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ABSTRACT 

Jonna Aaltonen 
Early nutritional determinants in cardio-metabolic programming – A prospective 
randomized controlled dietary intervention study  
Department of Pediatrics and Functional Foods Forum, University of Turku, Finland. 
Annales Universitatis Turkuensis, Medica-Odontologica, Turku, 2010. 
 
Western societies have been faced with the fact that overweight, impaired glucose 
regulation and elevated blood pressure are already prevalent in pediatric populations. This 
will inevitably mean an increase in later manifestations of cardio-metabolic diseases. The 
dilemma has been suggested to stem from fetal life and it is surmised that the early 
nutritional environment plays an important role in the process called programming. The 
aim of the present study was to characterize early nutritional determinants associating with 
cardio-metabolic risk factors in fetuses, infants and children. Further, the study was 
designated to establish whether dietary counseling initiated in early pregnancy can modify 
this cascade. 

Healthy mother-child pairs (n=256) participating in a dietary intervention study were 
followed from early pregnancy to childhood. The intervention included detailed dietary 
counseling by a nutritionist targeting saturated fat intake in excess of recommendations and 
fiber consumption below recommendations. Cardio-metabolic programming was studied 
by characterizing the offspring’s cardio-metabolic risk factors such as over-activation of 
the autonomic nervous system, elevated blood pressure and adverse metabolic status (e.g. 
serum high split proinsulin concentration). Fetal cardiac sympathovagal activation was 
measured during labor. Postnatally, children’s blood pressure was measured at six-month 
and four-year follow-up visits. Further, infants’ metabolic status was assessed by means of 
growth and serum biomarkers (32-33 split proinsulin, leptin and adiponectin) at the age of 
six months. 

This study proved that fetal cardiac sympathovagal activity was positively associated 
with maternal pre-pregnancy body mass index indicating adverse cardio-metabolic 
programming in the offspring. Further, a reduced risk of high split proinsulin in infancy 
and lower blood pressure in childhood were found in those offspring whose mothers’ 
weight gain and amount and type of fats in the diet during pregnancy were as 
recommended. Of note, maternal dietary counseling from early pregnancy onwards could 
ameliorate the offspring’s metabolic status by reducing the risk of high split proinsulin 
concentration, although it had no effect on the other cardio-metabolic markers in the 
offspring. At postnatal period breastfeeding proved to entail benefits in cardio-metabolic 
programming. Finally, the recommended dietary protein and total fat content in the child’s 
diet were important nutritional determinants reducing blood pressure at the age of four 
years.  

The intrauterine and immediate postnatal period comprise a window of opportunity for 
interventions aiming to reduce the risk of cardio-metabolic disorders and brings the 
prospect of achieving health benefits over one generation. 
 
Keywords: blood pressure, breastfeeding, cardiac sympathovagal activation, dietary 
counseling, glucose metabolism, growth, nutrition, pregnancy, programming 
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TIIVISTELMÄ 

Jonna Aaltonen 
Varhaisen ravitsemusympäristön yhteys sydän- ja verenkiertoelimistön ohjelmoitu-
miseen – Satunnaistettu ja kontrolloitu ravitsemusinterventioseurantatutkimus  
Lastentautioppi ja Funktionaalisten elintarvikkeiden kehittämiskeskus, Turun yliopisto. 
Annales Universitatis Turkuensis, Medica-Odontologica, Turku, 2010. 
 
Länsimaissa lasten ylipaino, heikentynyt sokerinsieto ja kohonnut verenpaine ovat 
yleistyviä trendejä, jotka tulevat vääjäämättä lisäämään sydän- ja verisuonitautien 
myöhempää ilmenemistä. Ongelman on esitetty juontuvan sikiökaudelta, ja varhaisen 
ravitsemusympäristön on epäilty vaikuttavan tähän niin kutsuttuun ohjelmoitumis-
prosessiin. Tämän tutkimuksen tavoitteena oli selvittää tarkemmin varhaisen ravitsemus-
ympäristön ja -tekijöiden yhteyksiä sikiö-, imeväis- ja lapsuusiän sydän- ja verisuonitautien 
riskitekijöihin. Lisäksi tutkimuksella pyrittiin selvittämään, voidaanko varhaisraskaudessa 
aloitetulla ravitsemusneuvonnalla vaikuttaa näiden riskitekijöiden kehittymiseen. 

Tutkimuksessa seurattiin 256 tervettä ravitsemusinterventiotutkimukseen osallistuvaa 
äiti-lapsiparia alkuraskaudesta leikki-ikään saakka. Interventio sisälsi yksityiskohtaista 
ravitsemusneuvontaa, joka kohdistui suositukset ylittävään tyydyttyneiden rasvojen sekä 
suosituksia alhaisempaan kuitujen määrään ruokavaliossa. Sydän- ja verisuonitautien 
ohjelmoitumista tutkittiin jälkeläisiltä mittaamalla varhaisia riskitekijöitä kuten 
autonomisen hermoston yliaktiivisuutta, kohonnutta verenpainetta sekä epäsuotuisaa 
aineenvaihdunnallista tilaa (esimerkiksi seerumin korkeaa split proinsuliini tasoa). Sikiön 
sydämen autonomisen hermoston aktiivisuutta tutkittiin synnytyksen yhteydessä. Syntymän 
jälkeen lapsilta mitattiin verenpaine sekä kuuden kuukauden että neljän vuoden 
seurantakäynneillä. Lisäksi imeväisten aineenvaihdunnallista tilaa arvioitiin kuuden 
kuukauden iässä kasvun ja seerumista mitattavien markkereiden avulla (split proinsuliini, 
leptiini ja adiponektiini).  

Tutkimuksessa todettiin sikiön sydämen autonomisen hermotoiminnan aktiivisuuden 
olevan suorassa yhteydessä äidin raskautta edeltävään painoindeksiin, mikä viittaa 
jälkeläisen epäedulliseen sydän- ja verenkiertoelimistön ohjelmoitumiseen äidin 
painoindeksin noustessa. Korkean split proinsuliinin riski imeväisiässä oli pienempi ja 
verenpaine neljän vuoden iässä matalampi lapsilla, joiden äidin raskaudenaikainen 
painonnousu ja ruokavalion rasvojen laatu sekä määrä olivat suosituksien mukaista. 
Huomionarvoista on, että äidille varhaisraskaudessa aloitetulla ravitsemusneuvonnalla 
pystyttiin parantamaan lapsen aineenvaihdunnallista tilaa vähentämällä seerumin korkean 
split proinsuliinitason riskiä. Neuvonnalla ei kuitenkaan ollut vaikutusta muihin varhaisiin 
sydän- ja verenkiertoelimistön sairauksien riskitekijöihin. Syntymän jälkeen lapsen sydän- 
ja verisuonitautien ohjelmoitumisprosessiin voitiin vaikuttaa suotuisasti imettämällä lasta. 
Lisäksi lapsen oman ruokavalion ravitsemussuositusten mukaiset proteiini- ja rasvasisällöt 
varhaislapsuudessa olivat tärkeitä verenpainetta laskevia tekijöitä.  

Sydän- ja verisuonitautien riskitekijöiden kehitystä voidaan ehkäistä vaikuttamalla 
sikiö-, imeväis- ja lapsuusiän ravitsemusympäristöön. Tämän kriittisen ajanjakson luomia 
mahdollisuuksia tulisi terveysvalistuksessa jatkossa hyödyntää kattavammin.  
 
Avainsanat: imetys, kasvu, ohjelmoituminen, raskaus, ravitsemus, ravitsemusneuvonta, 
sokeriaineenvaihdunta, sydämen autonomisen hermoston aktiivisuus, verenpaine 
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1.  INTRODUCTION 

Industrialized countries worldwide are experiencing an epidemic of overweight and 
obesity, elevated blood pressure and impaired glucose regulation. Alarmingly these 
manifestations are already seen in pediatric populations (Kaufman 2002, Hedley et al. 
2004, Muntner et al. 2004) and tend to pass on from childhood to adulthood (Bao et al. 
1996, Vogels et al. 2006), which augments further concern for later health and the need 
for more efficient means of prevention. 

The predicament in these adverse cardio-metabolic conditions is linked to the increased 
availability of food and a decrease in physical activity, i.e. to consequences of changed 
lifestyle and demographic patterns during the past decades. Additionally, it has been 
surmised that the risk factors involved may originate in fetal life and early infancy. 
Indeed, evidence from epidemiological and experimental studies suggests that maternal 
nutrition and nutritional status during pregnancy can program or imprint the 
developing fetus and influence later body size, performance and health, and also 
cardio-metabolic programming (Barker 2004). This statement, however, contains a 
number of important definitions and unresolved aspects comprising an integral part of 
the present thesis, as listed below: 

Programming – The process whereby a stimulus or insult at a critical period of 
development has lasting or lifelong effects (Lucas 1991).  

Critical period or critical window – In the critical period of development the tissues 
and organs of the body undergo rapid cell division. If this process slows, for example 
as a direct consequence of undernutrition or through altered concentrations of growth 
factors or hormones, it may permanently reduce the number of cells in that particular 
organ (Widdowson and McCance 1975).  

The International Life Sciences Institute North American Branch has recently defined 
the critical window as “sensitive time periods of development where diet and other 
environmental influences induce lasting effects on physiology, function, health and 
disease risks”. The windows occur as a developmental continuum which includes 
gestation, infancy and early childhood; it runs from placental implantation and 
embryonic cell differentiation through to five years of age (Field 2009). 

Barker’s hypothesis – According to Barker’s hypothesis, or the developmental origins 
of health and disease (DOHaD) hypothesis, undernutrition in utero and during infancy 
can permanently change, i.e. program the organ structure and function, and thus lead to 
diseases later in life. Low weight or small body size at birth and delayed growth in 
infancy have been used as manifestations of undernutrition and predictors of higher 
subsequent disease risk (Barker 1990, 1994 and 2007). 
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Catch-up growth – Epidemiological studies have more recently suggested that not only 
poor growth during intrauterine life but rapid growth in early childhood is more 
influential for later disease risk (Eriksson et al. 1999). Additionally, the accelerated 
postnatal growth proves to be especially detrimental for later health after stunted 
intrauterine growth, which is mostly compensatory after a period of nutritional 
deficiency (Metcalfe and Monaghan 2001). Such newborns can be small for gestational 
age and predisposed to catch-up growth, a rapid growth during the first two years of 
life, which plays a significant role in the risk of developing diseases (Ibanez et al 2006, 
Vaag 2009). 

Thrifty phenotype hypothesis – The thrifty phenotype hypothesis was proposed as an 
explanation for epidemiological findings linking reduced fetal growth to impaired 
glucose metabolism in adulthood, but it also explains the long-term adverse effects of 
exaggerated postnatal growth on later health. The thrifty offspring phenotype is 
adapted to survive in poor nutritional conditions as poor fetal nutrition has altered its 
organ structure and function. Supranormal nutrition in later life, i.e. mismatch between 
fetal and later nutrition, will then have adverse consequences such as type 2 diabetes 
(Hales and Barker 1992). 

The theories focusing on programming are important for an understanding of the 
impact of the early nutritional environment on later health. However, the validity of the 
hypotheses among well-nourished women is debatable. Indeed, many previous studies 
have concentrated on an undernourished environment, while in developed societies 
overnutrition, a form of malnutrition, is a more frequent problem also among pregnant 
and lactating women. Further, previous studies have mostly evaluated either 
intrauterine or postnatal periods, whereas studies encompassing both periods allowing 
dissection of the effects of these separate nutritional environments, are scant. To 
improve our understanding of cardio-metabolic programming this insufficiently 
investigated area calls for further studies conducted in more a comprehensive manner 
during the critical windows of development. 
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2.  REVIEW OF THE LITERATURE  

2.1. Cardio-metabolic programming – theoretical background 

It was long suspected that the mother may suffer on behalf of the fetus and that the 
fetus takes everything needed for growth and development. This is not however the 
case. As far back as the 1960s Geoffrey Rose noted an increased risk of ischemic heart 
disease in individuals who had siblings who were stillborn or had died in early infancy 
(Rose 1964). The conception that adverse early environment may increase 
susceptibility to later diseases, and that coronary heart disease risk is related to 
intrauterine and postnatal environment arose from studies by Barker and Osmond in 
the 1980s. They observed geographical relationships between high neonatal mortality 
and high coronary heart disease mortality about 50 years later in specific areas in the 
United Kingdom (Barker and Osmond 1986). These findings suggest that the same 
factors which affected the health of the newborn were also reflected in the coronary 
heart disease risk. 

According to the original Barker’s hypothesis (Barker 1990) undernutrition in utero 
and during infancy leads to increased susceptibility to chronic diseases later in life 
(Figure 1). Further nutrient deficiency in particular stages of gestation has varying 
impact on fetal growth and different birth outcomes result in different morbidities 
(Barker 1994). Human and animal studies suggest that chronic nutritional deprivation 
sustained from early pregnancy induces symmetrical growth disturbance and 
susceptibility to neurodevelopmental impairment in the subject. An inadequate 
nutritional environment in mid- or late pregnancy causes asymmetrical or 
disproportionate fetal growth, seen in larger head circumference compared to 
abdominal circumference. Among the consequences of undernutrition in later stages of 
pregnancy are disturbed glucose-insulin and lipid metabolisms, elevated blood pressure 
and inadequate immune function.  
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Figure 1. Factors associated with cardio-metabolic programming 

The nutritional programming theory described by Alan Lucas (1991) explained the 
physiological mechanisms underlying the hypothesis: under conditions of poor 
intrauterine or postnatal nutrition the blood flow and nutrients are redistributed to the 
most important organs such as the brain, while the energy uptake of other organs is 
reduced. This programs organ structure and function and has lasting or lifelong effects 
on the control of tissue physiology and homeostasis. 

Results from the Helsinki Birth Cohort Study have since emphasized the significance 
of rapid childhood growth, especially after stunted intrauterine growth, as a risk factor 
for subsequent cardio-metabolic diseases (Eriksson et al. 1999 and 2007, Forsen et al. 
2000), and the thrifty phenotype hypothesis serves as an explanation for the link 
between low birth weight, obesity and impaired glucose metabolism in adulthood 
(Hales et al 1991, Hales and Barker 1992 and 2001). “Thrifty phenotype” was related 
to poor fetal nutrition altering the organ function of the offspring. The fetus had 
adapted to living in a poor nutritional environment, while supranormal nutrition in later 
life was followed by adverse metabolic consequences such as type 2 diabetes. The 
effects of programming may thus be vital for the survival of some organ at the 
particular moment but profound and irreversible maladaption may result in detriment 
to organ function or longevity. 
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2.2. Early life determinants of cardio-metabolic programming 

2.2.1. Maternal metabolic status 

Barker’s hypothesis describes the wide range of consequences of maternal 
undernourishment (section 2.1.), but genetic factors and maternal constraints 
(Gluckman and Hanson 2004a), for example small body size and placental 
insufficiency, may also disturb intrauterine growth. Further, maternal obesity 
represents the mirror form of nutritional or metabolic imbalance affecting fetal 
development. Its consequences have recently been reviewed by Vasudevan and 
associates (2010) and for example structural anomalies such as neural tube and 
structural cardiac defects are more common in infants of obese compared to infants of 
non-obese mothers. Furthermore, overweight and obese women have an increased risk 
of preeclampsia (Mbah et al. 2010) and preterm delivery (McDonald et al. 2010). 
Possibly as a consequence of macrosomia (Bodnar et al. 2010) the risk of stillbirth and 
perinatal mortality are also increased. Outcomes are also related to altered placental 
function, although the pathogenic mechanisms involved are not fully understood 
(Higgins et al 2010).  

In a Swedish birth cohort from 1992 to 2001 the most important risk factors associated 
with large for gestational age newborn were heightened maternal body mass index 
(BMI) and decreased smoking (Surkan et al. 2004). A high maternal pre-pregnancy 
BMI may also predict child weight and body fat percentage at the age of nine years 
(Catalano et al. 2009) and impair the offspring’s later glucose metabolism (Thomas et 
al. 2007). Maternal obesity is a well-known contributor to gestational diabetes mellitus, 
which further predisposes offspring to metabolic disorders such as insulin resistance 
(Catalano et al. 2009) and type 2 diabetes (Damm 2009) later in life. 

Gestational diabetes mellitus and excess maternal weight gain during pregnancy go 
hand in hand and are both possibly harmful for fetal development. According to results 
from the Project Viva study cohort, higher gestational weight gain is associated with 
higher child BMI, skinfold thickness, blood pressure and risk of overweight at the age 
of three (Taveras et al. 2009). The impact of gestational weight gain on offspring BMI, 
blood pressure (Mamun et al. 2009) and risk of overweight  (Wrotniak et al. 2008) 
have been shown to extend into later childhood and even into adulthood.  

The mother’s dietary intake determines her serum cholesterol concentrations and 
metabolic status, and influences fetal vascular health. Maternal hypercholesterolemia 
may even initiate a cascade of fetal atherogenesis, manifested as fatty streak formation 
in children whose mothers were hypercholesterolemic during pregnancy (Napoli et al. 
1997). 
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2.2.2. Growth of the fetus / infant / child   

Intrauterine growth 

According to Barker’s studies low birth weight, as a marker of poor intrauterine 
environment and growth, has traditionally determined the subsequent risk of chronic 
diseases (Barker 2004). In previous meta-analyses low birth weight has increased the 
risk of ischemic heart disease (Huxley et al. 2007), elevated blood cholesterol 
concentrations (Lawlor et al. 2006) and blood pressure (Gamborg et al. 2007) as well 
as the risk of type 2 diabetes mellitus later in life (Whincup et al. 2008). One kilogram 
increase in birth weight is estimated to be associated with a 10 to 20% lower risk of 
ischemic heart disease, with a 1.5 to 2.8 mmHg decrease in systolic blood pressure and 
the odds ratio for type 2 diabetes is 0.75. However, these inverse associations proved to 
be graded. Among females of birth weight over four kilograms the higher birth weight 
increased subsequent blood pressure (Gamborg et al. 2007). In contrast, for type 2 
diabetes the inverse association was graded at birth weights of three kilograms or less 
(Whincup et al 2008). In Pima Indians a U-shaped relationship has been demonstrated 
between birth weight and later glucose tolerance; the prevalence of diabetes was 
greatest in persons of low (<2500g) or high (> 4500g) birth weight (McCance et al. 
1994). This is largely explained by the high prevalence of type 2 as well as gestational 
diabetes mellitus among the mothers or by the family history and genetic susceptibility. 
The same pattern of association between birth weight and type 2 diabetes mellitus risk 
may also apply in children nowadays (Wei et al. 2003). 

Postnatal growth 

Epidemiological studies suggest that decelerated growth during infancy predisposes to 
obesity (Law et al. 1992), impaired glucose metabolism (Hales et al. 1991) and 
cardiovascular disease (Barker et al. 2005) later in life. On the other hand, according to 
findings from the Helsinki Birth Cohort Study the combination of low birth weight and 
rapid subsequent growth in childhood may enhance the predisposition to type 2 
diabetes (Forsen et al. 2000) and hypertension (Eriksson et al. 2007) in adulthood. 
However, especially in the case of increased risks of obesity there would appear to be 
more than one critical period of growth (Dietz 1994), and excessive weight gain may 
be detrimental even as early as in infancy (Rolland-Cachera 2005, Ekelund et al 2006).  

According to large cross-sectional data on over 15 000 children from a series of annual 
surveys in England between 1995 and 2002, birth weight was negatively related to 
blood pressure at ages of five to fifteen, but advanced analyses pointed to the 
importance of later weight gain; in a sub-cohort of 3 900 children a one standard 
deviation (SD) increase in weight from birth to thirteen or to fifteen years of age 
increased systolic blood pressure by 0.8 mmHg (Primatesta et al. 2005). Other cardio-
metabolic consequences of high postnatal weight gain, i.e. obesity, insulin resistance, 
and serum cholesterol concentrations, have also been seen in children (Ong et al. 2000, 
Gardner et al. 2009). 



Review of the Literature 

 15

2.2.3. Nutrition 

Intrauterine nutrition 

The implications of the direct influence of intrauterine undernutrition on the 
offspring’s subsequent risk of diseases emerged in epidemiological studies. Subjects 
conceived during the Dutch famine of World War II had a higher cumulative incidence 
of coronary artery disease (Painter et al. 2006), they were more obese (Ravelli et al. 
1999), and their glucose tolerance was decreased (Ravelli et al. 1998, de Rooij et al. 
2006) compared to persons born before or conceived after the famine.  

Both experimental and human evidence has suggested that specific components in the 
maternal diet during pregnancy have an impact on the offspring’s cardio-metabolic risk 
factors (Symonds et al 2009 a, b). In rodents a low protein proportion in the dam’s diet 
during pregnancy has been shown to restrict the offspring’s intrauterine growth 
(Fernandez-Twinn et al. 2003), and these rats manifested elevated blood pressure, 
endothelial dysfunction (Brawley et al. 2003) and insulin resistance (Ozanne and Hales 
1999) later in life. Exposure to a high-fat diet in utero can further alter the offspring’s 
susceptibility to future metabolic challenges. A wide range of risk factors, including 
abdominal obesity, abnormal glucose homeostasis and dyslipidemia, elevated blood 
pressure and endothelial dysfunction, have been reported in rodents after maternal 
high-fat dieting during gestation (Armitage et al. 2005).  

In human studies, where the recorded protein intake as a proportion of energy intake 
(E%) and the ratio of protein to carbohydrates (20 to 33%) met the current dietary 
recommendations (described in section 2.3), especially unbalanced protein content in 
the maternal diet during pregnancy has proved to be associated with restricted fetal 
growth (Godfrey et al. 1996 a) and a predisposition to elevated blood pressure later in 
life (Campbell et al. 1996). For example, in the mentioned observational study by 
Godfrey and associates (1996a) the unbalanced protein content equaled a low ratio of 
protein to carbohydrates. In this case the offspring mean birth weight was lower (3312g 
vs. 3529g) in women whose carbohydrate intake was high (>340g/day) in early 
pregnancy and meat protein intake low (23.5g/day) in late pregnancy compared to the 
offspring of mothers whose carbohydrate intake was lower (<256g/day) and meat 
protein intake higher (>34g/day). Similarly, a low maternal animal protein intake 
(<50g) combined with increasing carbohydrate intake was associated with elevating 
blood pressure in adult offspring (Campbell et al.1996). Further, according to the other 
study of Godfrey and colleagues (1996 b) the low maternal protein intake after a period 
of high energy intake during pregnancy may have implications for the offspring’s risk 
of impaired glucose metabolism. The cord plasma concentrations of insulin, split 
proinsulin and C-peptide fell significantly with increasing maternal energy intake 
during the first trimester and with decreasing protein intake later in pregnancy. 
Contrary to these findings, higher protein intake may also be detrimental as shown in 
the study of Shiell and co-authors (2000), where a higher maternal protein intake 
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during pregnancy was associated with lower insulin increment in adult offspring. The 
offspring’s insulin increment was lowest if the mother’s protein intake was >80g/day 
and the insulin increment was highest if the intake was < 60g/day.  

Prospective cohort studies have suggested that dietary fat quality during pregnancy 
may also entail long-term effects on the child. Dietary n-3 polyunsaturated fatty acid 
(PUFA, source not specified) intake during pregnancy in well nourished English 
women was inversely associated with the blood pressure of the seven-year-old 
offspring (Leary et al. 2005). Further, a study by Olsen and Secher (2002) showed that 
high maternal fish consumption during pregnancy could reduce susceptibility to 
preterm delivery and low birth weight in the newborn. Here the odds ratio for a preterm 
(<37 gestational weeks) or a low birth weight baby (<2500g) was about 3.6 in mothers 
who ate no fish in relation to the babies of women eating fish more than once a week. 
Maternal weight may however contribute to the associations, as demonstrated in a 
large French cohort study (Drouillet et al. 2009 a, b). They showed that in overweight 
women (BMI>25 kg/m2) higher seafood consumption (divided into groups of <1 
time/week, 1-2 times/week and >2times/week) and n-3 PUFA intake one year prior to 
pregnancy were positively associated with the child’s birth weight without inducing 
macrosomia. However, the maternal pre-pregnancy seafood consumption or n-3 PUFA 
intake were not related to newborn’s size at birth in normal weight women.  

Postnatal nutrition  

Low saturated fatty acid (SFA) and high unsaturated fatty acid content in the diet, 
along with high consumption of fruits and vegetables, seems to be important from the 
perspective of a low cardio-metabolic risk profile (Appel et al. 2006). However, the 
efficacy of dieting in reducing cardio-metabolic risk factors is best proved in adults. In 
Finland the North Karelia Project was the first to show that a low-fat diet with a high 
ratio of PUFA to SFA could lower blood pressure and reduce cholesterol and low-
density-lipoprotein cholesterol (Enholm et al. 1982, Puska et al. 1983). The diet of 
participants was modified to resemble that maintained in Mediterranean countries, and 
special attention was paid to the amount of saturated fat and cholesterol in the diet and 
the dietary content of vegetables. The total fat intake was about 39 E% at baseline and 
about 24E% during the six weeks’ intervention period. The ratios of PUFA to SFA 
were 0.15 at baseline and 1.2 during the intervention. 

A comparable healthier diet seems to regulate the individuals’ coronary heart disease 
risk factor profile from early life onwards (Viikari et al. 2004). Intervention studies in 
children and adolescents have proved that a low-saturated fat diet from infancy 
onwards inhibits excess weight gain in girls (Hakanen et al. 2006), lowers blood 
pressure (Niinikoski et al. 2009), and reduces the clustering of other obesity-related 
cardio-metabolic risk factors (Hakanen et al. 2010). Here the interventions focused 
mainly on restricted dietary intakes of total fat and SFA, but ample use of vegetables, 
fruits, berries and whole-grain products was also encouraged. During the intervention 
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period from 13 months to 15 years of age the intake of total fat and SFA as E% were 
lower in the intervention group (26.3 to 30.5 E% and 9.5 to 11.4E% respectively) than 
in the control group (27.8 to 32.7 E% and 12.8 to 14.6 E%). On the other hand 
supplementation of PUFA in the early postnatal diet has not been found to affect 
children’s growth at the age of 18 months (Rosenfeld et al. 2009), whereas similar 
manipulation has lowered blood pressure in the children at the age of six years (Forsyth 
et al. 2003).  

In most studies in adults a greater protein intake, especially substituting carbohydrates 
with proteins, has been associated with lower blood pressure (Appel et al. 2006). 
Studies among children are scant but have obtained relatively congruent results. A 
greater dietary protein intake in 2.5 years old children has been associated with lower 
current blood pressure in a Danish population (Ulbak et al. 2004). However in extreme 
groups such as preterm infants, those randomized before weaning to an enriched-
nutrient diet, i.e. preterm formula, containing a relatively high amount of proteins 
(2g/100ml) and fats (4.9g/100ml) manifested higher blood pressure later in childhood 
compared to children randomized to a low-nutrient diet, i.e. term formula or breast 
milk, (containing proteins 1.1-1.5g/100ml and fat totally 2.0-3.8g/100ml) (Singhal et 
al. 2007). The highlighted explanation for the deleterious effect of an enriched-nutrient 
diet was that it induced excessive postnatal weight gain. According to the 
investigators’ assessments the enriched-nutrient diet was also suggested to impair 
glucose-insulin metabolism (Singhal et al. 2003 a) and lipid profile (Singhal et al.2004) 
especially in children born preterm. 

Breastfeeding  

Breast milk is generally accepted as an optimal nutrition for infants with both short- 
and long-term health benefits. Breastfeeding protects against infections as well as 
against non-communicable diseases such as obesity, elevated blood pressure and 
dyslipidemia, and it could be especially important in allergy prevention in genetically 
susceptible children (Agostoni et al. 2009).  

Human milk contains nutrients but also a complex mixture of bioactive compounds. 
Breast milk hormones, growth factors and immunological components provide passive 
protection against inflammatory agents, and promote gastrointestinal mucosal 
maturation, and possess immunomodulatory and metabolic functions which link 
breastfeeding to the health benefits of the child (Walker 2010). 

Lipids, carbohydrates, i.e. lactose, and proteins, comprise the energy source of breast 
milk. The breast milk fatty acid content, reflecting the diet of the mother (Vuori et al. 
1982), may promote beneficial programming of glucose-insulin metabolism (Singhal et 
al. 2003), lipid profile (Singhal et al. 2004) and blood pressure (Singhal et al. 2001). Of 
the carbohydrates, oligosaccarides have prebiotic effects, meaning that these non-
digestible food ingredients can beneficially affect the host by stimulating the growth 
and/or activity of specific bacteria in the colon (Gibson and Roberfroid 1995). These 
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can thus alter the gut microflora by stimulating the growth of Bifidobacteria and 
Lactobacilli, which typify the gut microbiota of the healthy breastfed infant (Fanaro et 
al. 2003). The colonization pattern in the gastrointestinal tract of the newborn is of 
significance in that it involves important and specific trophic, protective and metabolic 
functions (Guarner and Malagelada 2003). Previous demonstrations further suggest 
that the gut microbiota composition is linked to weight status in childhood (Kalliomäki 
et al. 2008). 

2.3. Nutritional recommendations in Finland  

The current Nordic Nutritional Recommendations (NNR 4th edition) were issued in 
2004 (Becker et al. 2004). Compared to the previous version (Nordic Working Group 
on Diet and Nutrition 1996) the latest also takes into account the interaction between 
physical activity and the individual nutrient recommendations whenever appropriate. 
Regarding the proportions of energy-yielding nutrients the recommendations have 
remained practically unchanged. Table 1 presents the recommended daily intakes of 
energy-yielding nutrients for infants, children and adults. In Finland the Ministry for 
Social Affairs and Health has also published nutritional recommendations for pregnant 
women and infants/children based on the NNR (Hasunen et al. 2004), and these 
recommendations for energy-yielding nutrients are same for pregnant women and 
children over two years old as for adults. In infants (from six to eleven months of age) 
the guidelines do not apply to breastfed children. For infants under six months old 
there are no given recommendations for total fat, carbohydrates and protein intake, as 
an exclusive breastfeeding is the preferable source of nutrition. The population target 
of salt intake is 6g/day for women and 7g/day for men. The infants’ foods should be 
unsalted, the salt intake should not exceed 0.5g/MJ in one to three years old children 
and 5g/day in three years old and older children. A minimum of 30 minutes’ physical 
activity of moderate and/or vigorous intensity daily is recommended for adults, and a 
minimum of 60 minutes for children and adolescents.  

Breastfeeding 

The Word Health Organization recommends exclusive breastfeeding for the first six 
months of life and the introduction of complementary foods thereafter (WHO 2001). 
Partial breastfeeding should be continued for the first two years. In Western countries 
partial breastfeeding is recommended to continue until one year of age in view of an 
increased risk of iron deficiency anemia in the breastfed child thereafter (Hasunen et al. 
2004). 

Current situation 

According to the National FINDIET 2007 survey conducted in the adult Finnish 
population the total fat intake was 33E% in men and 31E% in women, which meets the 
recommendations. However the intake of SFA was over that recommended (<10E%) 
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in both men and women (13E% and 12E%, respectively) as was the intake of salt (9.3g 
in men and 6.8g in women) (Pietinen et al 2010).  

In pregnant Finnish women the daily intakes of energy-yielding nutrients have been 
recently studied in the cohort of Type 1 Diabetes Prediction and Prevention project 
(DIPP) (Prasad et al. 2010). The nutrient intakes between years 2003 and 2004 are 
collected in Table 1, which shows an excessive SFA intake and insufficient PUFA 
intake in relation to the recommendations in pregnant women.  

Among infants the feeding recommendations have not been achieved in Finland 
according to the DIPP birth cohort study (Erkkola et al. 2010). The median exclusive 
breastfeeding duration was only 1.4 months (range 0.8) and total breastfeeding 
duration 7.0 months (0-25) between the study years 1996 and 2004. Further, in the 
same birth cohort 22% of girls and 18% of boys were breastfed at the age of one year 
(Kyttälä et al. 2010). In this study by Kyttälä and associates (2010) the consumption of 
fresh vegetables, fruits and berries, vegetable-oil-based fats and fish was low among 
one- to six-year-old children and they consumed too little PUFA. The intake of 
saturated fat was considered to be too high although there are recommendations for 
types of dietary fat in children under two years of age only for n-3 PUFA and linoleic 
acid. 
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2.4. Probiotics  

Colonization in the newborn’s gastrointestinal tract is important in that it constitutes 
trophic effects on intestinal epithelia and immune structure and function. Further, the 
colonization pattern on the gastrointestinal tract involves specific protective and 
metabolic functions (Guarner and Malagelada 2003). Experimental studies have 
pointed to the role of the gut microbial composition in energy acquisition and storage, 
and that this contributes to the development of obesity (Bäckhed et al. 2004, 
Turnbaugh et al. 2006). Childhood overweight has since been linked to aberrant gut 
microbiota composition (Kalliomäki 2008). Fecal samples from infants who became 
overweight contained lower levels of Bifidobacteria and higher levels of 
Staphylococcus aureus compared to samples from infants remaining normal-weight.  

Probiotics, defined as “living micro-organisms which upon ingestion in certain 
numbers, exert health benefits beyond inherent basic nutrition” (Guarner and 
Schaafsma 1998), are one tool to normalize detrimental deviations in microbiota 
composition (Rautava and Isolauri 2002). The most traditional uses of probiotics 
pertain to the treatment of infectious and antibiotic-associated diarrhea but these may 
also play a role in the management of inflammatory, allergic and atopic diseases in 
infants (Salminen et al. 2005, Gareau et al. 2010). Recently, it has been suggested that 
these agents may have potential applications even in the prevention of obesity and 
obesity-related conditions (Isolauri et al. 2009) linked with subclinical inflammation 
(Pradhan 2007). Indeed, maternal perinatal use of them has been shown to modify the 
early growth pattern of the child in a randomized, double-blind, prospective follow-up 
study of probiotics in allergic diseases (Luoto et al. 2010). Administration of 
Lactobacillus rhamnosus GG has restrained excessive weight gain from the fetal 
period to the age of two to four years when compared to a control group. In another 
randomized and controlled trial probiotics (Lactobacillus rhamnosus GG and 
Bifidobacterium Lactis Bb12) benefited women’s glucose metabolism and weight 
management during and after pregnancy when accompanied by dietary counseling 
(Laitinen et al. 2008, Ilmonen et al. 2010). The combined effects of counseling, paying 
particular attention to the quality of dietary fat, and probiotic administration were 
explained among other things by the immunoregulatory properties of probiotics 
(Isolauri et al. 2001) and by similar signaling pathways of microbes and dietary fatty 
acids in immune responses (Laitinen et al. 2006). 

2.5. Assessment of cardio-metabolic status in early life 

2.5.1. Cardiac sympathovagal activation 

Over-activation of the autonomic nervous system is one denominator of cardiovascular 
disease (Mancia et al. 2007). The vagal and sympathetic functions of the autonomic 
nervous system are manifested in the magnitude of short- and long-term variability in 
the heart rate (HR), respectively. Therefore heart rate variability can be used as a 
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monitoring tool in clinical conditions with altered function of the autonomic nervous 
system.  

The impulses from the parasympathetic nervous system are conveyed much faster than 
those from the sympathetic nervous system, which leads to slow and fast oscillation of 
the HR by parasympathetic modulation and slow HR oscillation by sympathetic 
modulation. Fetal autonomic cardiac control can be characterized by frequency–
specific assessment of fetal heart rate variability under power spectral analysis, which 
detects and quantifies changes in HR objectively (Akselrod et al. 1981, van 
Ravenswaaij-Arts et al. 1993, Siira et al. 2005 and 2007). Spectral power in the high-
frequency (HF) range is associated with parasympathetic modulation and that in the 
low-frequency (LF) range with sympathetic and parasympathetic nervous system 
modulation (Akselrod et al. 1981, Task Force of the European Society of Cardiology 
and the North American Society of Pacing and Electrophysiology 1996). 
Consequently, the low to high frequency (LF/HF) ratio in HR variability has been 
considered to mirror sympathovagal balance (Metsälä et al. 1995, Siira et al. 2007). 
During labor for example, fetal distress due to uterine contractions or hypoxemia can 
activate the fetal autonomic nervous system. When these conditions have been 
eliminated, it is possible to evaluate the basal sympathetic activity of the fetus (Siira et 
al. 2005). 

2.5.2. Blood pressure 

Elevated blood pressure already in childhood is one of the most important risk factors 
for subsequent cardiovascular diseases (National High Blood Pressure Education 
Program Working Group 2004). The blood pressure level programmed in early infancy 
has been shown to extend into childhood (Fuentes et al. 2002) and up to adult ages 
(Chen and Wang 2008), and may even predict hypertension and metabolic syndrome 
risks later in life (Sun et al. 2007). In normal circumstances the growth of height 
modifies the increase in blood pressure, as previously noted by Rosner and colleagues 
(2008). Further, obesity and overweight have already impact on blood pressure 
progression in childhood, and, as recently reviewed, the blood pressure is linked to 
body adiposity (Ben-Dov and Bursztyn 2009).  

2.5.3. Metabolic status  

Body mass index, waist circumference and skinfold thicknesses have been highly 
intercorrelated and used as markers of cardio-metabolic status in early life along with 
leptin and adiponectin (Shea et al. 2003, Valle et al. 2003, Darendeliler et al. 2009, 
Corvalan et al. 2010). Leptin and adiponectin are adipokines, hormones secreted by the 
adipocytes, the concentrations of which already correlate with the amount of adipose 
tissue in newborns and children and contribute to early growth patterns (Schubring et 
al. 1997, Mantzoros et al. 2009). Further, these participate in immunity and metabolic 
development (Ronti et al. 2006). 
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Leptin is a proinflammatory cytokine (Matarese et al. 2005). It may impair vascular 
function (Singhal et al. 2002) and has been associated with the progression of insulin 
resistance even in children (Steinberger et al. 2003). In overweight adults leptin further 
increases sympathetic activity (Collins et al. 1996) and may thus be linked to 
cardiovascular diseases in the context of metabolic disorders (Mancia et al. 2007). 
Although both of these cytokines are primarily expressed in adipose tissue, leptin and 
adiponectin are also breast milk hormones (Savino et al. 2009). Leptin is transferred 
from the maternal circulation to breast milk and is produced in the mammary epithelial 
cells (Smith-Kirwin et al. 1998). Leptin concentrations are higher in breastfed than in 
formula-fed infants (Savino et al. 2002) and the breast milk leptin composition could 
contribute to short-term control of food intake and exert a long-term effect on energy 
balance and body weight regulation (Stocker and Cawthorne 2008). 

The origins of breast milk adiponectin remain to be established, but it contributes to 
neonatal weight regulation (Newburg et al. 2010). The relevance of adiponectin in 
human physiology and pathophysiology has recently reviewed by Guerre-Millo (2008). 
In plasma, adiponectin circulates in three multimeric forms, trimers, hexamers and 
high-molecular-weight multimers, of which the high-molecular-weight form appears to 
be clinically the most relevant. Unlike leptin the concentrations of adiponectin decrease 
with increasing adiposity mass. This has been linked to the low-grade inflammation 
stage in obesity, where proinflammatory cytokines lower adiponectin release of 
adipose tissue. Adiponectin sensitizes tissues to insulin, and high adiponectin levels 
may even protect from the development of type 2 diabetes mellitus (Guerre-Millo 
2008). The anti-inflammatory actions of adiponectin (Fantuzzi 2008) have been 
associated positively with measures of endothelium-dependent and independent 
vasodilatation (Goldstein and Scalia 2004) and may have antiatherogenic actions 
(Kubota et al. 2002).  

Instead of direct measurement of insulin resistance or glucose tolerance, elevated 
serum or plasma 32-33 split proinsulin concentrations have been used as a marker of 
insulin resistance in adults as well as in children (Temple et al. 1989, Mykkänen et al. 
1997, Singhal et al. 2003a). The 32-33 split proinsulin is a conversion intermediate of 
intact proinsulin, which is secreted together with insulin and C-peptide by the 
pancreatic beta-cells (Melani et al. 1970) its concentrations being increased in type 2 
diabetes (Temple et al. 1989). In nondiabetic adults the split proinsulin concentration 
has been found to be positively associated with markers of subclinical inflammation, 
i.e. C reactive protein and measures of body fat (Festa et al. 2000). Further, in adult 
men 32-33 split proinsulin concentrations have tended to be associated negatively with 
birth weight (Hales et al. 1991). In this study in question the split proinsulin 
concentrations were also lowest (geometric mean the 2.1pmol/l) in men of the highest 
weight group at the age of one year (>10.7kg) and the lowest adult BMI group 
(>25.4kg/m2), and highest (4.8pmol/l) in men of the lowest weight group at 1 year 
(>9.8kg) and highest BMI group in adulthood (>28 kg/m2). Furthermore, 32-33 split 
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proinsulin levels have been shown to be higher in children of seven years of age who 
experienced catch-up growth (deviation from  the 25th to 50th centile, 50th to 75th centile 
ect.) between birth and the current age, although the levels remained within normal 
range (Crowther et al. 2008). The schematic diagram below (Figure 2) shows the 
associations between obesity, adipokines and split proinsulin.  

 
Figure 2. Adipokines and split proinsulin in obesity 
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3. AIMS OF THE STUDY  

The objective in the present project was to evaluate the intrauterine and early postnatal 
nutritional determinants influencing early cardio-metabolic programming. Specifically, 
fetal cardiac sympatovagal activation, infant and child blood pressure and glucose-
insulin metabolism in infancy were assessed: 

1. to evaluate the impact of maternal metabolic status and dietary intake during 
pregnancy on infants’ cardio-metabolic programming 

2. to evaluate the impact of child postnatal dietary intake and growth on cardio-
metabolic programming 

3. to determine whether dietary intervention from early pregnancy onwards may 
benefit infants’ cardio-metabolic programming 
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4. SUBJECTS AND METHODS 

4.1. Subjects and study design 

A total of 256 pregnant women in the first trimester of pregnancy were recruited from 
maternal welfare clinics in the area of Turku, Southwest Finland, between April 2002 
and November 2004 to participate in a prospective, randomized mother-infant nutrition 
and probiotic study (NCT00167000; section 3, http://www.clinicaltrials.gov) (Laitinen 
et al. 2009). Exclusion criteria were any chronic diseases except for allergy. At the first 
study visit, representing the baseline, the participants were randomized into three study 
groups (Figure 3), two dietary intervention groups (Diet/probiotics and Diet/placebo) 
and one control group, according to computer-generated block randomization of six 
women. The study statistician, who was not involved in the study visits, generated the 
randomization list. Figure 3 also presents the number of children with recorded 
outcome measures, i.e. cardiac sympathovagal activation (LF/HF), 32-33 split 
proinsulin analysis (Split) and blood pressure measurements (BP) in each study group. 
Table 2 gives reasons for discontinuation in the dietary intervention groups with 
probiotics and placebo and in the control group. 

4.2. Inclusion criteria for studies I to IV 

Study I:  Fetuses from normal pregnancies born after 36 gestational weeks and whose 
parents permitted the use of a fetal scalp electrode for continuous fetal ECG recording 
were included (n=41). 

Study II: All singleton infants whose venous blood sample was collected at the age of 
six months were included (n=194).  

Study III: All 256 recruited women were included in the study. Dietary intake was 
estimated during pregnancy in 239 women who had filled the food diaries. Blood 
pressure was recorded in 171 six-month-old infants. 

Study IV: All children who were born full-term from singleton pregnancies and had 
yielded three reliable resting blood pressure measurements at the age of four years 
were included in the study (n=109). 

4.3. Maternal dietary and probiotic intervention 

The pregnant women in the control group received standard dietary counseling in well-
women clinics according to a national program. At each study visit, women in the 
dietary intervention groups (diet/probiotics and diet/placebo) received additional 
intensive dietary counseling in accordance with that recommended during the study 
years (Nordic Working Group on Diet and Nutrition 1996, Becker et al. 2004). The 
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target in counseling was to ensure dietary consumption containing carbohydrates 55-
60E%, proteins 10-15E% and total fats 30E%, including MUFA 10-15E%, PUFA 5-
10E% and SFA 10E% or less. The counseling was given in layman terms by a 
nutritionist who encouraged the participants to pay attention to the amount and type of 
fat and to the amount of fiber in their diet (Piirainen et al. 2006). They were 
encouraged to consume leaner meat products and low-fat cheese and fat-free/low-fat 
milk products, to increase their consumption of vegetables, fruits, berries and whole-
grain cereals and bread, and to use vegetable-oil-based spreads and vegetable oil. 
Further, to strengthen the dietary course and to demonstrate sources of favorable fat 
and fiber content, various food products available on the market, for example 
vegetable-oil-based spreads and salad dressings and fiber-enriched pasta, breakfast 
muesli, and porridge cereals, were given to the families to use at home. The products 
were donated by the Raisio Group, Raisio, Finland. 

The dietary intervention groups (diet/probiotics and diet/placebo) received capsules of 
probiotics (Lactobacillus rhamnosus GG, American type culture collection 53103, Valio 
Ltd., Helsinki, Finland and Bifidobacterium lactis, Chr. Hansen, Hoersholm, Denmark, 
1010 colony-forming units each/day) or placebo (microcrystalline cellulose and dextrose 
anhydrate; Chr. Hansen, Hoersholm, Denmark) in double-blind manner, while the 
control group (control/placebo) received placebo in single-blind manner (Figure 3). The 
intensive maternal dietary and probiotic intervention continued from early pregnancy 
until the end of exclusive breastfeeding, a maximum six months postpartum. 

4.4. Schedule for clinical assessments, dietary recording and blood 
sampling 

The women visited the study clinic three times during pregnancy, at a median of 14 
(range, 7 to 18), 24 (20 to 27) and 34 weeks of gestation (30 to 37), respectively. As 
shown in Figure 4, women’s dietary intake was assessed in the context of all study visits 
during pregnancy and breastfeeding, and fasting blood samples were collected at the first 
and third trimester of pregnancy and six months postpartum. Prior to labor women with 
more than 36 completed gestational weeks who permitted the use of a fetal scalp 
electrode were asked to consent to continuous fetal electrocardiogram (ECG) recording 
at the time of labor. At birth, cord blood samples were collected and the offspring 
measured in the delivery hospital. About 97% of them were born in Turku University 
Hospital, and the remaining in central or regional hospitals nearby. Subsequent venous 
blood samples from infants were drawn in conjunction with the six months study visit 
(range 5.0 to 7.7). For obvious ethical reasons overnight fasting was not in fact possible 
at the age of six months, and sampling was performed before noon. The second postnatal 
study visit was made at the child age of four years (3.9 to 4.2). The children’s nutritional 
status, growth, continuation of breastfeeding (exclusive, partial or ended) and blood 
pressure were assessed at postpartum visits, and dietary intake at the age of four years. 
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Table 2. Reasons for discontinuing the study at different time points 

 
Diet/probiotics Diet/placebo

 
Control 

Before birth 4 7 6 

Miscarriage 3 2 0 

Illness in mother 0 2 2 

Illness in child 0 0 0 

Moved 0 1 0 

Unwilling to continue     1 2 4 

Before 6 mo  6* 5 9 

Illness in mother 2 0 0 

Illness in child 4 1 1 

Moved 1 1 0 

Blood sampling 0 0 5 

Unwilling to continue     1 3 3 

Before 4 years 29 36 29 

Illness in mother 0 3 1 

Illness in child 1 1 2 

Moved 2 3 1 

Unwilling to continue     26 29 25 
Data presented as number of subjects
* multiple reasons in two cases 
No statistically significant differences were found in numbers of women or children among the study 
groups by χ2 test. 
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4.5. Evaluation of maternal clinical characteristics  

Background information on the pregnant women was obtained by interview at study 
entry. The research nurse measured the women’s height, weight and blood pressure 
according to standard procedures (Perloff et al. 1993, WHO 1995). Fasting blood 
glucose was evaluated at first and third trimester of pregnancy. Maternal weight gain 
during pregnancy was calculated from self-reported pre-pregnancy weights and 
measurements recorded in hospital or at a prenatal study visit within one week prior to 
delivery. Appropriate gestational weight gain was evaluated according to the pre-
pregnancy BMI (Institute of Medicine 1990). Pregnancy duration was calculated from 
the last menstruation. Diagnoses of gestational diabetes mellitus (GDM) were obtained 
from welfare clinic or hospital records. Specifically the diagnosis of GDM was based 
on modified criteria of American Diabetes Association (2004) according to 
recommendations implemented in Finland. The results of a 75g oral glucose tolerance 
test were considered pathological when one value exceeded  5.3 mmol/L at baseline, 
 10.0 mmol/L at 1h or  8.6 mmol/L at 2h.  

4.6. Evaluation of offspring anthropometrics 

At birth the midwifery team measured the infants with instruments comparable to those 
used at the study visits. They also measured the placental weight with a mechanical 
scale (Monilaite Dayton Oy, Soehnle, Vantaa, Finland) to establish the relative weight 
of the placenta (placental weight divided by birth weight). The research nurse 
measured weight in infancy with a Data baby scale 930 (Oriola, Espoo, Finland) and at 
the age of four years with a Seca digital column scale (Hamburg, Germany). 
Recumbent length was measured by Infantometer (Pedihealth, Oulu, Finland) and 
standing heights with a pull-down metal measuring tape (person-check REF 44 444; 
Medizintechnik KaWe, Kirchener & Wilhelm, Asberg, Germany). Body surface area 
(BSA) was calculated as the square root of height in centimeters multiplied by weight 
in kilograms divided by 3600. The occipitofrontal head circumference from maximum 
circumference between the supraorbital ridge and the occiput and waist circumference 
at the narrowest were determined with a measuring tape. Supra-iliac skinfold thickness 
was measured horizontally two centimeters above the anterior superior iliac spine from 
the line between spine and umbilicus with a Holtain Tanner/Whitehouse Skinfold 
caliper (Marsden Weighing Group, Hanley-on-Thames, Oxfordshire, United 
Kingdom), mean of three measurements being used in analyses.  

4.7. Evaluation of fetal cardiac sympathovagal activation (Study I) 

Fetal cardiac sympathovagal activation during delivery was performed by fetal ECG 
(Siira et al. 2005). The intrauterine fetal single-helix scalp electrode and a maternal 
skin electrode constituted the fetal unipolar ECG lead configuration. The fetal ECG 
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was continuously recorded for one hour in the first phase of labor using a STAN® S 21 
monitor (Neoventa Medical, Gothenburg, Sweden).  

R-peaks were detected and R-R intervals measured and digitalized (sampling rate 
500Hz). The R-R interval data sets were stored on a PC hard disc and the intervals 
analyzed off-line by a signal analyst (Jarmo Jalonen, MSc), who remained blinded to 
the clinical details of the fetuses studied. Two-minute continuous signal segments at a 
stable fetal heart rate (HR) were required for spectral analysis. The quality of these 
segments was visually controlled by our signal analyst (JJ). On average, 19 segments 
(range from 5 to 29) were obtained from each fetus and the mean time lag from 
commencement of recording to delivery was 246 (± 217) minutes. 

Spectral analysis decomposes sequential R-R interval series into a sum of sinusoids of 
different amplitudes and frequencies. The reciprocal of each R-R interval was 
computed to obtain the respective instantaneous HR reading. After linear interpolation 
of consecutive heart beats, the event series were resampled at a rate of 16Hz. Fast-
Fourier-Transformed power spectra were then computed for the fetal HR signal 
segments (MATLAB®-oriented tailor-made signal analysis program, MARAPS, 
Tampere, Finland (Välimäki and Rantonen 1999). The fetal HR variability spectrum 
was integrated over the low-frequency (LF) band from 0.04Hz to 0.15Hz (from 2.4 to 
7.8 cycles/min) and over the high-frequency (HF) band from 0.15Hz to 1.0Hz (from 
7.8 to 60 cycles /min). The LF/HF ratio was calculated to display the balance of 
sympathetic and parasympathetic controls (Metsälä et al. 1995, Siira et al. 2007). The 
spectral variability data was given in arbitary units (AU). 

4.8. Evaluation of infants’ metabolic status (Study II) 

Serum 32-33 split proinsulin and intact proinsulin concentrations were chosen as 
primary markers of infant metabolic status. The concentrations were dichotomized for 
analysis, as the clinically important difference in mean levels is not known and 
differences in proportions of higher values were considered more relevant than those in 
overall mean levels. Any 32-33 split and intact proinsulin concentrations above the 85th 
percentile of the concentrations (7.9 pmol/l and 6.64 pmol/l, respectively) were 
considered high. As the agreement between high concentrations was good (kappa-
coefficient κ=0.80), only the high 32-33 split proinsulin was analyzed as a final 
outcome variable in infant metabolic status. Measurements of supra-iliac skinfold and 
waist circumference were used to define adiposity and nutritional status, and serum 
leptin and adiponectin concentrations were measured as surrogate markers of early 
adiposity and nutritional stage (Yannakoulia et al. 2003, Tsai et al. 2004). 
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4.9. Methods to assess markers of glucose-insulin metabolism and 
nutritional stage  

Fasting blood glucose in the pregnant women was analyzed at the laboratory of Turku 
University Hospital by an enzymatic method utilizing hexokinase in a Modular P800 
automatic analyzer (Roche Diagnostics GmbH, Mannheim, Germany).  

The NIHR Cambridge Biomedical Research Centre, Core Biochemical Assay 
Laboratory (Cambridge, UK) analyzed the infants’ blood samples. Serum was 
separated immediately and the samples initially stored at −20°C and then at −70°C. 
Serum 32-33 split proinsulin and intact proinsulin, leptin and adiponectin 
concentrations were assayed on a 1235 AutoDELFIA immunoassay system (Perkin 
Elmer Life Sciences, Boston, MA). All assays were in-house, two-step time-resolved 
fluorometric assays as previously described (Temple et al. 1989, Hales et al. 1991, 
Semple et al. 2006), and samples were analyzed in duplicate. Samples in which the 
coefficient of variation in duplicates was greater than 10% were repeated. Quality 
control samples with concentrations spanning the working range of the assay were run 
each day. The between-batch imprecision for the Quality Control samples was less 
than 8% for all assays and analyte concentrations. 

4.10. Blood pressure measurements in infancy and childhood (Studies III 
and IV) 

Children’s blood pressure and HR were measured according to standard procedures 
using an appropriate-sized cuff with automated oscillometric recorders; with 
DINAMAP R (Criticon, Tampa, Florida, USA) at infant age of six months and 
DINAMAP ProCare 100 at child age of four years (National High Blood Pressure 
Education Program Working Group 1996 and 2004). The subjects were at rest, in 
sitting position appropriate for age, during the measurements. Blood pressure was 
determined as an average of three measurements, and the procedure was discontinued 
if the child became restless. 

4.11. Evaluation of dietary intake of mothers and children  

Maternal and child dietary food and nutrient intakes were evaluated by means of three 
consecutive days’ food diaries, including one weekend day. The consumptions were to 
be reported as household measures (e.g. one glass of milk), in natural units (e.g. one 
apple or potato) or portions (e.g. one portion of lasagne). At the study visit the women 
were asked to compare the portion sizes to reference pictures of different size portions 
(Haapa et al. 1985, Paturi et al. 2006). The daily dietary intake of energy, foods and 
nutrients was calculated by the computerized program Micro-Nutrica, nutrient 
analyzing software based on Finnish nutrient analysis and international food 
composition tables, version 2.5 (Research Centre of the Social Insurance Institution, 
Turku, Finland). The foods consumed were combined into groups (grain, meat, fish 
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and dairy products, fruits and berries, vegetable-oil-based margarine and vegetable oil, 
sugar and sweets) in statistical analyses, but milk, cheese, sour milk products, 
vegetables and butter consumption was also analyzed separately. Grain products 
included for example bread, porridge, cereal, pasta and rice. The dairy products were 
not separated according to fat content (e.g. skimmed milk vs. full milk) in the statistical 
analyses of foods.  

The duration of exclusive and partial breastfeeding and breastfeeding status at six 
months (exclusive, partial or ended) were recorded. Breastfeeding was considered 
exclusive when the infant received no solids or liquids, other than vitamins and 
medication, besides human milk, and partial when these or one of these was introduced 
into the diet (Kramer and Kakuma 2002, edited 2009). 

4.12. Statistical methods 

Characteristics are given as means (SD), medians (range) or number of subjects 
(percentage) and analyses as means or odds ratios (OR) with 95% confidence interval 
(CI). The impact of intervention on outcome measures was studied and if no 
differences were found assessments were made in combined study groups. The impact 
of dietary counseling on maternal and child dietary intake was studied between the 
combined dietary intervention group (Diet/probiotics and Diet/placebo) and 
Control/placebo group. 

Study I: The effects of intervention and maternal and infant clinical characteristics on 
the fetal LF/HF ratio of HR variability were analyzed by multivariable generalized 
linear model procedure. Pearson’s or Spearman’s correlations, as appropriate, were 
used for further analysis of significant associations. The data were logarithmically 
transformed to normalize the distributions, if necessary. The data were analyzed using 
the SAS System for Windows, release 8.01 (SAS Institute, Cary, North Carolina, 
USA). 

Study II: Comparisons amongst the three study groups in categorized outcome 
variables and the effects of maternal and infant clinical characteristics on the infants’ 
high 32-33 split proinsulin concentration were analyzed by univariate logistic 
regression. Prior to these analyses the explaining factors were categorized according to 
median, tertiles (T) or quartiles (Q) (T1/Q1=lowest and T3/Q4=highest), as most 
associations were nonlinear in preliminary analyses.  

The χ2 test was used to evaluate associations between maternal dietary intakes during 
and after pregnancy and infants’ high 32-33 split proinsulin concentration. The dietary 
intakes at each trimester and six months postpartum were divided into tertiles prior to 
the analyses. Statistical analyses were performed with SPSS version 15.0 (SPSS Inc. 
Chicago, IL, USA) 
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Study III: Analysis of variance (ANOVA) was used to compare the intervention 
groups. The effect of dietary counseling on maternal food and nutrient intakes during 
pregnancy was analyzed using analysis of covariance (ANCOVA), where the first 
trimester intake was included as a continuous covariate. The effects of maternal and 
infant clinical characteristics on the infants’ blood pressure were analyzed by Pearson’s 
correlations or the χ2 test, as appropriate. 

Maternal dietary intakes during pregnancy were divided into quartiles Q1 to Q4 (Q1 
represented the lowest intake and Q4 the highest) to compare infant blood pressure 
between the intake quartiles by ANOVA. The significant and almost significant 
(p<0.10) variables were introduced into the model. The models were reduced stepwise 
to obtain a model with only significant nutrients. Statistical analyses were performed 
with SPSS version 14.0 (SPSS Inc. Chicago, IL, USA) 

Study IV: ANOVA was used to compare child blood pressures between the study 
groups and the tertiles of explaining factors. Maternal and child characteristics and 
dietary intakes were categorized according to tertiles (T1=lowest, T2=middle, 
T3=highest), as many of them were not linearly associated with child’s blood pressure. 
Pearson’s correlation was used to study linear associations, after logarithmical 
transformation when needed. A stepwise multivariable regression model was used to 
obtain a model with only significant explaining factors. Maternal characteristics and 
dietary components as well as child anthropometrics and dietary components were 
analyzed separately in respective models in order to manage the large number of 
potential explaining factors. Statistical analyses were performed with SPSS version 
17.0 (SPSS Inc. Chicago, IL, USA). 

P-values <0.05 were considered statistically significant in all studies. 

4.13. Ethical aspects 

The study complied with the Declaration of Helsinki, as revised in 2000. Written 
informed consent was obtained from the women and the Ethics Committee of the 
Hospital District of Southwest Finland approved the study.  
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5. RESULTS 

5.1. The clinical characteristics of participating mothers and children 

The clinical characteristics of the study subjects are presented in Table 3. No 
statistically significant differences were found among the study groups. In general, all 
participants were Caucasians and in good health. The majority of the women had 
higher college or university education (75%), and gave birth after a normal pregnancy. 
Table 4 shows detailed data on cardio-metabolic determinants of the fetuses, infants 
and children in combined study groups.  

5.2.  Maternal characteristics and child cardio-metabolic determinants 

Fetal sympathetic activation: The LF/HF ratio of fetal HR variability was positively 
associated only with maternal pre-pregnancy BMI (correlation coefficient r=0.3, 
p=0.03).  

32-33 split proinsulin: Maternal smoking prior to pregnancy tended to be associated 
with an increased risk of high 32-33 split proinsulin concentration in the infant (OR 
2.07, 95% CI 0.95; 4.55, p=0.069 vs. not smoking). There was also a trend to high split 
proinsulin in infants whose mothers’ weight gain during pregnancy was more than 
recommended (OR 2.12, 0.81; 5.58, p=0.128 vs. as recommended) or less than 
recommended (OR 3.33, 1.02; 10.17, p=0.030 vs. as recommended, global p=0.098). 
Maternal gestational diabetes mellitus did not explain increased infant risk of high split 
proinsulin statistically significantly (OR 2.51, 0.73; 8.67, p=0.114).  

Blood pressure: The maternal clinical characteristics did not predict the children’s 
blood pressure at the age of six months. In contrast, maternal systolic blood pressure at 
the first trimester and weight gain during pregnancy were non-linearly associated with 
the children’s systolic blood pressure at the age of four years according to multivariate 
model; those from the lowest and highest tertiles had children with higher systolic 
blood pressure compared to the middle tertile (p=0.015 and p=0.010, respectively). The 
child systolic blood pressure means were 99, 95 and 99 mmHg in tertiles T1, T2 and 
T3 of maternal blood pressure and 97, 95 and 100 mmHg in tertiles T1, T2 and T3 of 
weight gain. 
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Table 3. Clinical characteristics of the study population in Studies I to IV. 

 
Study I
n=41 

Study II
n=194 

Study III
n=256 

Study IV 
n=109 

Mother    

Age, y 30.0 (4.6) 30.1 (4.8) 30.0 (4.8) 29.6 (4.5) 

Pre-pregnancy BMI, kg/m2 22.7 (18–35) 23.7 (3.6) 23.6 (3.7) 23.4 (3.2) 

Pregnancy weight gain, kg 15.5 (4.4) 15.0 (4.8) 14.9 (4.9) 14.7 (4.6) 

GDM 14 (33%) 14/185 (7.6%) 14/225 (6.2%) 10 (9.2%) 

Child   n=239  

Sex, male 23 (56%) 100 (51.5%) 126 (52.7%) 53 (48.6%) 

Birth         

Gestational age, wk 40 (36–43) 40 (33–43) 40 (30–43) 40 (37–42) 

Weight, kg 3.6 (0.40) 3.6 (0.43) 3.6 (0.46) 3.6 (0.42) 

Length, cm 51 (1.7) 51 (1.8) 51 (1.9) 51 (1.8) 

Relative weight of placenta 0.16 (0.02) 0.16 (0.03) 0.16 (0.03) 0.16 (0.02) 

Exclusively breastfed, mo - - 4.0 (0–6.5) 4.0 (0–6.5) 4.0 (0–6.5) 

Partially breastfed, mo - - 9.0 (0–39) 6.5 (0–39) 8.3 (1–39) 
Results are given as means (SD), medians (range) or number of subjects (percentage). Total number 

indicated if all are not included. GDM = Gestational diabetes mellitus. Relative weight of placenta was 
estimated by dividing placental weight by birth weight. 
 

Table 4. Child cardio-metabolic determinants in combined study groups 

 number Mean/ Median SD / Range 

Fetal sympathetic activation 41   

Heart rate, beat/min  135 10.2 

LF/HF ratio, AU  5.0 1.6 to 13.4 

32-33 split proinsulin, pmol/l 194 3.3 1.2 to 21.9 

Intact proinsulin, pmol/l 194 3.7 1.2 to 20.0 

Systolic blood pressure, mmHg    

6 months 171 97 9.1 

4 years 109 97 8.1 

Diastolic blood pressure, mmHg    

6 months 171 63 8.9 

4 years 109 57 7.1 

Results are given as means (SD) or medians (range) 

5.3. Maternal dietary intake during pregnancy and child cardio-
metabolic determinants 

The maternal intakes of energy, fiber, energy-yielding nutrients and sodium in the 
combined dietary intervention group (Diet) and in the Control group during pregnancy 
are shown in Table 5.  
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Fetal sympathetic activation: The maternal intakes of energy or energy nutrients 
during pregnancy were not associated with fetal HR variability measured in LF/HF 
ratios. 

32-33 split proinsulin: To evaluate the impact of maternal nutrition in each trimester 
of pregnancy on infant 32-33 split proinsulin levels, maternal dietary consumptions 
were divided into tertiles (T1-T3: T1= lowest intake, T3=highest intake). The foods 
and nutrients significantly associated with infants’ high split proinsulin are 
presented in Table 6 as well as the mean intakes of foods and nutrients (range) in 
each tertile of intake. The tertile closest representing the recommended intake is 
shown in bold.  

The recommended, highest tertile of grain product intake in the maternal diet, 
independent of fiber content, was associated with the most abundant number of 
infants with high split proinsulin concentration. The T1 and T3 consumptions of 
fruits and berries in the maternal diet resulted in contrast in lower infant risk of high 
split proinsulin compared to the middle tertile (T2), which is the recommended 
intake of fruits and berries. Infants whose mothers’ total intake of fat was as 
recommended (T2) were protected against a high split proinsulin concentration 
compared to the other infants. In contrast, a maternal cheese intake about 1.5 times 
higher as recommended was associated with the lowest percentage of infants with 
high split proinsulin level (6.1%), while about 20% of infants whose mothers’ cheese 
intake was as recommended or about 3 times above the recommendations had high 
split proinsulin at six months. The use of butter is not nowadays recommended, and 
the infant risk of high split proinsulin was lowest in the lowest tertile of maternal 
intake (T1). Mother’s intake of vegetable-oil-based margarine and vegetable oil in 
the highest tertiles (T3), representing the lowest limit of the recommendation, 
resulted in high split proinsulin in 15% of infants in that tertile. In contrast, those 
infants whose mothers’ intake was insufficient, i.e. T1 and T2, 22.7% and 6.8%, had 
high split proinsulin, respectively. The recommended intake of milk (T3) protected 
the infants against high split proinsulin concentrations.  

Blood pressure at six months of age: Maternal dietary consumption was divided into 
quartiles (Q1-Q4, Table 7) in evaluating the impact of maternal nutrition during 
pregnancy on infant blood pressure at six months. Only maternal total carbohydrate 
intake during pregnancy was statistically significantly associated with both systolic 
(p=0.006) and diastolic blood pressure (p=0.015) at the age of six months. Maternal 
intake of MUFA had a significant effect on infant diastolic (p=0.029), but not on 
systolic blood pressure. As seen in Figure 5 the association showed a U-shaped dose 
dependency; the highest and lowest quartiles of nutrient intakes resulted in higher 
infant blood pressure compared with the middle quartiles.  

Blood pressure at four years of age: Maternal dietary consumption was divided into 
tertiles (T1-T3, Table 7) in evaluating the impact of maternal nutrition during 
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pregnancy on child blood pressure at the age of four. Of maternal nutrient intakes 
during pregnancy, those of carbohydrates overall (p=0.029) and total fat (p=0.004) 
explained child systolic blood pressure at the age of four in a final multivariate model. 
Intakes of total fat (E%), carbohydrates (g) and SFA (g) were introduced to the initial 
model according to univariate analysis. The association between fat intake and child 
blood pressure was V-shaped (Figure 6), the child blood pressure being lowest in 
children whose mothers’ fat intake was as recommended. In contrast, child blood 
pressure at four years was positively associated with maternal carbohydrate intake 
during pregnancy. 

Table 5. Maternal intake of energy, fiber, energy-yielding nutrients and sodium at baseline (1st study 
visit) and during intervention period (2nd and 3rd study visits) in combined dietary intervention group 
and in Control group. (Modified from Study III) 
 Diet (n=160) Control (n=79) D vs C 

Mother 1st visit
Mean 

2nd to 3rd visit
Mean (SD) 

1st visit
Mean 

2nd to 3rd visit
Mean (SD) 

Mean  
(P-value)* 

Energy               (kcal) 1979 2033 (401) 1936 1997 (427) 9.1  (0.843) 

Fiber                       (g) 20.4 22.1 (6.4) 19.5 19.8 (5.7) 1.8  (0.006) 

Protein                 (g) 82.0 81.8 (18.5) 79.5 83.2 (18.8) -2.8  (0.198) 

             (% of energy) 16.7 16.2 (2.4) 16.5 16.8 (2.1) -0.7  (0.016) 

Carbohydrate  (g) 250 259.7 (52.5) 241 252.0 (56.0) 2.0  (0.745) 

             (% of energy) 50.7 51.3 (5.0) 50.0 50.7 (5.5) 0.4  (0.585) 

Fats , total, (g) 68.9 70.9 (20.3) 69.8 69.6 (20.8) 1.6  (0.528) 

             (% of energy) 31.2 31.0 (4.9) 32.1 31.0 (5.0) 0.4  (0.491) 

Fatty acids   

SFA                     (g) 28.6 26.3 (8.2) 28.8 29.2 (9.8) -2.9  (0.009) 

             (% of energy) 13.2 11.8 (2.4) 13.6 13.2 (2.7) -1.2 (<0.001) 

MUFA                 (g) 22.9 25.4 (8.3) 23.6 22.6 (7.2) 3.1  (0.002) 

             (% of energy) 10.5 11.4 (2.4) 11.2 10.3 (2.2) 1.3  (<0.001) 

PUFA                 (g) 11.1 13.2 (4.5) 11.5 11.2 (4.3) 2.1  (<0.001) 

              (% of energy) 5.1 5.9 (1.3) 5.3 5.1 (1.4) 0.8  (<0.001) 

Sodium †             (g) 3.0 2.9 (0.7) 3.1 3.0 (0.7) -0.02 (0.789) 

SFA, Saturated fatty acids; MUFA, Monounsaturated fatty acids; PUFA, Polyunsaturated fatty acids. * 
Dietary intakes during intervention (mean of 2nd and 3rd visits) were compared between groups (D vs C) 
using analysis of covariance, where the baseline intake (1st visit) was included as a continuous 
covariate. † NaCl = 2.54 x sodium intake  
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Table 6. Tertiles for intake of foods and energy-yielding nutrients in maternal diet during pregnancy 
and six months postpartum, and the proportion of infants with high (above the 85th percentile cut-
off point) 32-33 split proinsulin concentration in each tertile of intake. (Modified from Study II) 
Dietary 
Component 

Study
Visit 

Tertile of intake Infants with high split 
proinsulin 

  Mean Range Number (%) P* 

Grain  1st trim. T1 134 43-176 7 (10.8) 0.034 

Products, g †  T2 206 176-239 8 (11.4)  

  T3 298 239-560 15 (25.9)  

Fruits  2nd trim. T1 147 17-232 6 (8.7) 0.006 

and  T2 300 233-373 17 (27.4)  

Berries, g  T3 543 373-1443 7 (11.1)  

Fat, total, g 3rd trim. T1 46 23-58 11 (18.6) 0.038 

  T2 67 58-76 4 (6.1)  

  T3 93 76-175 14 (20.9)  

Cheese, g ‡ 3rd trim. T1 19 0-30 12 (18.8) 0.038 

  T2 39 30-52 4 (6.1)  

  T3 77 52-177 13 (21.0)  

Butter, g  3rd trim. T1 0.0 0.0-0.3 4 (6.5) 0.029 

  T2 1.5 0.3-3.8 15 (23.4)  

  T3 11.5 3.8-53.3 10 (15.2)  

Vegetable-oil-       

based  3rd trim. T1 15 1-22 15 (22.7) 0.045 

margarine  T2 28 22-34 4 (6.8)  

and  T3  47 34-76 10 (14.9)  

vegetable oil, g       

Milk, g ‡ 6 mo T1 72 0-151 9 (13.6) 0.035 

  T2 246 151-350 15 (25.4)  

  T3 549 350-1016 5 (8.5)  
Only dietary components significantly associated with infants’ high 32-33 split proinsulin concentration 
are shown.  
Tertiles closest reflecting the recommended intake are in bold. 
* The association between tertiled intake of dietary components and infants’ split proinsulin group were 
analyzed by Chi-squared test. 
† All foods, including cereals (e.g. bread, porridge, pasta and rice) independent of fiber content. 
‡  Independent of fat content 
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Table 7. Quartiles or tertiles for intake of energy-yielding nutrients in mothers and children.  

 Quartile or Intake 

 Tertile n Range 

Maternal intake during pregnancy    

Carbohydrate, grams Q1 63 140; 215 

 Q2 63 216; 254 

 Q3 64 255; 282 

 Q4 63 283; 447 

Monounsaturated fatty acids, grams Q1 63 10.4; 19.3 

 Q2 63 19.4; 23.0 

 Q3 64 23.1; 27.8 

 Q4 63 27.9; 51.0 

Fats total, % of energy intake T1 36 23.1; 29.5 

 T2 37 29.6; 32.9 

 T3 36 33.0; 41.2 

Carbohydrates total, grams T1 36 157; 238 

 T2 37 239; 269 

 T3 36 270; 447 

Child intake at 4 years of age    

Fats total, grams T1 35 19.0; 39.1 

 T2 34 39.2; 50.4 

 T3 34 50.5; 69.0 

Proteins, grams T1 35 33.3; 49.8 

 T2 34 49.9; 60.8 

 T3 34 60.9; 86.3 

Fiber, grams T1 34 4.9; 99 

 T2 35 10.0; 13.0 

 T3 34 13.1; 19.9 
Only components which were significantly associated with infants’ blood pressure at six months or four 
years are given.  The quartiles or tertiles closest to that recommended are in bold. 
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Figure 5. Association between maternal nutrient intake (in quartiles Q1 to Q4) during 
pregnancy and infant systolic (SBP) and diastolic (DBP) blood pressure (mean, 95%CI) at the 
age of six months. Results are based on analysis of variance. The quartiles closest to that 
recommended are in bold. Modified from study III. 

 

 

Figure 6. Association between maternal nutrient intake (in tertiles T1 to T3) during pregnancy 
and child systolic (SBP) blood pressure (adjusted mean 95%CI) at the age of four years 
according to final multivariate model. The tertiles closest to that recommended are in bold. 

5.4. Child clinical characteristics and cardio-metabolic determinants 

Fetal sympathovagal activation: The LF/HF ratio of fetal HR variability was positively 
associated with higher relative weight of the placenta (r=0.4, p=0.008), and decreased 
with advancing gestation (r=-0.3, p=0.04). The fetal HR was not associated with the 
maternal or infant characteristics presented in Table 2 (p>0.40). Cord blood leptin or 
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adiponectin separately were not correlated with the LF/HF ratio of fetal HR variability, 
and only a marginal correspondence was found between leptin/adiponectin ratio and 
the LF/HF ratio of fetal HR variability (r=0.293, p=0.098). 

High 32-33 split proinsulin: Higher supra-iliac skinfold thickness (OR=1.24, 95%CI 
1.00; 1.53, p=0.045), waist circumference (OR=1.14, 1.01; 1.29, p=0.035), leptin 
(OR=1.89, 1.01; 3.55, p=0.048) and leptin/adiponectin ratio (OR=1.90, 1.09; 3.44, 
p=0.029) at the age of six months, each included as continuous variables in logistic 
regression analysis, were associated with an increased likelihood of high 32-33 split 
proinsulin in infants. Lower (Q1: <3320g) birth weight infants carried an increased risk 
of subsequent high split proinsulin (OR=2.59, 1.11; 6.00, p=0.027), while other 
infants’ anthropometrics or clinical characteristics at birth or at the age of six months 
were not statistically significantly related to high split proinsulin. Likewise other 
cardio-metabolic markers, the LF/HF ratio of fetal HR variability and blood pressures 
at six months or four years, were not associated with high split proinsulin 
concentration. 

Blood pressure: The child’s birth weight and length correlated positively with systolic 
blood pressure (r= 0.227, p=0.018 and r=0.248, p=0.009, respectively) measured at the 
age of four years but not at six months. The only infant anthropometric item correlating 
with blood pressure at six months was child length at the same age (systolic: r=0.256, 
p=0.001; diastolic: r=0.179, p=0.019). Fetal sympathetic activation was not associated 
with blood pressure measurements at six months or four years. 

A multivariate model of anthropometrics (weight, length, body surface area (BSA), 
waist circumference, supra-iliac skinfold thickness) from birth to four years of age 
showed the increase in child BSA at four years (regression coefficient B=54.5, 95%CI 
21.2; 87.7, p=0.002) to be associated with an increase in systolic blood pressure and 
the increase in supra-iliac skinfold at the age of four years showed a similar tendency 
(B=0.74, 95%CI -0.04; 1.52, p=0.064). The adjuster R2 for the model was 0.17. 
According to the model for child diastolic blood pressure, child weight at the age of 
four was the only explaining factor (r=0.289, p=0.002).  

Of the adipocyte-derived hormones measured from cord blood and at six months 
postpartum, leptin at both time-points tended to correlate positively with child’s 
systolic (r=0.229, p=0.053 and r=0.188, p=0.062, respectively) and diastolic blood 
pressure (r=0.216, p=0.068 and r=0.193, p=0.055, respectively) at the age of four 
years. Leptin measured from cord blood but not at six months tended to be positively 
correlated with six months diastolic blood pressure (r=0.174, p=0.061), while no 
associations were found with systolic blood pressure at six months. Adiponectin did 
not correlate with blood pressure at six months or four years of age. As leptin is 
derived from adipose tissue, the partial correlations were analyzed by adjusting for 
BSA at birth or at six months. The partial correlation between cord blood leptin and 



Results 

 44

diastolic blood pressure at four years adjusted for BSA at birth was r=0.207 (p=0.083), 
while other observed correlations were attenuated. 

5.5. Child postnatal dietary intake and cardio-metabolic determinants 

32-33 split proinsulin: Those infants who were exclusively or partially breastfed for at 
least six months had a lower risk of high split proinsulin compared to infants with 
shorter duration of breastfeeding (OR=0.20, 95%CI 0.09; 0.46, p <0.001). Further, 
maternal milk consumption meeting the recommendations (T3) at six months 
postpartum resulted in contrast in a lower infant risk of high split proinsulin compared 
to tertiles T1 and T2 (Table 6). 

Blood pressure: The diastolic blood pressure at the age of six months was lower in 
those infants who were being exclusively or partially breastfed at six months compared 
with those who were not. Further, a similar tendency was found for systolic blood 
pressure. The effect of breastfeeding was -2.6 mmHg (95%CI -5.6; 0.5, p=0.098) for 
systolic and -3.5mmHg (-6.6; -0.6, p=0.017) for diastolic blood pressure. Furthermore, 
children with longer total breastfeeding duration still tended to manifest lower systolic 
blood pressure at the age of four years (r=-0.166, p=0.085). 

According to the multivariate model the children’s own protein intake and total fat 
intake at the age of four years were the most important nutritional factors 
simultaneously explaining their systolic blood pressure at the same age. The child 
blood pressure was lowest in intake groups best meeting the recommendations. Further 
child fiber intake was shown to be linked to diastolic blood pressure. Figure 7 shows 
the nonlinear patterns of associations between children’s blood pressures and dietary 
intakes according to univariate analyses (ANOVA). 
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Figure 7. The association between child nutrient intake (in tertiles T1 to T3) and systolic (SBP) 
or diastolic (DBP) blood pressure (mean 95%CI) at four years. The tertiles closest to that 
recommended are in bold. Results are based on analysis of variance. 

5.6. The applicability of maternal dietary intervention to modify the 
cardio-metabolic risk factors in infancy and childhood 

As shown in Table 5, the maternal dietary counseling from the first trimester onwards 
increased maternal intakes of fiber and MUFA and PUFA during pregnancy, while the 
intake of SFA was reduced during pregnancy. These changes were explained by 
increased consumption of vegetable-oil-based margarine and vegetable oils and 
decreased consumption of butter and butter-based spreads. Further, the intake of 
proteins as a proportion of energy intake was reduced during pregnancy in the 
combined dietary intervention group compared to the controls. 

In evaluating the applicability of dietary counseling to reduce the children’s cardio-
metabolic risk factors, we found that infants’ risk of high 32-33 split proinsulin 
concentration was lower in the dietary counseling groups with probiotics or placebo 
compared to the control group (Figure 8); diet/probiotics OR=0.29 (95%CI 0.11; 0.80, 
p=0.016) and diet/placebo OR=0.31 (0.12; 0.80, p=0.015). No differences were found 
between the study groups in fetal sympathetic activation at birth. Also infants’ blood 
pressure at the age of six months and four years were comparable between the study 
groups. 
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Figure 8. The impact of dietary intervention on the infants’ high (above the 85th percentile cut-
off point) 32-33 split proinsulin concentration. 
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6. DISCUSSION 

The data implying early nutritional influences on cardio-metabolic risks in humans 
derive mainly from epidemiological studies of extreme prenatal circumstances such as 
exposure to famine (Ravelli et al. 1998, Painter et al. 2006). In these demonstrations 
low birth weight has been used as a marker of an adverse intrauterine environment as 
well as a predictor of a heightened risk of subsequent chronic diseases (Barker et al. 
1989 and 1993, Hales et al. 1991). However, even a slight nutritional disturbance in 
utero producing no change in birth weight may nevertheless program the fetal cardio-
metabolic system to function abnormally (Lucas 1991, Barker 1998). Further previous 
demonstrations suggest that this programming constitute a continuum where both 
intrauterine and postnatal life are of significance (Waterland and Garza 1999, Jones 
and Ozanne 2009). This notwithstanding, studies investigating the impacts of specific 
dietary components on offspring health in the case of well-nourished pregnant women 
are lacking, and most previous studies have concentrated on the effects of either 
intrauterine or postnatal nutritional environment and are not able to dissect the impacts 
of these periods on the offspring’s later health.  

6.1. Material and methodological aspects  

The present prospective, randomized and controlled mother–infant nutrition and 
probiotic trial (NCT00167000; section 3, http://www.clinicaltrials.gov) in a healthy 
cohort was ideal for the purpose of evaluating the nutritional determinants influencing 
early cardio-metabolic programming. Firstly, the continuous food recordings of 
maternal diet during pregnancy and the evaluation of the children’s dietary 
consumption at the age of four years allowed a study of the dietary intakes in detail and 
an evaluation of the direct impacts of specific dietary components on infant and child 
cardio-metabolic status. Indeed, food recording for three consecutive days by 
household measures as used here is the gold standard in measuring the intake of energy 
and macronutrients (Willet 1998). Three days, especially when at least one weekend 
day is included, is at group level a period long enough to allow characterization of the 
usual individual intake of energy and macronutrients representatively. Self-reporting 
against outside observer increases the vulnerability to biased reporting as well as 
dietary recording in the context of a nutritional intervention (Byers 2003, Livingstone 
et al. 2004). Subjects participating voluntarily in such intervention studies are, 
however, for the most part highly motivated and concerned to keep accurate records, 
although a modest under-reporting of total dietary intake is possible amongst some of 
the most overweight or obese women. The accuracy of recording was furthered by 
provision of written and verbal instructions for record-keeping beforehand. Further, the 
daily dietary intakes of energy, foods and nutrient were calculated by computerized 
program Micro-Nutrica nutrient analysis software. The procedure is based on Finnish 
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analysis of food compositions and on reliable foreign food composition databases used 
if some preparate is not available or is not relevant in Finnish databases. This program 
was one of the best available during the study years. 

The second strength of the study protocol is that the prospective follow-up continued 
from the first trimester of pregnancy to early childhood enabled dissection of the 
effects of intrauterine and postnatal nutritional environments on the child. Further, the 
clinical follow-up was appropriately timed to cover critical window of programming 
(Field 2009). Thirdly, the intervention protocol included dietary counseling. All 
pregnant women attended municipal well-women clinics, and women in the dietary 
intervention groups (Diet/probiotics and Diet/placebo) received additional intensive 
dietary counseling at each study visit. The counseling was optimally targeted to modify 
the dietary elements associated with important developmental components; dietary 
fatty acid composition and fiber intake in conjunction with a balanced diet.  

Finally, the comprehensive randomization scheme was combined with probiotics, as 
the overall aims of the trial were to study the impact of early nutrition on 
immunological, metabolic and microbiological programming, with long-term accurate 
follow-up, and thereby to reduce the risk of diseases in the child. Although the present 
study was not primarily focused on the impact of probiotic intervention, the inclusion 
of the Diet/probiotics group in the approach was justified in view of the demonstrations 
of a link between microbes and immune responses as well as fat metabolism and 
cardiovascular diseases. Indeed, inflammatory and immune mechanisms might be 
particularly important in the development of cardio-metabolic disorders (Pradhan 
2007), and probiotics possess conspicuous immunoregulatory and particularly anti-
inflammatory properties (Isolauri et al. 2001). Further, probiotics can correct an 
aberrant gut microbiota composition linked to the immunological and metabolic 
development of the child (Guarner and Malagelada 2003, Kalliomäki et al. 2008). 
Offsetting the abundant benefits of prospective study protocols, the loss of subjects is a 
challenge and a limitation which can be compounded by a bias due to intervention. 
Importantly, no such a bias was seen in the present study, as the reasons and the 
numbers of discontinuing women and children were comparable amongst the study 
groups. 

Elevated blood pressure runs on from childhood (Fuentes et al. 2002) into adult ages 
(Chen and Wang 2008) and may predict hypertension and metabolic syndrome risks 
later in life (Sun et al. 2007). It is one of the most important risk factors for subsequent 
cardiovascular diseases (National High Blood Pressure Education Program Working 
Group 2004). However, it is not possible to measure blood pressure during fetal life in 
clinical studies. Sympathetic over-activation has been linked to the programming of 
hypertension and metabolic disorders (Reaven et al. 1996), and fetal sympathovagal 
activation – an important blood pressure regulator – can be evaluated during delivery 
by fetal ECG (Metsälä et al. 1995, Siira et al. 2007). With this procedure the evaluation 
of cardio-metabolic programming could be initiated as early as at intrapartum.  
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Fetal sympathovagal activation was evaluated by the LF/HF ratio of HR variability 
using well-established means, power spectral analysis. Some limitations to this 
procedure and the relevant data collection need to be acknowledged in that these may 
have affected subject loss. Continuous fetal ECG recording was possible only by fetal 
scalp electrode, and thus the membranes had to be ruptured. Further, spectral analysis 
requires a two-minute continuous signal segment at a stable HR and at least one hour’s 
recording to obtain an optimal sampling rate (500Hz) in digitalizing the R-R intervals. 
The use of two-minute signal segments is also a strength in that interruptions arising 
from uterine activity do not disturb the analysis (Pello et al. 1991). Further, the holistic 
prospective study protocol made it possible to avoid the effects of external 
confounding factors such as analgesic procedures.  

Direct intra-arterial measurement of arterial pressure with a catheter is the gold 
standard for blood pressure measurement but is not practical or appropriate for public 
health screening and thus an indirect procedure is generally used. Ambulatory 
measurement for 24 hours most reliably reveals the actual blood pressure level but 
cannot be performed before preschool age. These notwithstanding a clear 
methodological strength in this challenging situation are the validated blood pressure 
measurements made in serial manner. Measurement of blood pressure as early as at six 
months and four years of age has pros and cons. Although there is evidence of blood 
pressure tracking from six months onwards (Fuentes et al. 2002) it is possibly less 
precise than after the age of seven to eight years (Chen and Wang 2008). 

Infant and child growth, including adiposity measures, waist circumference and 
skinfold thickness, were evaluated at study visits by the same research nurses. Only 
measures at birth were made by midwives at the hospital maternity ward. As about 
97% of the children studied were born in Turku University Hospital and the remaining 
3% in central or regional hospitals nearby, the small variation in measurements should 
be acceptable.  

Non-fasting blood sampling in six-months-old infants was a limitation in this study, 
but fasting was not possible for ethical reasons. We did however standardize the 
collection so as to be carried out before noon and selected metabolic markers not 
particularly sensitive to the non-fasting state, unlike e.g. blood glucose and insulin 
concentrations (Glauber et al. 1986, Karlsson et al. 2004, Gil-Campos et al. 2010). A 
pre-feed blood sample, as in a very previous study (Ibanez et al. 2010), could have 
minimized some of the variation between infants’ serum 32-33 split proinsulin, intact 
proinsulin, leptin and adiponectin concentrations. However, as six-month-old infants 
eat very often and are in general in an almost non-stop post-feed state, the error here 
should be acceptable. Further, the infants’ blood samples were analyzed by accurate 
methods in experienced hands at the NIHR Cambridge Biomedical Research Centre, 
Core Biochemical Assay Laboratory (Cambridge, UK). 
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The infants’ cardio-metabolic status was evaluated by various measures. High (above 
85th percentile of the concentration) 32-33 split proinsulin at the age of six months was 
associated with simultaneously determined clinical measures of adiposity as well as 
with leptin to adiponectin. High split proinsulin at the age of six months very likely 
indicates susceptibility to adverse metabolic programming in these infants, and can be 
useful in its assessment.  

6.2. Dietary intervention and cardio-metabolic programming 

In previous intervention studies prenatal dietary interventions have been seen to 
influence offspring birth size (Olsen and Secher 2002, Merialdi et al. 2003, Moses et 
al. 2006), while postnatal interventions produced an effective impact for example on 
postnatal weight gain (Hakanen et al. 2006), blood pressure (Singhal et al. 2001, 
Forsyth et al. 2003, Niinikoski et al. 2009) and glucose-insulin metabolism (Singhal et 
al. 2003a). The results here would indicate that very early dietary counseling of 
pregnant women can benefit their offspring’s metabolic development, as shown here 
by a decreased incidence of high split proinsulin in six-month-old infants in the dietary 
counseling groups compared to the control group. Since the maternal and fetal 
nutritional environments are closely related, an explanation for the beneficial effect of 
dietary counseling on the child could be extrapolated from the recent observation that a 
higher intake of unsaturated fatty acids can improve insulin sensitivity (Riserus et al. 
2009), whereas a high saturated fat content in the diet promotes the secretion of pro-
inflammatory cytokines (Cani et al. 2007), causally linked to adverse metabolic status 
by insulin resistance (Shoelson et al. 2006). Further, lower maternal dietary protein 
intake during pregnancy in the dietary intervention groups compared to the controls 
would mediate the benefit seen in infants. This notion is supported by a comparable 
finding in adults carrying favorable glucose-insulin metabolism after a lower maternal 
protein intake during pregnancy (Shiell et al. 2000). 

Although maternal dietary counseling reduced the infants’ risk of high split proinsulin, it 
showed neither a direct impact on fetal cardiac sympathovagal activation nor on blood 
pressure in infancy or childhood. There are several reasons for this. One is statistical 
power, which was insufficient here to study the effect on fetal cardiac sympathovagal 
activation. Another could be the limited follow-up period. In previous postnatally 
initiated studies similar dietary elements have benefited cardiac sympathovagal 
activation in adults and blood pressure in adolescents (Niinikoski et al. 2009, Sjöberg et 
al. 2010). Accordingly, the effectiveness of dietary counseling may emerge only after a 
longer follow-up. Further reasons explaining the result in offspring blood pressure can 
be: (1) the postnatal dietary counseling was not sufficiently efficacious to modify child 
dietary intake at the age of four years, (2) the relationships were non-linear, as seen 
between maternal dietary intake during pregnancy and infant blood pressure at six 
months, and (3) nutrients other than fats also proved to affect the connection. Indeed, the 
diet is always a mixture of a number of nutrients with possible complex interactions. 
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6.3. Maternal metabolic status and child cardio-metabolic programming 

Maternal nutrition and energy metabolism determine the nutrient supply to the fetus 
and trigger its subsequent cardiovascular status (Roseboom et al. 1999 and 2001, 
Boney et al. 2005). Previous observations have shown that high maternal pre-
pregnancy BMI may predispose the offspring to obesity-related risks in childhood 
(Thomas et al. 2007, Catalano et al. 2009, Fraser et al. 2010). Here higher maternal 
pre-pregnancy BMI was linked to fetal cardiac sympathovagal activation as measured 
by heart rate variability. Accordingly, heart rate variability has been shown to be 
related to BMI in obese adults (Molfino et al. 2009). The present finding is important, 
as the sympathetic over-activity, metabolic disorders and cardiovascular diseases 
frequently coexist (Reaven et al. 1996, Mancia et al. 2007).  

Also excessive maternal weight gain during pregnancy has been associated with 
adverse pregnancy outcomes in both mother and child (Nohr et al. 2008, Wrotniak et 
al. 2008). The present findings support this in showing that mothers’ inappropriate 
gestational weight gain was associated with a heightened risk of high split proinsulin in 
their infants. Further, as in previous studies, the results here evidence higher childhood 
systolic blood pressure in offspring whose mothers’ weight gain during pregnancy was 
in the lowest or in the highest tertiles (Godfrey et al. 1994, Mamun et al. 2009) or 
whose mothers had elevated blood pressure (Gillman et al. 2004) compared to the 
offspring of other mothers. 

One probable mediator between these maternal cardio-metabolic determinants and 
infant cardiovascular development is the placenta. This can be explained by the 
previous observations showing that the placenta mobilizes maternal adipose tissue fat 
stores and channels important fatty acids to the fetus (Duttaroy 2009), high maternal 
pre-pregnancy BMI may accelerate placental growth (Swanson and Bewtra 2008), and 
the adipose tissue in humans reflects the dietary fatty acid content during the last one to 
two years (Baylin and Campos 2006). On the other hand, a less health-conscious 
dietary pattern consisted of foods with high saturated fat and low fiber content has been 
associated with intima-media thickness (Nettleton et al. 2007, Mikkilä et al. 2009), and 
high saturated fat intake is known to impair endothelial function (Miller et al. 2009). 
The long-term dietary fat content of mother may thus impact her vascular structure and 
endothelial function, which are further reflected in placental development and function 
(Savvidou et al. 2003), and on the fetal development. 

6.4. Intrauterine versus postnatal growth and cardio-metabolic 
programming 

Small body size at birth and during infancy have been seen as markers of poor fetal 
nutrition. This may lead to fetal adaptations which program a future propensity to adult 
diseases such as disturbed glucose-insulin metabolism and elevated blood pressure 
(Barker 1994). The present results on infants’ adverse metabolic status, i.e. high split 
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proinsulin concentration, support these epidemiological findings, as the lowest birth 
weight quartile (T1: <3320g) was a risk factor compared to higher quartiles.  

In the context of the current obesity epidemic, the contribution of birth weight to 
subsequent blood pressure and glucose-insulin metabolism has been suggested to be 
non-linear (Launer et al. 1993, Huxley et al. 2000, Manderson et al. 2002, Wei et al. 
2003). In accordance, birth weight correlated positively with childhood blood pressure 
in the present study, whereas no correlation was found between birth weight and blood 
pressure in infancy. This discrepancy could be explained by the fact that the effect of 
birth weight on blood pressure may change with age (Davies et al. 2006). 

The birth weight-associated risks of subsequent cardio-metabolic diseases can be 
modified by later growth, and especially accelerated growth can be detrimental both 
during infancy and thereafter (Eriksson et al. 1999, Forsen et al. 2000, Ekelund et al. 
2006). The results here suggest that particularly an early postnatal increase in adiposity 
may play an important role in cardio-metabolic programming. Indeed, the infant’s 
current adiposity measures, supra-iliac skinfold thickness, waist circumference and the 
ratio of adipocyte-derived cytokines at six months were positively associated with high 
split proinsulin concentration. Further, at four years of age increased adiposity 
measures were associated with higher blood pressure in the child. The gender-specific 
effects of the growth pattern on the risks of cardio-metabolic diseases are also known 
(Flanagan et al 2000, Adair and Cole 2003) but were not studied here. 

The mechanisms underlying the associations between different growth patterns and 
subsequent cardio-metabolic outcomes are particularly complex and not in fact fully 
understood (Gluckman and Hanson 2004b, Symonds et al. 2009a). For this reason only 
two heavily simplified outlines of possible mechanisms are presented here and 
illustrated in Figure 9. The adverse programming effect of low birth weight can be 
explained by its effect in provoking postnatal catch-up growth. This promotes the 
growth of adipose tissue, especially viscerally (Rogers 2003, Rolfe et al. 2010), and 
may thus lead to increased abdominal fat mass later in life (Singhal et al. 2003b, 
Ylihärsilä et al. 2007) and to adverse metabolic consequences. In the progression of 
hypertension the reduced number of nephrons in low-birth-weight babies plays a 
critical role (Luyckx and Brenner 2010, Vehaskari 2010). The nephrogenesis is 
completed at approximately the 36th week of gestation and will not increase 
concomitant with postnatal growth. Although the kidneys’ glomerular filtration rate, 
i.e. function, is normal in early life, their reserve to adapt to challenging “mismatch” 
situations such as obesity may be reduced.  

High birth weight or macrosomia may result in obesity-related comorbidities even in 
childhood due to tracking of weight status and/or due to disturbed hormonal functions. 
Raised birth weight is linked to exposure to an abundant nutritional environment in 
utero, i.e. maternal obesity and hyperglycemia together with subsequent 
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hyperleptinemia and hyperinsulinemia, which are intricately involved in mechanisms 
of the developmental programming of cardio-metabolic dysfunction. 
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6.5. Specific dietary components and cardio-metabolic programming 

Thus far, conceptions of the importance and direct influences of maternal dietary fat 
and protein intake during pregnancy on the offspring’s glucose metabolisms and blood 
pressure have remained inconsistent (Campbell et al. 1996, Godfrey et al. 1996 b, 
Shiell et al. 2000, Adair et al. 2001, Roseboom et al. 2001, Leary et al. 2005). The 
present results suggest a more important role for dietary fats than proteins during 
pregnancy in the offspring’s cardio-metabolic programming, as the maternal intake of 
fat and specific fat-containing food products i.e. butter and fatty milk affected the 
offspring’s risk of high split proinsulin and blood pressure in infancy and childhood, 
while protein intake had no independent effects. Further, the findings on maternal total 
fat and MUFA intake and butter and fatty milk consumption suggest that the 
recommended use of these food items and intake of these nutrients during pregnancy 
may benefit both the infant’s glucose-insulin metabolism as well as blood pressure 
programming. 

Interestingly, the intrauterine carbohydrate supply explained infant blood pressure at 
six months better than fat exposure to MUFAs, while maternal total fat intake as 
percentage of energy intake was more important for the offspring’s blood pressure in 
childhood. This faster but briefer impact of total carbohydrates versus fats on the 
child’s blood pressure could be induced by the anabolic properties of insulin. Higher 
insulin concentrations may be consequent on temporary minor hyperglycemic peaks 
(Simmons 1997) after increased consumption of refined carbohydrates. This adds 
significant knowledge to a previously controversial item, and suggests that maternal 
dietary carbohydrates during pregnancy influence child blood pressure programming 
mostly via effects on growth, while the fatty acid composition of the maternal diet has 
implications as early as during the intrauterine period, this possibly activating a long-
lasting process in the child’s vascular system. 

A study made among adults has shown that increasing doses of fish oil 
supplementation (2g/day) reduced the LF/HF ratio of heart rate variability when 
compared to sunola oil (high oleic acid sunflower oil) supplementation (6g/day) 
(Sjöberg et al. 2010). This suggests that the maternal diet during pregnancy may 
influence fetal heart rate variability. Here, in contrast, maternal dietary intake during 
pregnancy was not linked to fetal cardiac sympathovagal activation. This may be a 
consequence of the very early age at measurement of outcome. Indeed, recent human 
and animal studies have pointed to the relevance of intrauterine as well as early 
postnatal life in cardio-metabolic development (Jones and Ozanne 2009). The other 
reasons could be the limited sample size, or on that the maternal use of fish oil 
supplements was not studied here, although it was evaluated during pregnancy and will 
be reported elsewhere. Findings of Sjöberg and associates (2010), but not our, are 
supported by the previous observations showing the importance of fish oil 
consumption in the prevention and management of cardio-metabolic diseases (Lee et 
al. 2009) and the impact of sympathetic over-activity on the risk of cardiovascular 



Discussion 

 55

diseases in the context of metabolic disorders (Reaven et al. 1996, Mancia et al. 2007). 
However, due to many physiological effects of the fish oil opposite results could also 
be possible in future studies. Indeed, the fish oil supplements have been shown to raise 
fasting plasma glucose in subjects with type 2 diabetes (Friedberg et al. 1998, Martin 
de Santa Olalla et al. 2009). Especially the high doses of n-3 fatty acids (~3-8g/day) 
showed to be deleterious (Martin de Santa Olalla et al. 2009) and may thus contribute 
to the development of impaired glucose metabolism. This controversy could be 
explained by the effect of fish oil to reduce insulin response to oral glucose without 
altering the glycemic response.  

The results on child postnatal dietary intakes combined earlier findings of dietary fat 
and protein content as blood pressure determinants (Niinikoski et al. 2009, Singhal et 
al. 2007) and suggest that high protein intake during childhood may compound the 
adverse effect of high dietary fat consumption on child systolic blood pressure. Here 
systolic blood pressure was highest in children whose protein and/or fat intakes were in 
the highest tertiles and lowest in those whose intakes were as recommended. Although 
this was not found in our analyses, the reason could be that the high amount of protein 
or fat in the diet is associated with lower intake of vegetables, fruits and berries, and 
higher intake of salt inducing blood pressure elevation (Appel et al. 2006). 

6.6. Breastfeeding and cardio-metabolic programming 

The nutrient composition of breast milk together with its bioactive components are 
important links between breastfeeding and beneficial cardio-metabolic programming 
(Singhal et al. 2001 and 2003a). Here, as in previous studies (Martin et al. 2005), the 
longer duration of breastfeeding was seen to benefit blood pressure programming. In 
fact, the infants who were still being exclusively or partially breastfed at the age of six 
months manifested lower current blood pressure, and further, the longer duration of 
breastfeeding tended to lower blood pressure even at the age of four years. 
Furthermore, breastfed infants had a reduced risk of high split proinsulin at six months. 
This metabolic advantage of breastfeeding may be related to protection against obesity 
(Dewey 2003) and to more controlled and physiological growth pattern in breastfed 
versus formula-fed infants (Agostoni et al. 2009, Griffiths et al. 2009). It is also 
possible that the collective composition of the gut microbiota plays a role in metabolic 
development. Indeed, bifidobacteria, which typify the gut microbiota of the healthy 
breastfed infant (Fanaro et al. 2003), may dampen the systemic endotoxemia induced 
by bacterial lipopolysaccarides (Griffiths 2004), and thereby improve metabolic status 
(Shoelson et al. 2006, Cani et al. 2007).  

6.7. Novel findings related to programming theory 

This well controlled prospective intervention study allows analysis of the intrauterine 
and postnatal nutritional environments and evaluation of the impact of child growth 
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from birth to four years of age. The present findings add important information 
showing that the maternal metabolic status even before pregnancy may initiate the 
offspring’s cardio-metabolic programming, and that postnatal factors related to 
nutrition, metabolism and growth can modulate this cascade originally initiated during 
fetal life.  

The present results suggest that maternal dietary total carbohydrate intake, regardless 
of the source, during pregnancy influence child blood pressure programming mostly 
via the effects on growth, while the amount and quality of dietary fats as early as the 
intrauterine period may activate a long-lasting process probably by modifying the 
child’s vascular system. Further, an attainment of recommended intake of total fat and 
MUFA, and use of fatty/low-fat milk as well as minor use of butter in the mother’s diet 
during pregnancy may benefit the offspring’s cardio-metabolic programming. The 
favorable programming could be strengthened by child’s postnatal intake of proteins 
and total fats meeting the recommendations.  

From the methodological point of view, the associations observed between adipokines 
and outcome measures suggest that leptin and adiponectin may play a role in the 
cardio-metabolic programming of the child. As the adipokine levels are attributable to 
adiposity and can possibly regulate placental growth (Nelson 2008), these may also 
mediate the effects of maternal pre-pregnancy BMI and pregnancy weight gain on the 
offspring’s cardio-metabolic development. 

6.8. Future prospects 

The maternal metabolic status from the pre-pregnancy period onwards would appear to 
be an important denominator for the offspring’s future health. To reverse the increasing 
rates of cardio-metabolic risk factors in subsequent generations interventions should be 
initiated at risk women already before pregnancy, in fact before they plan to conceive. 
Further, in coming studies the intervention should be carried out during pregnancy, as 
here, and be continued postnatally with a more frequent follow-up until childhood or 
even into adolescence. It has in fact been hypothesized that the mother’s own nutrition, 
health and development in childhood and before pregnancy is the origin of disease 
susceptibility in the next generation. This calls for long-term follow-up especially in 
the present study population and also for research focusing on the clinical interactions 
between maternal cardio-vascular status, placental development and fetal long-term 
cardio-metabolic health. 
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7. SUMMARY AND CONCLUSION 

Industrialized countries worldwide have been faced with a progressive increase in 
obesity-related conditions such as disturbed glucose metabolism and elevated blood 
pressure, and the velocity of propagation is particularly prominent in the pediatric 
population. Reversing this trend would represent an important breakthrough for public 
health care and well-being.  

High maternal body mass index from the pre-pregnancy period onwards carries long-
lasting consequences for the offspring’s health in being associated with fetal cardiac 
sympathovagal activation, a denominator of cardio-metabolic diseases. Here 
appropriate maternal weight gain during pregnancy promoted beneficial metabolic 
programming in the infant and lower blood pressure in four-year-old children. Also 
maternal blood pressure in early pregnancy determined the offspring’s blood pressure 
in childhood. Furthermore, the amount and type of carbohydrates and fats in the 
maternal diet during pregnancy proved to be especially important both for the infants’ 
metabolic status and blood pressure in infancy and childhood. Indeed, the maternal 
intake of total fat and specific saturated fat- and carbohydrate-containing food 
products, i.e. butter, fatty milk and grain products, affected the infant’s risk of high 
split proinsulin concentration. Further, the recommended intake of total fat and MUFA, 
and use of fatty milk as well as minor use of butter by the mother during pregnancy 
may benefit both the infant’s glucose-insulin metabolism as well as blood pressure 
programming. The maternal carbohydrate intake during pregnancy explained better 
than fat intake the infants’ blood pressure at six months, while maternal total fat intake 
during pregnancy was the most important intrauterine dietary factor for the offspring 
blood pressure in childhood. This suggests that the fatty acid composition of the 
maternal diet as early as the intrauterine period activates a long-lasting process 
affecting the child’s cardiovascular and metabolic development. 

Child birth weight was shown to be linked to early cardio-metabolic markers in infancy 
and childhood. However, postnatal growth, especially when linked to adiposity, proved 
to be more important for long-term programming. Indeed, the current adiposity status 
associated with the infants’ risk of high split proinsulin at six months of age. The high 
concentration in this marker was proved to evince susceptibility to adverse metabolic 
programming, but it was not associated with fetal sympathovagal activation or blood 
pressure in infancy and childhood. Postnatal increase in body adiposity measures 
further played an important role in blood pressure in childhood. Furthermore, the 
present study points to the relevance of postnatal diet in cardio-metabolic 
programming. Particularly breastfeeding induced many subsequent health benefits and 
the recommended dietary total fat and protein amounts in the child’s diet were 
associated with lowest blood pressure at the age of four years.  
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The intensive dietary counseling provided to the women during pregnancy and 
breastfeeding and targeting excessive saturated fat and low fiber content in the diet had 
the potential to improve the offspring’s metabolic programming, determined here by a 
lower risk of high split proinsulin in six-month-old infants. To induce favorable blood 
pressure programming in the child, more frequent postnatal counseling to mother and 
child and long-term follow-up until adolescence may be warranted.  

To conclude, the present results suggest that a healthy maternal metabolic status from 
fetal pre-implantation development onwards has long-lasting consequences for the 
offspring’s well-being. This can be further reinforced by healthy maternal nutrition and 
appropriate weight gain during pregnancy as well as by controlling the child’s 
inordinate postnatal adiposital growth and by following dietary recommendations. A 
modification of mother and child diet would be a safe, cost-effective and potent means 
to contribute to life-long health. Early and long-lasting dietary interventions could thus 
achieve health benefits over one generation. 
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