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Summary example, a recent study of slum dwellers inwNBelhi
) found obesity in approximately 10% of males and 40% of

1. In the past 30 years the paence of obesity and omgles
ovaweight hae cubled and it is no estimated that One of the major sequelae of obesity ypértension.
globally, over 500 million adults are obese and a furthepaa from the Framingham Heart Study implicate obesity
billion adults are werweight. Obesity is a cardiescular 55 5 contribtory factor in 60% -70% of essential
risk factor and some studies suggest that up to 70% of caggSertension. Although some early studies postulated that
of essential hypertension may be autéble, in part, 0 the nhypertension associated with obesitgswless of a
obesity Increasinglyevidence supports a viethat obesity- - cargioascular risk subsequent analyses of large cohorts
related hypertension may bewn by dtered typothalamic jngicated that obesity-related hypertension poses a
signaling which results in inappropriately high appetite andgnificant risk to morbidity and mortalityin Australia, it
sympathetic ner ectivity to the kidng. _ is estimated thatver 50% of the irden of diabetic and

2. In addition to the adult riskattors for obesity and ¢ardio/ascular diseadeare obesity related and the financial
hypertension, the environment encountered in early lifgyst of obesity in Australia is an estimated $3.5 billion per
may “programme” the delopment of obesity yea The steep increase in the yaence of obesity
hypertension and cardiescular disease. In particular yorjgwide is due to a range cdtors; increased intakdt
maternal obesity or high dietary fat inékn pregnancy tota| calories, fatty acids and simple atgy and a reduction
may induce changes in fetal growth trajectories ang physical actiity.” Data from the UR suggest that the
predispose individuals to ddop obesity and related aveage person reoss 3% of their daily total engy
sequelae. _ _ ~ from all fats, with saturatechfs a major component of this

3. The mechanisms underlying the programming Qfsjly caloric intake. Individuals in may devdoped nations,

obesity-related  hypertension are becoming  bettgf|,ding Australia, USA and Europe deginore than 900
understood. Heever seveal issues require clarification, -5iories per day from fats, oil and sufar.

particula_rly in r@a_rd to the role of the placenf[a in In addition to the importance of the ako risk
transferring &tty acid to the fetal compartment, the impacfyciors, the aetiology of obesity is compland additional
of placental inflammation andytkine production in  faci6rs must be contributing toverall prevalence rates.
obesity. _ _ There is accumulatingvielence that the eironment

4. By understanding which factors are moSgncountered in early life can conuts to the deslopment
associated with the udelopment of obesity and of gisease later in life. The study of this process is termed
hyper_tensmn_ in the t_ﬁfprlng, we can fo_CL_Js therapeutic andpe “developmental programming of adult health and
_behanoural _mter\entlons tp most eff|C|e_ntIy reduce thegisease”. Arange of factors, including maternal dietary
intergenerational propagation of the obesity cycle. imbalance in prgnang, result in fetal and neonatal
adaptations and altered ganogenesis that predisposes
individuals to later obesity and/pertensiort® The original

The past 30 years has seen a secular trend Barker studies focused on the role oidirth weight in
increased werweight and obese humansosdwide. In programming later disease, and later studieswsto
2009 it was estimated th&60% of Australian adults were maternal nutrition status to be aykdeterminant of fetal
obese or werweight! The prealence of childhood obesity growth and weight at birth. Although millions ofomen
has also risen alarmingly; in Australia there was a 230@€ undernourished during preangy, maternal oer-
increase in obesity in young boys and 170% increase litrition may also be a significant contributor to later
young girls between the years 1985 and Z0Ddese trends disease in offspring.
are not limited to Australia; The World Healthganization Approximately 10% of prgnant women in Australia
predicts that in the 21 Century the lurden of obesity- are nev obese, and maternal obesity poses an increased
related disease will exceed that of infectious disease a@lstetric risk to mother and fetts. However, even
malnutrition. Once considered to beckisively within the moderate eerweight may programme disease in the
purviev of Western societies, the incidence andvgence offspring and the burden of mild verweight and
of obesity is rising sharply in ddoping nations. Br dyslipidaemia due to poor dietary habits in gmancy

The obesity epidemic
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cannot be ignored as >25% of children in Australia are borabbitg® caused by diet-induced obesitiloreover, we
to overweight women!' The typical Australian diet have recently shown that NeZealand White rabbits fed a
contains gcessie quantities of saturatecéf and sugr’ and high fat diet for 3 weeks delop elevated adiposity
this excessie fat intale mntributes to eleated adiposity in  hypertension, tachycardia and \eled sympathetic neev
the mother which in turn can programmeami? and activity, al of which are proportional to the plasma
childhood adiposity® Maternal obesity in pgnany is concentration of lepti®* In addition to eleated
associated with disturbances in maternal blood glucosympathetic outfl to the kidneys under basal conditions
lipids, coytokines and hormones and in addition tave hare dso shown that Ne Zealand White rabbits fed a
complicating prgnang outcomes, obesity has an impact orhigh fat diet demonstrate anaggerated renal response to
the next generation and perpetuates twec Offspring of exogenous stimulation of the sympathetic =37 In
obese women are 36% moreclik (Odds ratio 1.07-1.73) to mouse models, where nenectivity cannot be directly
develop type 2 diabetes than contréfsAnimal models measured in conscious animals, sympathetic mediated
indicate that offspring of obese mothers are morhermogenesis in brown adipose tissue has been found to be
susceptible to chronic conditions including obesityelevated in obesity® Chronic stimulation of the
cardiovasculart>7renal® and metabolic diseas@. sympathetic nemus system is normally associated with
This review will discuss the current understanding ofelevated blood pressure, suggesting that obesity-related
factors underlying obesity-related hypertension with &ypertension may be due to increased sympathetieitgcti
particular focus on hw maternal diet in pgnany may and the factors that initiate this sympathetic \dtgtiare
“programme” the delopment of obesity-related likely to be peripheral energy homeostatic signaling

hypertension. molecules such as leptin and insulin. Figure 1 illustrates
L _ this working hypothesis.
What causes hypertension in obesity? Nuclei in the hypothalamus integrate information

about energy homeostasis from the peripheral auesrv

underlying mechanisms are not fully understood. Certainfgs(tjerlnt and C'EUIat'OS t?]nd Initiate .nelfAraI S|gnt:;Is It.hit
the condition is multéctorial. Obesity is associated with odulate appetite an ermogenesis. Among the finks

peripheral ascular disease including endothelial diseaé%:etween appetltg and symp.athetlc tone is t.h? gengratlon of
and increasedascular stiffness. Morger the increase in efferent neurall signals gelatmg.both t_hat orlglngte n the
body size requires an increase in blood volume andtel hypothglamus In response to stmulaﬂpn by Ieﬁ'hept".]’
cardiac output to perfuse thistea tissue. In addition, a protein hormone, produced primarily by white adipose

adipose tissue is an aai endocrine tissue that secretes apssue, is one of the most potent mediators of long-term

range of chemokines. One such chemokine is Ieptin,whi@l’i‘egy homeostasi€! Plasma leptin correlates with

: ; : ; diposity and leptin accesses the brain byectid passie
may trigger the genesis of obesity-relatggdrtension. The a X . .
kidney is dso a vital determinant of long-term bIOOdsystems at the legkblood brain barrier at the median

pressure control. There is evidence that increasedatub eminence to_act on neurongeessing the long form of the
sodium reabsorption, elged activity of the renin Ob receptpr m_the hypothalamic ar.cuate nuc?éu; '
angiotensin system and a riglatsd shift in the pressure Leptin stlmulgtes the pro-op|orr_1elano_cort|n (POMC)
natriuresis curg dl occur in obesitythereby contributing to system that compnsas—melanogvte stimulating hormone
hypertensior?? (a-MSH) contammg neurons to reduce _food irtaénd
Recently a rumber of studies in humans and animal'crease sympathetic outﬂq/la melanocortin (MC) 3 and
models hee established that dysregulation of the4. receptors. ~ Sympatheeitatory neural _pathays are
sympathetic nervous system may bevoml in the highly dependent on the MC4 receptor which is also crucial
development of obesity-related ypertension. Early for the deelopment OT obesity-re!atgdybertension._MC4
hypotheses, based on measures of plasma catecholanffifE P’ knoqkout mice dqlop d|et-|ndu_ceq _obesnyw)
concentration and spectral analysis of heart ratability, not h;_/p.ertensmn or rgnal disedSe.eptin |nh.|b|ts neurons
suggested that weight gain occurred due wodgmpathetic containing neu_rqpepnde Y.(NPY) or agouti related peptldg
activity?! Direct sympathetic neev recording and (AgRP) t_hat initiate feeding and SUPpress sympathetic
noradrenaline spilleer from sympathetic nerves, indicateOUthOW via Y1 and Y5 receptors! Activation of NPY

sympathetic outflows to kidneys and blood vessels [geeptors also results in a reduction of camﬁoular.
ymp y esponse to stre¥sbut the role of NPY receptors in

skeletal muscle are elated in obese humans and cardial X . L
tone is reduce® The disparity in sympathetic nerv obesity-related - ypertension is in need of further
activity to differing beds may explain whthe deranged cIarlflcfraglon.f th ted effect f short-t
enegy homeostasis and haemodynamics of obesity and the " ereforbe,d aet l>ep:—:‘cde ? eé:bs kol s °rr']e”T‘
suggestion that heart ratariability in obese indiduals clevations of body at inciude a feedback foop Wherein
was the result of decreased sympathetic activity. leptin is released from white adipose tissue to the
Animal models of diet-induced obesity also Suppor(firculation, resulting in hypothalamic mediated satiety and
the hypothesis that net sympathetic activity is/atkd in increaged sympathetic ngr\activity that iqc_reases erey
obesity Pharmacological blockade of adrenergic vityi expenditure. This results in a net egyedeficit and a return

marledly attenuates the elged BP in both dogé and to the body weight set pomt (See Figure 2A). In pontrast, in
the presence of persistent aperexcess, continuously

Despite the ubiquity of hypertension in obesitye
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| Figure 2. Working hypothesis of the role of insulin and
fSympathetic leptin at the hypothalamus. Under normal conditionsA),
Nerve Activity leptin acts on the a&uate nucleus (ARC) to stimulateopr
) , b opiomelanocortin (POMC) and inhibit neapeptide Y
Cardiac SNAZ a (NPY) containing neurons. The balance between these e
tatory and inhibitory inputs results in a small iease in
a sympathetic nerve activity (8N In obesity B) there is yp-
fiSkeletal regulation of the POMC and dowmgulation of NPY neu-
fRenal Muscle SNA

SNA v rons, whid results in a loss of balance in these systems and
aret increase in SNA.

M Insulin also plays an important role in emer

' Q homeostasisvia modulation of hypothalamic auity.

fSodium Retention i Thermogenesis Insulin crosses the blood brain barrier by higffinay

{}Fluid Volume transporters and stimulates insulin receptors in the arcuate

nucleus. The action of insulin on CNS appetite control is
similar to that of leptirf® Leptin and insulin also share

HYPERTENSION common elements of their respeetisgnal transduction
pathways® Insulin receptors are present on both NPY and

Figure 1. Working hypothesis of the role of the sympa- g—MS_H—containing neurons in the ARC, suggesting that
thetic nervous system in obesity-related hypertension. In msglln modglates cardmsculgr and sym.pth_eUc tdﬁ.en
excess energy balance ($uas that seen in obesity) theis leptin-sensitre reural populations. Insulln. |njected. in the
increased secretion of insulinofn the pancreas and leptin &cuate nucleus elgtes lumbar sympathetic nenectivity
from white adipose tissue into theccikation. These act at (SNA) in anaesthetised réts via MC 3/4 receptors.
the hypothalamus to initiate a series of reupathways Moreover, mtracgrebment_ncular msglmlmjecnon produces
which culminate in activation of sympathetic nerve activity€nal SNA-mediated sodium retention in réts.

(SN_A) to the skletal muscle in order to facilitate thergn_a Evidence that obesity-related hypertension is

nesis and estoe enemgy balance Heart sympathetic drive
may not be increased in obesitytlit appeas that elevated
kidney SNA dbes occur and this may lead to sodiusten-
tion, volume expansion and hypertension. Evidence from a number of animal studies support
the typothesis that maternal obesityerweight or high &t
dietary intale ae associated with offspring obesity and
hypertension. Whais yet to be established is whether
hypertension is programmed secondary to obesity i
manifests after the establishment of obesity) or if the tw
can exist separately in programmeéspfing. Ofspring of
Sprague Daley rats fed a lard-rich diet for 10 days prior to
mating, during prgnany and in the suckling period
rt?ecome obese in adulthood. Interestingly only the female

programmed in response to maternal obesityor
excessre @lorie/fat intake

increased plasma leptin induces a state of sede&ptin
resistance. Appetiteemains inappropriately high, leading
to an imbalance in caloric intakand energy ®penditure
and a loss of energy homeostasis. Interestintdptin
resistance appears to be selectio agppetite-inhibitory
aspects of leptin signaling but not sympatkoiatory
elements, leading to persistent sympathetrer-activity
and typertension. Leptirresistance has been observed i s .
humang® and in animal models of obesity is thought to progery become Wpertensre™ Offspring of Sprague

be localised to the hypothalamus and mediated by S&CS awley rats fed a .fEd a highly palat.able diet.rich. in &g
(See Figure 2B) and saturated fat-rich for 5 weeks prior to mating in order to

induce obesitydevdop programmed hypertension, \eed
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renal noradrenaline concentration (an def elevated a mismatch between the in utero and postnatal diet can also
renal sympathetic neev activity) and an wmaggerated programme cardiascular and renal dysfunction in
cardiovascular response to leptthln contrast to dépring sheep?

of lard fed dams, both male and femaléspfing of obese o ) )

rats deelop hypertension and reductions irygothalamic  'dentifying the “programming vectors” responsible for
expression of AgRP and T34 Male and female the da/elopme_ntal origins of obesity-related

offspring of C57BI/6J mice made obese by 6 weekdyPertension in offspring of obese mothers

consumption of a highly palatable diet rich in fat and
sucrose demonstrate obesity-related hypertension byw?’\ich
months of agé®

To date there is very little understanding ofaetly
facets of obesity (for xample dyslipidaemia,

. ) hypeglycaemia, erinsulinaemia, hyperleptinaemia or
Maternal obesity and diabetes are Wnao alter the ypealy bip yperep

devel t of tite circuits in th tal rod hypertension) are responsible for the programming of
eveopment of appetite circults in- thé neonatal 1o e.rEbesity—related hypertension infggring and uncertainty as

brain, which may result in long-term imbalance in appetitey \hether established obesity or ypércaloric/ high dt
and sympathetic control. The majority of studies to considg[

. ; . et is the stimulus for programmingldentification of
the programming &cts of maternal obesity or diabetes ORactors or “orogramming vectors’ that cross from the
neonatal hypothalamic circuitry do not assegsehntension,

but llent rei the role of insull d leotin in th maternal to fetal/neonatal compartments is of great
excetient rariews on the role ot Insulin-and feptin ;rls eimportance because thisfarfs a target for therapeutic
formation of appetite circuits ke keen published’

) . . treatment or behavioural modification.
There is some evidence that offspring of fat fed mothers

shav disparity between obesity and hypertension. Mal@aternal obesityoverweight or dietary imbalance; which
offspring of fat fed C57 mice delop increased systolic is moe important?

blood pressure and shohypertriglyceridaemia without

elevated body fat, bt the female littermates sho Given the continuous relationship between body mass
programmed obesity andypertensiorf® What is nev index and cardiwascular risk in adulthood maternal
required is a careful analysis of whether obesity ar@veweight likely produces a programming stimulus
hypertension are programmed together ifsming of fat-  proportional to the el of adiposity as seen in arvioe

fed or obese mothers and whether the programmed obe&i9del>® The blood pressure of these offspring is not

related hypertension phenotypefeiis from “simple” adult known. Given the prealence of maternalverweight it is
onset obesity related hypertension' surprising hay few gudies hae examined programming

Sheep models are also useful f@mine the décts €effects. Morewer, the studies that examined the effect of
of maternal high calorie intak Recentlya gudy by Geoge Maternal  werweight without frank obesity are
and colleagué8 provides evidence that the degree of fetafontradictory Sudies in Japanese macaques suggest that
adiposity is related to maternal adiposisheep were Mmaternal obesity is not required for programming to occur
provided 100%, 125% or 150% of the National Researdpit maternal fat inta& is important; fetal dspring of
Council recommended calorie in@for 10 weeks prior to monkeys that are resistant to diet-induced obesity
conception until mid gestation. Fetal offspring ofeded demonstrate a fattyuvier phenotype that is no different to
ewes demonstrated altered growth trajectéasty liver and  the ofspring of obese momiys>> Similarly, studies in
increased @an weight but only dbpring of 150% werfed sheep indicate that maternal body condition prior to
ewes demonstrated increased adiposity. pregnang can programme @gpring disease irrespeati o

Offspring of ewes fed 160% recommended iptakmaternal condition in pgnang.>® Other studies suggest
demonstrate obesity as well asveted concentrations of that maternal obesity is a prerequisite for programmed
appetite and sympathetic modulatory peptides POMC, afgesity; offspring of Long-Eans rats fed a fat rich diet in
decreased concentrations of NPY and A§Reonsistent Ppregnang and suckling only demonstrated programmed
with this report, offspring of fat fed macaques demonstra@esity or metabolic disease when their mothers were
elevated hypothalamic POMC concentrations and reduce@bese’ There is no consensus on whether maternal
AgRP concentratioP? This neurochemical signature isoObesity/ @erweight or diet in prgnany is most likely to
indicatve o elevated sympathetic neev ativity. —contritute to programmed obesity in her offspring bwegi
Unfortunately the adult cardiescular or sympathetic that a recent study reported obesity averweight in 34%
phenotype of offspring from these maternal dietar9f the Australian obstetric populatirit is vital that future
manipulation is not knen, nor are there reports of obesity-studies address this knowledgeapg Similarly an
related lypertension being programmed in sheep or primagPpreciation of the programmingegdts of high fat feeding
models as a result of maternal obesity werautrition. in lean women would be useful.

Notwithstanding this limitation, further studies irvime
models will be useful in determining the origins o
programme_d o.besity—related hypertens_ion._AmodeI ofearly  Most diet induced obesity models rely on high
onset obesity in sheep (an obesogenic diet from 10 weelggyrated/monounsaturated diets based on lard or pbrk f
of postnatal age) demonstrates that these anima&ofe The studies that va cnsidered the diérential effects of

obesity hypertension and renal pathology that appears to Reanipulating maternal  saturated, polyunsaturated or
dependent on endoplasmic reticulum stPédsterestingly

fls the type of fatty acid intakn pregnancy important?
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Figure 3. Placental fatty acid transport. Lipases liberate non-esterified fatty acids (NEFA) from triglycerides in the mater
nal circulation. These artransported across the syncytigphoblast to the fetal circulation by fatty acid translocas®TjF
and a ange of linding proteins (RBP). Diglyceride and triglyceride production (by phosphatidic acid phospholagdy;

PAP and diacylglyceotransfease DGAT) in the placenta may occur but it is limited and thesportes ae yet to be
described. Fatty acids arcarried as NER in fetal albumin, red blood cells (RBC) anefetopiotein (@-FB) and the fetal
liver is responsible for metabolism of these fatty acids.

omegga3 polyunsaturated fatty acid content appear testerified fatty acids (NEJ from triglycerides and these
present a common conclusion; that maternal saturatgd f NEFA are transferred to the syncytiotrophoblast by the
acid intale is ckleterious to offspring health, and thatcytoplasmic, heart and plasma membrane fatty acid binding
omegyga3 polyunsaturatedafty acids may be beneficial toproteins (hRBP, FABPp), fatty acid binding protein
offspring health. O6pring of Sprague Deley rats fed an (FABPp), fatty acid translocase AF) and the fatty acid
omega3 fatty acid rich diet in pgnang, suckling and for binding protein (RBP) (see Figure 3). Bleted maternal
the first 6 weeks post-weaning demonstrate normal blopthsma triglyceride and diglyceride concentration is
pressure en though the absolute fat content of the dieassociated with xzessve fetal growth rat€8 and
was high (10%)® Moreover, a bw omega3 fatty acid atherosclerosis is accelerated in offspring  of
maternal diet programmes hypertension amdggerated hypercholesterolaemic humans and rablfitsType 1
sodium appetit€? This is associated with persistentdiabetes is associated with \ged placental lipase
alterations in the fatty acid composition of theexpressiof® and maternal werfeeding in sheep is
hypothalamug$® Other studies indicate thatfgring of associated with increased fetal plasma triglyceride
high fat fed Sprague Ddey rats do not she programmed concentration and up-regulation ettfy acid translocasaub
alterations to blood press@ter Na',K*-ATPase actiity in  not lipase gpressiorf® Placental lipid transporter
the brain if the fat source is rich in oga3 fatty acid? expression in moderate verweight is not established.
From these studies it may be concluded that materndEFA that cross the syncytiotrophoblast are carried to the
saturated fatty acid intakiather than polyunsaturatedttfyy fetal liver in dbumin, red blood cells (RBC) and
acid intale programmes obesity-relategertension in the a-fetoprotein ¢-FB) where thg are re-assembled into

offspring. diglycerides by phosphatidic acid phospydiolase (RP)
o ) ) and then triglycerides by diacylglyceroltransferase (DA
Is placental lipid transfer altered in obesity? in the fetal lver. Very minimal placental triglyceride

formation occurs, so most triglycerides in the fetal

F i i for th ing f
aty acids provide engy for the deeloping fetus compartment are of fetalvlir origin. The passage offty

and lipid transfer from the mother is vital for fetal

development. Tiglycerides do not cross the barrier but :fmds tgfyga'”'”g stable:ipd|s£;t?pzst to_t _the Ielzus or
series of placental lipases (lipoprotein-, endothelial’€°N? can be quantilied, W to date 1t 1S not knen

lysosomal- and hormone-sensiti lipases) liberate non whether these kinetics are increased in maternal
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overweight. programming ector As we gadually identify the
Fetuses of women with gestational diabetesiechanisms that may de te deeopmental

demonstrate higher concentrations of saturated fatty acjlgramming of obesity and/pertension we can then look

and lower concentrations of long chain @a8 fatty acids to devise behavioural or therapeutic sija@s to mitigite

independent of maternal fatty acidvdis indicating the deedlopment of a disease that affects billions of humans

alterations in fetal Vier fat metabolisni® but there are no worldwide.

data pertaining to the study ofvédr lipogenesis in the

fetuses of obese andveweight women where the References
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