsein
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large part responsible for permanent modificatibgene pathways that influence birth size and
neonatal health, as well as relative risk of aduket diseases. Identical twins studies also
suggest that that fetal as well as postnatal enments are important determinants of

programming and risk of adult-onset chronic dise@$ales and Barker 2001). However, the

mechanistic basis of this relationship between gem&l the environment remains a subject of
debate. Studies of extensive genomic scans tdifiglemiversal diabetes susceptibility genes/

polymorphisms have been unsuccessful in isolatergetc alterations as the sole predictor of
chronic disease (Ozanne 2001).

The biological basis of the associations observetivéen poor fetal growth and the
subsequent development of diseases in adult litaerepidemiological study was explained by
the ‘thrifty phenotype hypothesisWhen the fetal environment is poor, the fetuspésldo an
adverse intrauterine environment by optimizing tise of a reduced nutrient supply to ensure
survival. Therefore, blood flow is redistributed fewor of key body organs at the expense of
non-essential organs, and this results in alteredyztion of fetal and placental hormones which
control fetal growth, and leads to an altered patsinrmetabolism (Halest al. 1991a; Barkeet
al. 1993). It is believed that early life responsesnutritional insufficiency may enhance
survival in the short run, but may be maladaptivdaiter life when the organism no longer is
faced with nutritional insufficiency (Gluckman akidnson 2004b).

Many studies demonstrate the close relationshipvd®t low birth weight and adult-
onset diseases (Gennsefr al. 1988; Haleset al. 1991b; Galeet al. 2001; Ozanne 2001).
However, few studies have been performed regatuitigy size other than birth weight. This is a
major limitation because birth weight only providesrude summary index of growth (Barker

1998). Our research evaluated both fetal birth ftedg well as various indicators of fetal size to
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determine its effects of adult diseases from deraknt origin. We previously reported (Liang
et al. 2009b) fetuses from HFD dams have a numericalbyedesed birth weight, significantly
decreased crown-to-rump length and skeletal lengtmpared to control, which is a more
comprehensive method to characterize small bigb. $iFD fetuses also showed decreased BV
and BMD, indicating fetal skeletal malformation ashelelopmental delay. All these changes are
believed to contribute to adult-onset chronic maigan diseases demonstrated in the present
study, as these skeletal changes observed inlifetare not repaired postnatally, and persist into
adulthood. Therefore, our study provides very coowig evidence to demonstrate a strong
relationship between poor fetal growth and elevatedience of adult-onset bone disease.

Over recent decades the incidence of diabetes atabolic syndrome has dramatically
increased in Western populations and has beerbwttd in part to environmental factors,
notably diet (Holemanst al.2000). Studies of individuals expodadiuteroto famine during the
Dutch hunger winter have revealed that maternaitiart leads to restriction of the fetus and is
associated with poor glucose tolerance and ingelanstance (Kahn 2001). Other studies also
show that subjecting the pregnant dams to proteimutrition results in disturbance of glucose
homeostasis and insulin metabolism (Daétial. 1991). Males and females with low birth
weight from mothers suffering malnutrition duringegnancy have a high prevalence of a
collection of symptoms referred to as ‘insulin stsnce syndrome’ (Barket al. 1993) in which
impaired glucose tolerance, hyperinsulinemia ansgecaserum triacylglycerol concentrations
occur simultaneously, and increase lifetime risknaftabolic and cardiovascular disease (Barker
1998). Our previous studies determined that makétR® intake induces smaller fetal size and
is associated with fetal malformation (Liaegal. 2009b). The present study extended the fetal

study to adulthood and showed 6 and 12-month ofdpohg from HFD dams developed
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hyperglycemia, hyperinsulinemia and insulin resis& indicating development of type 2
diabetes in adulthood. HFD offspring also accruederbody weight by 6 months of age. We
also observed an age-dependent increase of blagmbgg and plasma insulin from 6 tol2
months of age, which provides strong evidenceft#tat environment and poor fetal growth are a
major contributor to adult-onset metabolic disorded development of type 2 diabetes.
Hypertension represents a major public health engk worldwide due to its high
prevalence and importance as a risk factor foricaesgcular disease mortality (Adair and Dahly
2005). Although a great deal is known about modi&aisk factors for hypertension, including
obesity, smoking, alcohol consumption, diet, angspdal activity, these factors do not fully
explain differences in its occurrence (Adair andhla2005). Several recent studies have
examined the role of protein restriction, fetal elepment, birth weight, and birth size in lifelong
regulation of BP, and risk of cardiovascular diseasortality (Barker 1998; Ozanne and Hales
1999; Adair and Dahly 2005). Gardiner and othep®red that offspring of mothers fed a HFD
have altered fatty acid content and reduced entlaltliependent vascular dilation and
endothelial dysfunction in small mesenteric are(i€hanet al. 2005; Gardiner 2007). Based on
these findings, we investigated the effects of mmaleHFD on BP of 6-and 12-month old adult
offspring of C57BL/6 mice. Our data demonstratedt tbffspring from HFD dams showed
increases of both systolic BP and diastolic BP. A#® observed an age-dependent increase of
systolic and diastolic BP from 6 month to 12 monthkis hypertension may be related to
changes in fetal kidney structure and the actioftthe renin-angiotensin system (Langley-Evans
et al. 1999) or fetal hypothalamic-pituitary-adrenal axihich in turn resets homoeostatic

mechanisms controlling BP (Edwarelsal. 1993).
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Associations between low birth weight and cardioués and metabolic disorders have
been repeatedly demonstrated, however, theredsrieggmation about developmental origins of
osteoporosis. Osteoporosis and osteoporotic fracdue the leading causes of disability in the
United States (Rakekt al. 2008). Although the most widely recognized rislctéa for
development of osteoporosis is middle-aged estrdigetuation, other contributions of genetic
and environmental factors to the development oéamtrosis are not fully understood. Recent
studies suggest that environmental influences asamaternal OS and malnutrition during fetal
development may play a causal role in the pathagsrd osteoporosis by permanently altering
fetal skeletal gene programming (Cooméral. 2002). Impaired bone density and architecture
result when the fetal environment is sub-optimakl aequires the infant to adapt for survival.
Perinatal adaptation of fetal growth restrictioroften manifested as ‘catch-up growth’, which
favors differentiation of immature cells into fatlls (adipocytes) rather than bone cells
(osteoblasts) (Hales and Barker 1992). Studiessilsw the bone mass at any stage in later life
depends upon the peak level attained during skejetavth (Fallet al. 1998) and growth during
prenatal and early postnatal life may be a detantiof peak adult bone mass (Coopeml.
1995).

Recent studies in our laboratory have shown thatemal gestational HFD induces
placental vascular damage and increased OS, auldsras fetal skeletal growth restriction and
increased risk of permanent bony malformation (giat al. 2009a). The mechanisms of
ossification of metaphyseal and epiphyseal regaresdifferent. Metaphyseal femur undergoes
endochondral ossification, and the epiphyseal regimergoes intramembranous ossification. In
order to determine the contribution of gestatiddBD to long-term bone health and relative risk

of adult-onset osteoporosis, in the present sta@ymeasured BMD from both regions in order
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to completely define the effects of HFD on the mssc of osteoporosis. In additional to bone
mass, the trabecular structure is a critical faatontributing to bone strength. Three-

dimensionally reconstructed micro-CT image analyssmits the quantitative assessment of
trabecular bone architecture and yields an ovefaracterization of both bone quantity (total
bone volume) and quality (trabecular structure)jcWwheads to a more comprehensive and
accurate understanding of skeletal integrity (Juetexl. 2003). In the present study, in addition
to observe BMD changes, we also examined changé&sleécular microarchitecture such as
trabecular spacing and connectivity density amaomgigs. Six-month old offspring from HFD

dams showed significantly decreased BMD in epipalysemur compared to control, which

demonstrated development of early stage of ostesmorHowever, in metaphyseal region, no
difference observed among groups suggested thdahandevelopment of osteoporosis, the
epiphyseal region responds differently to environtakchallenges than the metaphyseal region.
This could be due to the differences in bone assitn mechanisms of these two regions.
However, neither trabecular spacing nor trabectanectivity were affected at this stage. Our
12 months measurement data revealed that HFD ofgmhowed significantly increased

trabecular spacing in metaphyseal region and dsededarabecular connectivity density in

epiphyseal region, indicating trabecular microaeattural changes and development of overt
osteoporosis. These results also suggested thalepgmdent manner of the progress of
osteoporosis. These observations in mice mirrosdéhmade in epidemiological studies among
human populations and suggest that HFD-induced sk&detal malformation is associated with

permanent dysregulation of skeletal programmingindurgestation and increased skeletal

osteoporosis in adult life. There was no differenbserved in trabecular spacing of epiphyseal

123



region and trabecular connectivity density of mbtegeal region among groups. This could be
due to low sample number of HFD group caused bsnptere death of mice.

The DOHaD hypothesis proposes that developmentadtipity and fetal adaptation
underlie the links between maternal nutrition, fizéirth and coronary heart disease and type 2
diabetes in adult life (Godfrey 2002). There igdence that the placenta may play an important
role in determining these adaptations and developmhehanges (Godfrey 2002). The placenta
functions as a nutrient sensor, which coordinatesient transport functions with maternal
nutrient availability and serves as a key playerthe regulation of fetal growth and, as a
consequence, fetal programming. Epidemiologicallisgisuggest that placental health appears
to provide information on the long-term outcome tloe baby (Godfrey 2002). Studies show a
possible link between placental structure changesedevated risk of adult diseases, which is
particularly evident for the fetal programming dadrdiovascular disease (Jansson and Powell
2007). The placental pathologies that are assutiaith fetal programming are also associated
with increased OS in the placenta (Waetgal. 1992; Giuglianoet al. 1996). These findings
correspond well with our research. We previousporeed that placenta from HFD dams showed
significantly decreased viable trophoblast and é&mel@l cell number, increased OS, severe
placental vasculopathy and poor placental healtAn@.et al. 2009a). These further result in
poor fetal growth and, as a consequence, incregmgdience in adult-onset type 2 diabetes,
hypertension and osteoporosis in surviving offgprimss demonstrated in the present study. The
relationship between placental damage, fetal malédion and adult-onset diseases explored in
our study may provide a better understanding ohtbehanisms underlying fetal programming.

A number of studies have suggested potential mesimarunderlying the developmental

origins of adult disease. However, few studies hiagen completed which explore potential
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therapeutic or preventive therapies to reduce a@veffects of maternal malnutrition on poor
fetal growth and their roles in adult-onset typeli@betes, hypertensive vascular diseases and
osteoporosis. In our study, concurrent maternalragii® supplementation was used as the
preventive strategy to protect against HFD-indufe#dl malformation and adult-onset chronic
diseases. Quercetin, a potent antioxidant in taeohoid family, has been shown to exert
beneficial health effects, which includes protettamainst various diseases such as osteoporosis,
cancer, and cardiovascular diseases and also agajing (Bootset al. 2008). We previously
reported that quercetin significantly decreaseseemat HFD-induced placental OS and improves
placental vascular health (Liangt al. 2009a). Thus, fetuses from HFD/Q dams show
significantly improved birth size and skeletal depenent as well as protection against
development origin of type 2 diabetes, hypertensinod osteoporosis, as demonstrated in the
present study. Quercetin significantly decreaseatemal HFD induced hyperglycemia,
hyperinsulinemia, insulin resistance and BP of @ 48 month HFD offspring. Quercetin also
showed significant protection of skeletal programgnduring fetal development and result in
significantly improved trabecular connectivity deps therefore, improved trabecular
microarchitecture and partially protected agairsgeoporosis in adult offspring of HFD treated
C57BL/6 dams.

In conclusion, our study demonstrated that matemahutrition due to gestational HFD
perturbed fetal environment and resulted in fetaldavelopment, and therefore appeared to
program the fetus towards development of adultfongpe 2 diabetes, hypertension and
osteoporosis. The observations presented in thidysprovide strong support for the
developmental origins of adult disease. Our findinfjthe effects of fetal environment on adult

offspring multi-organ chronic diseases, the rolethad placenta in fetal programming and the
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therapeutic effects of quercetin on adult-onseealiss not only improve the mechanistic
understanding of the development origins of adusieakse, but may also provide possible

effective preventive strategies against fetal progning throughout the life course.
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Table 1. High Fat Diet (HFD) Composition

High Fat Diet gm% Kcal%
Protein 26.2 20
Carbohydrate 26.3 20
Fat 34.9 60

Fat composition: %
Saturated 32.1
Monounsaturated 46
Polyunsaturated 16.9
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Blood Glucose of C57BL/6 Mouse Offspring
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Fig. 1. Measurement of Blood Glucose Levels of @-&8-month Offspring. Six month and 12
month old HFD offspring showed significantly incsea glucose levels compared to control.
Maternal quercetin supplementation significantlgtpcted against HFD-induced hyperglycemia.
Values are given as means + SEM. Bars with diffefetters represent significantly different
values,P < 0.05. Six month old offspring of each group nF¥welve month old offspring of

control and HFD/Q groups n=5, HFD group n=4.

132



Plasma Insulin of C57BL/6 Mouse Offspring
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Fig. 2. Measurement of Plasma Insulin Levels oh@-42-Month Offspring. Six month old HFD
offspring showed numerically increased insulin lsveompared to control, but this was not
statistically significant. At 12 months of age,ignéficantly increased insulin level was observed
in the HFD offspring compared to controls. Matergakrcetin supplementation significantly
protected against HFD induced hyperinsulinemialudaare given as means + SEM. Bars with
different letters represent significantly differetiues,P < 0.05. Six month old offspring of each

group n=5. Twelve month old offspring of controdadFD/Q groups n=5, HFD group n=4.
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Body Weight of C5TBL/6 Mouse Offspring
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Fig. 3. Measurement of Body Weight of 6-and 12-kho®ffspring. Six month old HFD
offspring showed significantly increased body weigbmpared to controls. Maternal quercetin
supplementation significantly protected againstybaetight gain of 6 month HFD offspring.
There was no significant difference observed amgnogips of 12 month old offspring. Values
are given as means + SEM. Bars with different tsttepresent significantly different valués,

< 0.05. Six month old offspring of each group n¥aelve month old offspring of control and

HFD/Q groups n=5, HFD group n=4.
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Systolic Blood Pressure of C57BL/6 Mouse Offspring
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Fig. 4. Measurement of Systolic Blood Pressure-ah@ 12-Month Offspring. Six month old

HFD offspring showed numerically increased systBIR compared to control, but this was not
statistically different. Twelve month old HFD gfftsng showed significantly increased systolic
BP compared to controls. Maternal quercetin supphgation significantly protected against
HFD-induced high systolic BP. Values are givemasans = SEM. Bars with different letters
represent significantly different valuegl,< 0.05. Six month old offspring of each group n=5.

Twelve month old offspring of control and HFD/Q gps n=5, HFD group n=4.
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Fig. 5. Measurement of Diastolic Blood Pressuré-ahd 12-Month Offspring. No difference of
diastolic BP was observed among the groups of 6tmolad offspring. At 12 months of age, the
HFD offspring showed significantly increased diéist@®P compared to control and maternal
guercetin supplementation significantly protectgdiast HFD-induced high diastolic BP of 12
month old offspring. Values are given as means MSBars with different letters represent

significantly different valuesP < 0.05. Six month old offspring of each group nFsvelve

month old offspring of control and HFD/Q groups n&B-D group n=4.
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Average Bone Mineral Density of 6 Month
C57BL/6 Mouse Offspring
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Fig. 6. Measurement of Average Bone Mineral Denseitys-Month Offspring. Average BMD

was measured by micro-CT. At epiphyseal femur,HR® offspring showed significantly less
BMD than control. Maternal quercetin supplementatoid not show significant protection
against the loss of BMD. At metaphyseal femur, éhe@as no difference of BMD observed
among groups. Values are given as means +* SEM. Bdfs different letters represent

significantly different values? < 0.05. n=5.
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Average 6 Month Trabecular Spacing of C67BLI6

Mouse Offspring
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Fig. 7. Measurement of Trabecular Spacing of 6-Mdbffspring. Epiphyseal and metaphyseal
trabecular spacing of 6-month old offspring frormitol, HFD and HFD/Q were measured by
micro-CT. No difference of trabecular spacing whserved among all groups. Values are given
as means + SEM. Bars with same letters indicatkesare not significantly differen®, >0.05.

n=>5.
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Average Trabecular Connectivity Density of 6
Month C57BL/6 Offspring
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Fig. 8. Measurement of Trabecular Connectivity &gn of 6-Month Offspring.
Epiphyseal and metaphyseal trabecular connectoysity of 6-month old offspring
from control, HFD and HFD/Q were measured by miCb- No difference was
observed of trabecular spacing among all groupkiégaare given as means + SEM. Bars

with same letters represent values are not sigmifig different,P >0.05. n=>5.
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Fig. 9. Measurement of Trabecular Spacing of 12-d@iffspring. Epiphyseal and metaphyseal
trabecular spacing of 12-month offspring from cohtHFD and HFD/Q were measured by
micro-CT. No difference was observed in trabecgfscing in epiphyseal region among groups.
In metaphyseal region, a significant increase abecular spacing of offspring from HFD group
compared to control was observed. Maternal quersepplementation did not show protective
effects against increased trabecular spacing by.HFRues are given as means = SEM. Bars
with different letters represent significantly @ifént valuesP < 0.05. Control and HFD/Q

groups n=5, HFD group n=4.
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Average 12 Month Trabecular Connectivity Density
of C57BLI/6 Mouse Offspring
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Fig. 10. Measurement of Trabecular Connectivity $#nof 12-Month Offspring. Epiphyseal
and metaphyseal trabecular connectivity densitg2fmonth old offspring from control, HFD
and HFD/Q were measured by micro-CT. In metapHyssgion, a significant reduction of
trabecular connectivity density of HFD offspring svaobserved.  Maternal quercetin
supplementation significantly protected against HR@uced reduction of trabecular
connectivity density. No difference of trabeculaonoectivity density was observed in
metaphyseal region among groups. Values are gisweneans + SEM. Bars with different letters
represent significantly different valueB,< 0.05. Control and HFD/Q groups n=5, HFD group

n=4.
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CHAPTER VI

General Conclusions and Future Work

General Conclusions

This study was designed to test the hypothesesljhaiaternal HFD diet induces GDM,
placental OS and vasculopathy; maternal qucerfiplementation could at least partially reduce
maternal hyperglycemia and hyperinsulinemia indubgdHFD; 2) maternal HFD induces
perinatal malformation and quercetin could pangigliotect it; 3) maternal HFD elevates adult-
onset cardiovascular, endocrine and skeletal ddseasd quercetin could show therapeutic
effects on adult-onset chronic diseases. Resuwlits this study proved the above hypotheses.

A large body of epidemiological studies has demmaestl the important role of fetal
programming in the risk of adult-onset diseasebes€ studies have shown that there is a close
relationship between prenatal environmental facteasly growth restriction and the subsequent
development of adult diseases, such as type 2témhechemic heart disease and hypertension
(Phillips 1996). However, the mechanistic basistiaé relationship has not yet been fully
explored. The present study provided a reprodeddidoratory animal model in C57BL/6 mice
to explore the pathophysiological mechanisms ligkprenatal environmental factors, fetal
development, and relative risk of adult diseas@sis research study included critical time
periods throughout perinatal and adult life, andleated multiple systems to establish a more
comprehensive observation over time, and over noaiggn systems. Multisystemic effects of
maternal HFD consumption were investigated in dwald, including endocrine, cardiovascular
and skeletal systems. To our knowledge, this esfifst time maternal HFD intervention was

used to explore the contribution of gestationalt dcee fetal maldevelopment and long-term
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elevated risk of multisystemic chronic diseasesr €tudy demonstrated that maternal HFD
induced hyperglycemia, hyperinsulinemia and insutesistance during pregnancy and
contributed to increased placental OS and vascthigpand fetal skeletal malformation. Fetal
developmental delay was associated with signiflgantreased incidence of adult-onset type 2
diabetes, hypertension and osteoporosis, whicikedylattributable to permanently altered fetal
gene programming as a result of poor gestatiorsl drherefore, maternal HFD exposure had
its outcome in mothers and their offspring bothfetases and adults. Both animal and human
studies have supported the theory of the develoahenigins of health and disease. These
studies were extended in the present study to declpotential therapeutic or preventive
management to improve fetal development and rediséeof adult diseases. In this study,
maternal antioxidant quercetin was used as a methalietary intervention to protect against
HFD-induced gestational hyperglycemia, placentaldd8 vasculopathy, fetal malformation, as
well as adult-onset type 2 diabetes, hypertensimmhasteoporosis. Thus, our studies proved the
hypothesis and provided not only a potential memariinking maternal malnutrition, fetal
development and adult-onset diseases, but alsoidgebwew insights into preventive and
therapeutic strategies.

The precise mechanisms behind fetal malformatiorts subsequent adult diseases are
presently incompletely understood. There is aneasing awareness that the placenta responds
to perturbations in the maternal environment, ther@laying a key role in transmitting
programming stimuli to the fetus (Godfrey 2002; Mya006). The placenta is the active
interface between maternal and fetal blood circaat that regulate physiological changes in
pregnancy and fetal growth (Jansson and Powell )200%us, the placenta is central to human

development and in particular to fetal nutritionb{8y et al. 2005). Human studies suggest that
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both birth weight and placental morphology are gatbrs of an adverse intrauterine environment,
but placental morphology is a better representatiotihe intrauterine environment since not all
fetuses subjected to an abnormal intrauterine enment have altered fetal birth weight (Myatt
2006). Maternal HFD-induced placental damage wagloezd in the present studies and
provided convincing evidence that placental vageatloy and elevated OS play a pivotal role in
the fetal developmental process.

Mechanisms of placental effects on fetal prograngmimclude changes in placental
growth and vascular resistance, disturbed nutaedthormone metabolism, and altered nutrient
transfer and partitioning between mother, placamié fetus (Jansson and Powell 2007). Studies
showing a correlation between impaired placentgtige-serine metabolism and altered lean
and bone mass (Geddet al. 1996). Experimental restriction of placental growth in raai
studies results in low IGF concentration and distdr‘glucose-insulin-IGF-1 axis’ which plays
a major physiological role in matching fetal growththe materno-placental supply of nutrients;
the same is true in human pregnancy (Gluckman 19Ré&gent work on a knockout mouse
model which deleted the placental-specific traipsoof IGF-2 gene (a major modulator of
placental and fetal growth) shows changes in pkatg@menotype, reduced placental weight, and
diminished fetal growth (Constancgd al. 2002). Fetal adaptations commonly occur in respons
to failure of the materno-placental supply of rents to match fetal requirements. Studies show
that the placenta may play an important role irearining these fetal adaptations that result in
permanent developmental changes (Godfrey 2002)th&umore, maternal diet influences
nutrient supply through direct effects on substeatailability to the fetus and indirectly through
changes in placental function and structures (denasd Powell 2007). In our study, placentas

from the HFD group showed significantly increase8 @nd decreased viability of trophoblast
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and endothelial cells, as demonstrated by redud2gil Gmmunofluorescence staining intensity.
These placental changes lead to poor fetal growthaller fetal size and fetal skeletal
malformation, which is associated with developmehttype 2 diabetes, hypertension and
osteoporosis at 6 and 12 months of life. On tiemobhand, placentas from HFD/Q group show
significantly decreased OS and improved vasculaaltihe which was associated with
dramatically improved fetal growth and skeletal elepment as well as decreased risks of adult-
onset chronic diseases. Therefore, the preseny stathonstrated that optimizing placental
structure and function by maternal antioxidant qaen likely has lifelong time health benefits
for the offspring. The placenta thus assumes ameantle in fetal programming which in part
determines susceptibility to diseases in adult life

The main tenet of the developmental origins of tadhdalth and disease (DOHaD)
hypothesis is that nutritional insufficiency in lalife programs disease risk through persistent
effects on structure and metabolic function of arggstems (Barker 1998). Therefore, maternal
nutrition has been identified as a very powerfgjulator of fetal gene programming, and causes
long-lasting consequences for phenotypic changes @monic dysfunction of immune,
metabolic, central nervous, cardiovascular, andetikiesystems in the offspring (McCance and
Widdowson 1974; Caballero 2001; Eveett al. 2006). The ‘thrifty phenotype hypothesis’as
proposed as an accurate explanation for this phenom(Barker 1998; Jones and Ozanne 2009).
This hypothesis indicates that in cases of gestakioutrient paucity, fetal adaptations result in
diversion of nutrient-rich, highly oxygenated blotmlthe brain and other critical organs, at the
expense of other non-vital organ systems (HalesBamkler 2001). As demonstrated in our study,
HFD fetuses were small at birth with developmentalay of the musculoskeletal apparatus.

When offspring from HFD dams were weaned onto amabrdiet, they exhibited the
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phenomenon of ‘catch up’ growth where they expeeenrapid juvenile weight gain, and
obesity in adult life, similar to what has been @ted in human studies. Such an adaptation
may be beneficial in the short-term, but is belevte elevate risk of cardiovascular disease,
metabolic syndrome and hypertension postnatallyalsse, while the offspring eventually
approximate postnatal body weight of controls, Wedght gain tends to be attributable to fat
mass rather than lean mass, which leads to obesatgliovascular disease, and metabolic
abnormalities later in life (Leoet al. 1996; Jansson and Powell 2007). Our studies are al
supported by the theory of ‘predictive adaptivepmse’, which proposes that the degree of
mismatch between the pre- and posthatal envirorsnéntan important determinant of
subsequent diseases (Armitage al. 2005). According to the ‘predictive adaptive rasgpe
theory, mouse offspring of dams fed a HFD duringgpancy, then suckled and weaned on a
control diet showed increased serum triglyceridelle elevated plasma glucose concentration,
and blunted endothelial-dependant dilatation (Aagntet al. 2005), which play a major role in
some of most common diseases in adults such astagpmn, type 2 diabetes and metabolic
syndrome (Gardiner 2007). All these findings suppar data that maternal HFD has a profound
effect on fetal malformation, which is associatethvinyperglycemia, hyperinsulinemia, insulin
resistance and hypertension at 6 and 12 monthgeof a

There are several possible pathophysiologic meshaby which fetal malnutrition and
growth may result in increased cardiovascular diseand hypertension in later life. It is thought
that the arterial wall is permanently altered bp-sptimal fetal nutrition resulting in reduced
arterial impedance and increased loading conditmmghe heart (Gardiner 2007). Secondly,
abnormal fetal flow patterns may alter vascularesh&ress and endothelial function, which

resets baroreceptors, therefore permanently altenmindividual’s response to changes in flow.
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Additionally, altered response of the renin angisie system may cause an alteration in
vascular response accompanied by myocardial hypéryrand fibrosis (Gardiner 2007). Renal
and vascular mechanisms may work collectively wattered neuroendocrine response to
determine an individual’s later cardiovascular mse (Gardiner 2007). These mechanisms
may help to explain HFD-induced alterations in @ardscular function observed in the present
study; additional investigation into renal and ¢avdscular alterations in our rodent model will
help to further elucidate the pathophysiologicalch@isms linking maternal HFD to elevated
risk of cardiovascular and metabolic disease.

Compared to adult-onset cardiovascular and metallisieases, fetal programming of
osteoporosis is less well studied. Osteoporodigisally diagnosed after middle age in women,
when declining perimenopausal estrogen levels @as&eosteoclastic activity and cause an
imbalance favoring bone degradation over bone foona However, recent studies are
beginning to recognize early symptoms of osteopsrs the young adult population. Many
young adult women in their 20's suffer substantiaés of trabecular bone long before
perimenopausal hormone fluctuations are observadgesting the presence of additional
mechanisms contributing to poor bone health. Tlesgnt study and others demonstrated that the
risk of osteoporosis might be modified by enviromta¢ influences of malnutrition during early
life (Cooperet al.2000). Maternal malnutrition is a global issuet tten program human skeletal
development (Hales and Barker 2001; Coogermal. 2002), as epidemiological studies have
confirmed that infants who are light at birth doematernal malnutrition have lower adult bone
mineral content (Coopeat al. 1997). Our study proved the hypothesis and pravi&ledence of
a strong link between maternal malnutrition andlfenvironmental influences on adult-onset

osteoporosis. We were able to demonstrate thattgastl maternal HFD is associated with
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decreased fetal BV, reduced BMD, shortened distdd lengths, and poor growth which persists
into adulthood as decreased BMD at 6 months ofaagledamaged trabecular microarchitecture
at 12 months of age. However, the mechanism of pewnatal changes affect adult bone
structure and function remains inconclusive (Hadesl Barker 2001). Studies suggest that
abnormalities in growth hormone (GH) secretion emsstivity may play a role, since GH is the
major regulator of skeletal growth. It is thoughat environmental stressors during intrauterine
or early post-natal life may alter the sensitivfythe growth plate to GH and cortisol (which are
important skeletally active hormones and stronglipters of future rate of bone loss). Potential
consequence of such endocrine programming wouldetieced peak skeletal size, decreased
mineralization, and accelerated rate of bone logsg adult life (Fallet al. 1998; Phillipset al.
1998; Dennisoret al. 1999).

Preventive strategies against osteoporosis magrigeted at either reducing the rates of
bone loss or increasing the peak bone mass attéwaperet al.2002). Evidence suggests that
peak bone mass is in part inherited, but currenetge markers are able to explain only a small
portion of the variation in individual bone massfi@cture risk (Ralston 1998). It is likely that
environmental influences during early life interagth the genome in establishing the functional
level of a variety of metabolic processes involuedkeletal growth (Coopeat al.2002). In this
respect, dietary intervention might play a fundatakerole in the prevention of these diseases
(Wattel et al. 2003). Recent data show potential role of tea\egetable consumption (which
are important sources of antioxidants such as qtiejan prevention of osteoporosis (White and
Compston ; Hegartgt al. 2000). Dietary quercetin supplementation has Is&emvn to suppress
bone resorption and enhance osteogenic differeniaand as such is proposed as an effective

dietary supplement to reduce long-term risk of @steosis (Wocet al. 2004; Kimet al. 2006).
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Findings of the present studies demonstratedrtaérnal quercetin supplementation improve
fetal skeletal development and further decreasedribk of osteoporosis in 12-month old
C57BL/6 offspring and thus provides a potential gldherapeutic management to reduce risk of
adult-onset osteoporosis.

The present studies in C57BL/6 mice demonstrated intrauterine exposure of HFD
induces fetal growth retardation and skeletal nmai&tion, which further leads to development
of osteoporosis in adulthood. However, the cellat@chanisms linking gestational exposures to
fetal skeletal malformation are incompletely chégdzed. ldentifying the mechanistic basis for
dysregulatedn utero osteogenesis will be a significant step towardgiesg novel strategies to
lower risks of abnormal bone development, and imgide-long bone health. The theofthe
developmental origins of health and diseaseiggests that maternal environment affects fetal
stem cell development during times of genetic pdgt Fetuses exposed to suboptimal prenatal
environments respond by choosing pathways of g&peession and cell differentiation to suit
the prevailing conditions. This altered stem cdéflerentiation modifies the trajectory of tissue
and organ formation, and affects phenotypic outcorteeadulthood (Barker 1995; Gluckmanh
al. 2005; Scheidelert al. 2008). Initial efforts to model environmental effe on bone
development using cell culture showed that humasemehymal stem cells (MSC) that were
intended to become osteoblasts preferentially mhffeate into adipocytes in response to
presence of poor nutrition, chemicals, etc. (Ahdjcet al. 2004; Scheideleet al. 2008). This
in-vitro theory was recapitulatad-vivo by exposing adult roosters to high dietary fag).(efrom
a cafeteria-style or fast food diet), which negaliyvmpacted bony trabecular composition and
mechanical properties (Woht al. 1998). Based on thegevitro andin-vivo studies, we believe

thatin-uteroexposure to maternal HFD will alter fetal osteogesgll signaling pathways, impair
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trabecular bone formation, increase cancellous laoin@osity, and compromise skeletal strength

in perinates.

Futurework

Fetal MSCs receive critical information regardinffedentiation and proliferation from
numerous complex cell-signaling pathways. Theipeenature of these signals dictate whether
MSCs undergo differentiation towards osteoblastpacytes, myocytes, or neurons, and the
ultimate fate of these multipotent cells relies ilgaupon which environmental signals and
exposures the cell receives during the times adtget genetic plasticity (Westendetfal. 2004;
Andradeet al. 2007; Hursonet al. 2007). One of the key signaling pathways drivM§C
maturation is the wingless-type integration sitedbsatenin signaling or Wnt pathway. Studies
show exposure to environmental toxins during clutath or even during gestation, may cause
improper skeletal development and mineralizatioa tudysregulation of the Wnt/beta-catenin
pathway, otherwise known as canonical Wnt (Andratleal. 2007), and may be important
contributors to adult bone pathology (Bianchi 200/)ture work in our laboratory will use an
in-vitro mouse MSC model to characterize the specific nutddeanechanisms by which altered
nutrition changes Wnt signaling and alters ostemgaifferentiation.

The Wnts are a large family of highly consersedreted lipid-modified glycoproteins
that actively regulate MSC differentiation, profd&on, migration, and gene expression.
Binding of the Wnt protein to its cell membraneepitor frizzled (Fzd) activates one of three
Wnt intracellular signaling cascades. The most bletaof these pathways is the canonical
Whnt/beta-catenin pathway, which requires additiorativation of the Wnt co-receptor

lipoprotein receptor-related protein (Lrp) that nemses the efficiency of Wnt signaling in
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osteoblasts (Westendaoet al. 2004; Andradeet al. 2007; Hursoret al. 2007). In the canonical
Wnt pathway, the intracytoplasmic tail of the WriRal/Lrp complex functions to stabilize
beta-catenin, and permits its accumulation in fieptasm and activates downstream osteogenic
gene targets. Regulating beta-catenin proteiriliztaiion by control its phosphorylation state is
a key step in the canonical Wnt pathway. In theeabs of Wnt, beta-catenin is phosphorylated
and targeted for ubiquitin/proteasome pathway diggien. Absence of beta-catenin signaling
leaves MSCs to differentiate along the default washof adipogenesis (Westendetfal. 2004;

Ni et al. 2007). During embryonic development, beta-catel@vels are increased in
differentiating osteoblasts. Active Wnt signalimgreases bone mass by renewal of stem cells,
stimulation of preosteoblast replication, inductiof osteoblastogenesis, and inhibition of
osteoblast and osteocyte apoptosis (K&tal. 2002; Bodineet al. 2004; Dayet al. 2005; Reya
and Clevers 2005). As such, canonical Wnt siggabrthought to play a central role in skeletal
development, osteoblast maturation, and protectgainst osteoblast apoptosis.

MSCs are able to differentiate along several liesagnd their growth and differentiation
are tightly regulated via interactions with spexiéixtracellular mediators. It is now generally
believed that osteoblasts and adipocytes shareavelat reciprocal differentiation from MSCs,
based on cues received at key differentiation pointThe extent of MSC osteogenic
differentiation can be verified based on expressibcertain cell surface proteins. For example,
multipotent MSCs that differentiate to osteoprogmnsi in the lineage commitment stage of
development are characterized by expression of BpbRunx2, and this step is largely driven
by Wnt3a; further differentiation to the pre-ostkdb stage during the proliferation/expansion
stage is characterized by expression of Low-detigidprotein receptor-related protein 5 (Lrp5),

run-related transcription factor 2 (Runx2), anddsspecific alkaline phosphatase (ALP); mature
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osteoblasts gain additional markers including astkxin and osterix, and this differentiation is
driven largely by vitamin D3 and other key grow#ttors; terminal differentiation to osteocyte
is characterized by mineralization and loss of Adriél Lrp expression (Westendatf al. 2004).
These and other studies show that these membd#re ¥¥nt pathway, including Wnt3a, Wnt10Db,
Lrp5, Runx2, and Dickkopf-1 (Dkk1) play importamies in MSC differentiation.

Osteoblastic differentiation of MSCs is a comppercess that requires communication
and cross-talk between multiple signaling pathwiysappropriate osteogenic differentiation.
Signaling networks such as Wnt ligand-receptorradions, altered function of transcription
factors such as beta-catenin or Runx2, or altexgaession of growth factors such as GH or
transforming growth factor-beta, can influence titagectory of MSC differentiation, that could
result in life-long changes in bony integrity (Hgaet al. 2007). Recent advances using novel
molecular techniques and gene targeting in the ;oMSC model have improved our
understanding of how these pathways communicate haw environmental signals may affect
downstream changes in gene expression. To studse tipathways in the heterogeneous
population of osteoblasts, chondrocytes, myocytesyons, vessel, skin, and adnexal cells that
make up the limb bud of a developing embryo lensdslfito confounding factors beyond the
control of the investigator. Future study in calbdratory will use a homogeneous population of
cells such as the murine MSCs, so that we can ermsuwontrolledjn-vitro environment to
quantify the cellular response and identify thec#petargets of maternal malnutrition damage
to osteoprogenitor cells during key steps in cetliferation and differentiation. The murine
MSC line (C3H10T1/2) has been used extensivelyelated studies demonstrating that the
upregulation of beta-catenin positively influencesteogenic differentiation and activity of

alkaline phosphatase (marker of osteoblastic diffeation) in cell culture and that interference
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of osteoblastic differentiation (via knockdown otifikx2 transcription, translation or function)
reduces osteoblastic differentiation (Gordeladzal. 2008; Quet al. 2008). The homogeneity
of response expected from the C3H10T1/2 cells dlly yield a high degree of data precision
and will provide a suitablén-vitro model for the study of osteoblastic differentiatim stem
cells, that can later be used to advance knowlefigevivo osteogenic systems. We believe that
through the discovery of the mechanistic basisaftaration of Wnt signaling pathway in murine
stem cells, novel therapies may be developed tieatianed at reducing the risk of skeletal birth
defects, and improving lifelong bone health.

Recent studies show that vitamin D3 actively infices osteoblastic proliferation,
differentiation, and mineral production via mod#imn of Wnt signaling (Shet al. 2007). The
strength of this response is thought to be depdndenthe stage of mesenchymal cellular
differentiation at treatment initiation, and is @sinductive in osteoblast lineage MSCs until the
point of mineralization, at which time it becomesibitory (Shiet al. 2007). For this reason,
vitamin D3 has been used experimentally to fatdifeacture healing in patients with non-union
or delayed union fractures, and in reparative @sresis associated with osteoporosis, via
stimulation of periosteal or bone marrow-derivedeoblast precursors (Gigan&t al. 2008).
Vitamin D3 is thought to alter the cell cycle inveéoping osteoblasts, induce expression of the
Wnt co-receptor Lrp5, and facilitate matrix minéation and increased bone mass via binding
to the vitamin D3 receptor (VDR) (Fre&t al. 2007). The vitamin D-VDR complex binds
directly to the regulatory region of a target ganethe Wnt pathway, Lrp5, altering its
transcriptional output and facilitating osteoblasgiroliferation and differentiation, and bone
formation (Fretzet al. 2007; Jurutkaet al. 2007). Vitamin D3 also works in conjunction with

other factors such as antioxidants, insulin grofatttors, transforming growth factors, and bone
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morphogenic proteins to increase osteoblastic reiffigation, upregulate endochondral
ossification, and enhance bone mineralization (Addet al. 2007; Byers and Shah 2007; Fretz
et al. 2007; zur Niedenet al. 2007). A protective effect of vitamin D3 againsancer
development following MNU exposure has also beanalestrated, by regulating levels of beta-
catenin (Murillo and Mehta 2005). Vitamin D3 hameh shown to potentially exert two effects
in the pathogenesis of carcinoma: induction ofkRapf-1, which inhibits Wnt/beta-catenin
signaling by binding to the VDR and promoting be&enin nuclear transport in human colon
and mammary tumors of epithelial origin (Aguilezgaal. 2007; Larribaet al. 2007), which is
thought to both protect epithelial origin cellsrfranalignant transformation. And although the
mechanism of action of vitamin D3 in colonic eplthen varies from its behavior in
osteoprogenitor cells, these data further stremgthe hypothesis that vitamin D3 plays an active
role in regulation of Wnt signaling and cell fatad as such, may represent a novel nutritional
supplement with which to normalize alterations stemprogenitor differentiation and further
prevent fetal skeletal maldevelopment and adulebrsteoporosis. Future studies will also
explore the role of vitamin D3 in reducing gestaibHFD-induced skeletal malformations.

In summary, results from present studies demomstrahat maternal HFD-induced
placental OS and vascular damage alters perinkéddtal development and elevates risks of
multisystemic chronic diseases in adulthood. Furtherk in our laboratory investigating the
role of signaling pathways in fetal stem cell diffietiation, and the use of concurrent macro- and
micronutrient supplementation to reduce fetal matfation and risk of adult-onset disease, will
provide us with both cellular mechanisms respoesibi fetal growth and adult health, and will

open new avenues for therapeutic strategies foravga lifelong health.
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