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ABSTRACT 

Endogenous cholesterol (Ch) fractional synthesis rate (FSR) is inversely related to 

infant dietary Ch at 4 months (mo) of age. The objective of the present study was to 

determine whether level of infant dietary Ch induced changes in FSR that persisted at 18 

mo. Forty-seven infants received, human milk (HM) from birth until weaned (n=15), or 

were randomized to receive modified cow-milk formula (MCF) with added Ch (n=15), or 

cow-milk formula (CF, n=17), for 12 mo. Ch contents of HM, MCF, and CF were 120, 

80, and 40 mg/L, respectively. At 4 mo, FSR in the HM group was lower than in CF, but 

at 18 mo, there wcrc no differences between groups. Therefore, while Ch intake prior to 

weaning affects FSR, the differences do not persist after weaning to unrestricted diet. 

'These data provide further evidence that there is no imprinting of FSR in infancy by 

differing dietary levels of Ch. 



Le taux de synthese fractionke (?'SF) du cholestkrol (Ch) endogene est 

inversement proportionnel a la prise alimentaire du Ch a 4 mois (mo). L'objectif de cette 

ktude ktait de verifier si ces diffkrences du TSF persistent a 18 mo. Quarante-sept enhnts 

ont requ, dks la naissance, soit lait maternel (HM), jusqu'au sevragc (n=15), ou ont repi 

de fason aleatoire soit du lait maternise (CF), a base lait de vache (n=17), ou une formule 

modifiee par I'addition de Ch (MCF, n=15) durant 12 mo. Les HM, CF, et MCF 

contenaient respectivement 120, 80, 40 mg/L de Ch. A 4 mois, le TSF dans HM 6tait 

plus faible que chez CF, mais cette difference avait disparue a 18 mois avec le sevrage au 

regime sans restriction. Ces donnkes confirment que le Ch alirnentaire chez le nourrisson 

n'affecte pas lc TSI: de f a ~ o n  permanente. 



INTRODUCTION 

One of the primary combination of risk factors for cardiovascular disease (CVD) 

is an elevated level of serum low-density lipoprotein (LDI,) cholesterol (Ch) and low 

serum level of high-density lipoprotein (HDL) Ch (Schaefcr 2002). The epidemiological 

evidence linking elevated serum Ch and CVD is well established (Grundy 2002), as CVD 

is uncommon in societies with mean serum total Ch concentrations below 4.6 mmolIL 

(180mgldl) (Schaefer 2002). Moreover, cardiovascular health is believed to be 

influenced by early dietary intake (Waterland et a1.1999). It is postulated that 

atherogenesis could begin in the very early stages of life, as infants have been found to 

have small collections of foam cells in regions of coronary arteries that are prone to 

development of lesions (Stary 1987; Stary 2000). 

The role of nutrition in the perinatal period has been shown to har~e permanent 

cffccts on the development of the central nervous system (Dobbing 1981; Rassin et al. 

1983; Smart 1986; Farquharson ct al. 1992; Uauy et al. 2003), and on the concentration 

of products from other metabolic pathways (Innis et al. 1993; Savino et al. 2002; 

Agostoni et al. 2003). Some evidence has been found that Ch metabolism may be 

influenced by early dietary intake. The Ch content of human milk is typically higher (90- 

150 mg/L) comparcd with regular cow milk-based commercial formulas (10 to 40 mg/L) 

and soy milk-based formulas contain no Ch. The higher Ch concentration in breast milk 

has been speculated to endow nursing infants with an enhanced ability to metabolize Ch 

latcr in life (Reiser et al. 1972). 'I'he hypothesis of "fetal programniing" or "metabolic 

imprinting", as it relates to lipid metabolism has been put forth by epidemiological and 



observational studies (Waterland et al. 1999). Studies in rats (Reiser et al. 1979) and 

baboons (Mott et al. 1990) evaluated the relationship between high or low Ch intake in 

infancy and subsequent plasma Ch levels. It is hypothesized that differences in plasma 

lipid concentrations in infancy and adulthood relate to changes in endogenous Ch 

fractional synthesis rates (FSR), affected by the amount of dietary Ch (McNamara et al. 

1987; Miettinen et al. 1989; Jones et al. 1996). In infants, previous studies have shown 

that Ch intake relates inversely to the fractional synthesis rate (FSR) of endogenous Ch at 

four months of age (Wong et al. 1993; Cruz et al. 1994; Bayley et al. 1998). The 

principal purpose of the present study was to determine whether a high or low dietary 

intake of Ch in early life is a determinant of FSR, CVD risk and lipid levels later in life. 



LITERATURE REVIEW 



BACKGROUND 

The importance of Ch as it relates to the pathophysiology of cardiovascular 

disease, its various rolcs in the body and an overview of Ch metabolism provide a 

primary basis for understanding. 

Ptrtltophysiology of cardiovtrscular disease. Cardiovascular disease (CVD) is the 

process of thickening of the arterial walls, leading to occlusions and narrowing which 

reduce blood flow to peripheral organs. Coronary heart diseasc (CHI)) results from the 

absence of blood flow to the network of vessels surrounding the heart, oftcn secondary to 

CVD. The Consensus Panel on "'l'riglyceride, High-Density Lipoprotein and Coronary 

heart diseasc" of thc National Institutes of Health (NIH) has stated that elevated levels of 

triglyceride-rich very-low-density lipoproteins (VLDL) and Ch-rich LDL lipoproteins 

and lowered HDL levels can increase risk for heart disease (Schaefer 2002). Elevation of 

VLDL and LDI, contribute to plaque formation which stiffens arteries and can lead to 

nlyocardial infarction. The major cause of CVD is atherosclcrosis, a slow progressive 

disease that begins in childhood and takes decades to advance. Atherosclerosis involves 

structural and compositional changes in the innermost layer of the large arteries, as a 

result of plaque formation. Plaque build-up develops lnainly from the accumulation of 

lipid and Ch in the matrix around the cells, over time this becomes termed "lesion", with 

varying grades of sevcrity in terms of risk for coronary events (Type I-IV). The presence 

of initial fatty strcaks is often seen in people younger than 30 years of age. In a study of 

infants, the incidence of type I lesions in coronary arteries was greatest in the first six 



months after birth, with 50% of the infants exhibiting type I lesions (Stary 2000). Since 

Ch is one of the major contributing components to atherosclerosis development and 

progression, its metabolism and factors that affect its concentration require examination. 

Cholestero! metnbolism. Established homeostatic mechanisms that affect Ch kinetics 

and subsequent serum levels of Ch involve the level of dietary Ch absorption (Grundy et 

al. 1969), LDL reccptor activity (Brown et al. 1986), and the rate of endogenous Ch 

synthesis (Miettinen et al. 1989). It is the complex interplay between dietary intake and 

endogenous synthesis that is the subject of interest in the present study. Ch is synthesized 

mainly in the liver, with some contributions froln the small intestine. Briefly. Ch is 

synthesized from 2-carbon precursors, acetate, which are converted to mevalonate, a 6- 

carbon isoprenoid precursor. Six mevalonate molecules are converted via activated 5- 

carbon intermediates into squalene, a 30-carbon n~olecule. The last process involves the 

cyclization of squalene and its transformation to Ch, a molecule with 27 carbons (Bloch 

1965). 

It  has been shown in numerous adult studies that the major metabolic changes in 

response to increased Ch intake are suppression of whole body cholesterogenesis, of 

which hepatic FSR is a good surrogate measurement, and/or increased re-excretion of 

absorbed dietary Ch as fecal neutral steroids (Grundy et al. 1969; McNamara et al. 1987). 

However, the large individual variability of responses in other studies suggests that the 

relationship between adult dietary intake and endogenous synthesis rate is complex and 

highly individual (Miettinen et al. 1989; Jones et al. 1994). A recently postulated effect 

on cellular Ch biosynthesis involves a supernatant protein factor, a lipid transporter, 



complexed with oxidized vitamin E, which by diminishing uptake of oxidized LDL 

reduces cellular Ch uptake which then induces Ch synthesis by cellular feedback 

mechanisms (Stockcr et al. 2003). Dietary intake of vitamin E may play a role in the rate 

of Ch synthesis at the cellular level by this newly proposed mechanism. Internal factors 

such as thc genetic polymorphism of apolipoprotein (apo) E and LDI, particle size 

influence circulating Ch levels by affecting the level of Ch absorption, and potential for 

Ch oxidation (Skoglund-Andersson et al. 2003). Although genetics account for some of 

the variability in circulatory response to changes in dietary Ch level, the exact 

mechanisms through which such effects occur remain to be established (Jones et al. 

1993). 

Measurement of clrolaterol metabolisnz. Whole body cholesterogenesis can be studied 

using the stable isotope tracer, deuterium oxide ( 2 ~ z ~ ) .  The rate of incorporation of 

deutcriuin from body water into erythrocyte membrane Ch can be determined because 22 

of 46 hydrogen atoms in Ch originate from body water. C11 synthesis, as defined by 

con~partmcntal analysis, is comprised of that synthesized by the central pool, which 

includes the liver, plasma, and intcstine. The FSR, represents the fraction of rapidly 

turning over frec cholesterol, within the central pool, that is synthesized per day. The rate 

of deuterium incorporation into red blood cell membrane Ch over a 24 hour period serves 

as an index of Ch fractional synthetic rate (FSR). Refer to Appendix 1 for a more 

complete discussion of methodology. 



CIiolesterol metabolism in the neonatal period. 'There is still much to be learned about 

Ch kinetics in the early stages of life, as the ma-jority of literature deals with adults. 

Some distinctives of infant Ch metabolism include the C27 hydroxylation pathway for 

bile acid synthesis. and the preferential role of the acyl-coenzyme A:Ch acyltransferase 

(ACA'T) isoenzyine-2. The adult metabolic pathway of bile acid synthesis begins with 

oxidation at the C7 position of Ch to produce 7-a-hydroxycholesterol. The Cli 27- 

hydroxylation pathway is the only one expressed in fetal and neonatal life, while 7-a- 

hydroxycholesterol generated in the liver is the major source of bile acids in older adults, 

up-regulating sometime after birth (Javitt 2002). C27 hydroxylation of Ch occurs in 

many different tissues, such as the arterial endothelium and macrophages, i11 addition to 

being found in the liver. The rate of production of 27-hydroxycholesterol in arterial 

endothelial cell culture studies indicate that it is substrate driven, thus linking rates of 

synthesis to accumulation of Cli within the cell. The pathway thus serves to enhance 

reverse Ch transport by the direct conversion of Ch to 27-hydroxycholesterol. It has also 

been found that phenotypic expression of accelerated atherosclerosis is related to low or 

absent Cli 27-hydroxylase activity (Javitt 2002). As this pathway is the only one existent 

during the perinatal period, and as its rate of activity appears to be substrate driven, the 

higher Ch content of human milk might be associated with higher levels of Ch 27- 

liydroxylase activity and higher rates of bile acid synthesis. To date, no study has lookcd 

at the influence of infant diet on this enzyme. The enzyme 27-hydroxylase is a 

niitochondrial cytochrome P-450 enzyme (CYP27), in various species including humans, 

CYP27 is the samc enzyme that catalyzes 25-hydroxylation of vitamin D3 to yield 25- 

hydroxy-vitamin D3. It was thought that Ch supplemented formulas could negatively 



affect vitamin I> nietabolism and consequently calcium and bone metabolism. No 

deleterious effects on vitamin D metabolism have been observed as a result of Ch 

formula supplementation to levels similar to or higher than that of human milk (Picaud et 

al. 2002). 

In human fetuses, hepatic LDL receptors are filnctional as early as 10 weeks of 

fetal age. Functionality of receptors increases with growth of the fetus. The total serum 

Ch during gestation decreases with increasing fctal age, due to the increase in LDL 

receptor activity with increasing gestational age (Cai et al. 1991). The effect of infant 

dietary Ch on LDI, receptor activity after birth has not been studied. 

Acyl-coenzyme A:Ch acyltransferase (ACAT) is a membrane protein located in 

the endoplasmic reticulum. It catalyzes the formation of Ch esters, which are important 

lipid components of VLDL and LDL. There are two forms in mamma1s:ACAT-1 and 

ACAT-2. ACAT-2 is more directly involved in lipoprotein synthesis and assembly, 

while ACAT-1 may play a role in cellular Ch homeostasis and lipid droplet formation 

(Chang et al. 2000). ACAT-1 is present in both neonatal and adult cells in small intestine 

enterocytes and hepatocytes. While ACAT-2 is evident in adult enterocytes, it is not 

found in adult hcpatocytes and is believed to perform a more significant catalytic role in 

the fetal liver and in thc intestinal enterocytes (Chang ct al. 2000). Differences in the 

expression of ACAT-2 as influenced by infant diet have not been studied, but could 

represent a possible point of metabolic imprinting during maturity of cholesterol 

metabolism from infancy to adulthood. 



Cholesterol metabolism mzd infant nutrition. It has been demonstrated that early dietary 

intake impacts whole body cholesterogcnesis, as measured by hepatic FSR of endogenous 

Ch, but whether or not this effect is sustained throughout life has not been definitively 

confirmed. 

The three major sources of nutrition in Western societies during early infancy are 

human milk, cow milk-based formulas and soy milk-based formulas. The compositions 

of these types of diet differ in several factors that may affect Ch homeostasis. Among the 

major factors which may affect Ch synthesis and metabolism are the Ch content, the 

polyunsaturated/saturated fatty acid ratio (PIS ratio), the protein composition, the 

phytoestrogen content, and the presence of hormones in breast milk (Cruz et al. 1994; 

IJauy et al. 2000; Nelson et al. 1999). Although each of these factors may affect Ch 

metabolism, the focus of this study is the difference between cow milk-based formula and 

breast milk as a function of Ch content. 

Ch is essential for normal cellular function in mammals; it is an integral part of 

membranes (Bloch 1983) and a precursor for many hormones. Requirements for Ch are 

met by endogenous biosynthesis and dietary supplementation. Infants fed human milk 

obtain much greater amounts of Ch than those fed by commercial formulas. Human milk 

(HM) contains between 90-150 mg/L of Ch (Lammi-Keefe et al. 1984), providing a daily 

Ch intake of approximately 75 mg per day for a breast-fed newborn weighing 4 kg. In 

contrast, cow milk-based formulas contain 10 to 40 mg1L of Ch, giving an average daily 

Ch intake of approximately 9 mg per day. Soy milk-based formulas contain no Ch. 

Several infant studies have looked at the effects of infant diet on Ch metabolism by 

comparing lipid profiles. The findings of these studies demonstrated that breast-fed 



infants have a higher serum Ch concentration compared to fornlula-fed infants (Friedman 

et al. 1975; Uauy et al. 2000; Hayes et al. 1992; Van Biervliet et al. 1992; Agostoni et al. 

2000; Jooste et al. 1991). The differences in serum Ch are thought to be a result of the 

differential in Ch content between human milk and commercial formulas. Whether or not 

the low Ch content in con~mercial formulas presents any physiological or 

pathophysiological effects other than the difference in serum Ch concentration remains to 

be understood. It  is postulated that the differences in serum lipid concentrations can be 

explained by shifts in  endogenous Ch synthesis rates that are quantitatively influenced by 

dietary Ch (Miettinen et al. 1989). 



PRELIMINARY DATA AND PREVIOUS WORK 

Experimrrrtalstridies in animals. Reiser and Sidelman were the first to suggest that a 

possible function for Ch in milk was the establishment of senim Ch homeostasis (Reiser 

et al. 1972). Early exposure to dietary Ch appeared to 'protect' against diet-induced 

hypercholesterolemia in adulthood, as the adult male offspring exhibited an inverse 

relationship between serum Ch concentration and the Ch content of their mothers' milk. 

Further animal studies disputed Reiser's original hypothesis; results from other rat studies 

both support (Reiser et al. 1979) and refute (Kris-Etherton et al. 1979); studies in pigs 

(Jones et al. 1990) support the hypothesis, while studies in baboons (Mott et al. 1990; 

Mott et al. 1991) and guinea pigs do not (Li et al. 1980). 

Breast-feeding is associated with lower Ch production rates in baboons (Mott et 

al. 1991), and in pigs (Jones et al. 1990) in the neonatal period. Increases of hepatic 

hydroxymethylglutaryl CoA (HMG-CoA) rcductase activity in formula-fed neonatal pigs 

and rats (Jones et al. 1990, Reiser et al. 1977), confirm the presence of feedback 

inhibition between dietary Ch and endogenous Ch production. Breast-fed baboons as 

infants have higher levels of hepatic acyl CoA Ch acyltransferase (ACAT) activity, 

higher concentrations of hepatic Ch esters than those formula-fed, and lower plasma 

lecithin Ch acyltransferase activity (ILAT), as they metabolized exogenous Ch (Mott et 

al. 1993a), compared to formula-fed baboons who relied on de novo Ch synthesis as their 

principal source of Ch. Breast-feeding also led to increases of 44 to 99% in LDI, 

receptor mRNA compared with formula-feeding, which persisted into adolescence in 

baboons (Mott et al. 1993b; 1995), suggesting that long-term Ch homeostasis could be 



affected by the level of dietary Ch in the infant diet. However in the hamster, stimulation 

of Ch catabolism by bile acid removal, rather than Ch feeding or early weaning during 

the neonatal period, improved the ability to handle Ch challenge in adulthood (Li et al. 

1980). 

Experimentnl studies in infants. Clinical studies for measurement of cholesterogenesis 

by FSR have been largely limitcd to adults with various underlying disease states. One of 

the first studics performed to determine FSR in infancy found an inverse relationship 

bctween the quantity of dietary Ch and endogenous Ch production rates (Wong et al. 

1993). A year later, FSR was measured in four month old infants using deuterium 

incorporation methodology (Cruz et al. 1994). Infants were divided into four groups fed 

either human milk (HM), which contained 90- 150 mg/I, of Ch, a cow milk-based formula 

(CF), which contained 1 1  mg/L of Ch, or a soy milk-based formula (SF), which 

contained no Ch. A fourth group of infants were fed modified soy formula (MSF) with 

similar amounts of Ch as that found in regular cow milk-based formula (1 1 mg/L). The 

FSR of the HM infants was significantly lower than that of formula-fed infants, 

reaffirtning the inverse relationship found by Wong et al. 1993. In addition, serum total 

Ch concentrations were different between the HM-fed and the formula-fed infants. There 

was a significant negative correlation between serum total Ch concentrations and FSR 

(r = -0.59). and a negative correlation between serum concentrations of 1,DL-Ch and FSR 

(r = -0.73). These results demonstrate that the type of dietary milk intake affects both the 

serum Ch concentrations and the endogenous Ch synthesis rates. 



Another investigation involved a cohort of subjects who received either breast 

milk or a cow milk-based formula (SMA, Wyeth-Ayerst Laboratories), or cow milk- 

based fonnula with added crystalline-free Ch to provide a concentration of 130 mg/L 

(Baylcy et al. 2002). At 4 months. measurements of FSR and lipid profiles confinned 

again that infants adapted the rate of endogenous Ch production based on the amount of 

Ch that they ingested. The endogenous Ch FSR was 3.8 fold higher in infants fed cow 

milk-based fom~ula vs. human milk-fed infants at 4 months. However, the bioavailability 

of the Ch in the study formula was questioned, as the results seen at 4 months in those 

infants did not mirror those seen in the breast-fed infants. Another group of infants 

undcrwent a Ch challenge between 1 I and 12 months of age, with nleasurenlent of 

plasma lipids and FSR done before and after. Plasma Ch concentrations for all 3 groups 

were similar at 1 1 and 12 months of age. and no differences in FSR befbre or after the Ch 

challenge were observed within the 3 feeding groups at 11  and 12 months of age. These 

results demonstrated that early dietary Ch had no persistent effect on Ch metabolism 6 

months after the dietary exposure (Bayley et al. 2002). It was thought that the form and 

ernulsion of dietary Ch in the forlnula may have been responsible for the differences 

between the supplemented formula and breast milk. Breast milk contains a small 

percentage of its Ch, approxin~ately 16.5 to 24 %, in esterified form (Lammi-Keefe et al. 

1984). which may be absorbed differently than the Ch of the fomlula provided as free 

non-esterified Ch (Hayley et al. 2002). Additional studies are required to assess 

absorption and bioavailability of supplemented Ch in formulas, as comparcd to Ch found 

in hun~an milk. 



Observafionnl studies. Metabolic imprinting describes the potential relationship between 

early nutritional experiences and later metabolic mechanisms that may either protect or 

lead to disease. It comprises adaptive responses that meet the following criteria: i) a 

susceptibility limited to a critical window of time early in development, ii) a persistent 

effect lasting through adulthood, iii) the response has a specific and nieasurable outcome, 

and iv) there exists a specific causal relation between a specific exposure and outcome 

(Waterland et al. 1999). Therefore, the possibility of reducing long-term risk of disease 

by nutrition interventions early in life presents an effective complement to other 

prevention strategies undertaken in later life. 

The idea of perinatal programming by way of metabolic imprinting arose froni the 

epidemiological studies of Barker who reported a relationship between birth weight and 

CHD mortality in a cohort of 1586 men froni the UK (Barker et al. 1989). CHD 

mortality was inversely related to birth weight (Ingelfinger et al. 2002; Barker et al. 

1993). Studies arising from the Dutch famine examined the association further, by 

assessing the method of infant feeding in the first weeks after birth and subsequent adult 

plasma lipid profiles. It was found that fasting LDL-Ch and the LDIJHDL ratio were 

higher in those who were bottle-fed than those who were breast-fed, which is indicative 

of a more atherogenic lipid profile in those who received formula (Ravelli et al. 2000). 

Another study confirmed an association between method of infant feeding and adult 

serum LDL-Ch and mortality from ischaemic heart disease (Fall et al. 1992). Those 

exclusively bottle-fed had higher total and LDL-Ch levels. However, these findings 

demonstrated a higher mean serum concentration of total-Ch and LDL-Ch in breast-fed 

men who had not been weaned before one year, compared to men who had been weaned 



before one year (Fall et al. 1992). These data suggest that age of weaning may affect 

adult Ch concentrations. However in another study of 465 subjects, total-Ch was 

significantly higher in adult males breast-fed for the shortest period of time, less than 3 

months, in contrast to those who were breast-fed for more than 9 months (Kolaeek et al. 

1993). 

Infant studies demonstrate increased mean total-Ch and LDL-Ch, associated with 

the Ch content of human milk and study formulas (Friedman et al. 1975; Rassin et al. 

1983; Wagner et al. 1988; Kallio et al. 1992; Hayes et al. 1992; Van Biervliet et al. 1992; 

Wong et al. 1993; Cruz et al. 1994; Mize et al. 1995; Bayley et al. 1998; Agostini C et al. 

2000; Bayley et al. 2002). After weaning, however, the differences in total-Ch and LDL- 

Ch between those either breast-fed or given formula in infancy moderate, with no 
1 

consistent differences in serum lipids seen from 1 to 16 years of age (Glueck et al. 1972; 

Friedman et al. 1975; Hodgson et al. 1976; Huttunen et al. 1983; Fomon et al. 1984; 

Jooste et al. 1991; Kallio et al. 1992; Owen et al. 2002). In the majority of adult studies, 

both total-Ch and LDL-Ch levels are lower in adults who had been breast-fed rather than 

bottle-fed (Marmot et al. 1980; Kolacek et al. 1993; Fall et al. 1995; Ravelli et al. 2000: 

Leeson et al. 200 1). 

In summary. high Ch intakes in infancy inhibit de novo Ch synthesis, while low 

Ch intakes stiniulate synthesis. Theoretically, these adaptations in synthesis rates might 

remain for a long period and be the definitive mechanism by which Ch metabolism is 

imprinted (Hahn et al. 1990). An adjustment in the Ch fractional synthesis rate (FSR), by 

either high dietary Ch, as in the breast-fed infant, or by a low intake of dietary Ch, typical 

of formula-fed infants could potentially alter the adult metabolic response to dietary Ch. 



RATIONALE AND OBJECTIVE 

Cholesterol metabolism in adult life and atherosclerosis risk may be linked to 

early infant feeding practices. Previous studies have demonstrated an inverse relationship 

between Ch intake and Ch synthesis in early infancy, but further work is needed to 

evaluate the possibility of metabolic imprinting in later cholesterol homeostasis. The 

ob-jective of this study was to determine whether the level of dietary Ch in early life 

induced changes in Ch FSR and plasma lipids that persisted beyond weaning at 18 

months. 
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ABSTRACT 

Endogenous cholestcrol (Ch) fractional synthesis rate (FSR) is inversely related to 

infant dietary Ch at 4 months of age; however it remains to be established whether this 

effect is permanent, possibly contributing to later hypercholesterolemia. Objective: To 

determine whether level of dietary Ch in infancy induced changes in FSR and plasma 

lipids that persisted at 18 months. Methods: A prospective, clinical trial in 47 infants 

who received, from their first week of life until 18 months, human milk (HM) until 

weaned (n=15), or were randomized to receive modified cow-milk formula (MCF) with 

added Ch (n=15), or cow-milk formula (CF, n=17), for 12 months. Ch contents of HM, 

MCF, and CF were 120, 80, and 40 mg/L, respectively. FSR and plasma lipids were 

measured at 4 and 18 months. Results: At 4 months, total-Ch and LDL-Ch were higher 

(p<0.03) in infants fed HM and MCF, than CF. HD1,-Ch levels were higher (p=0.005) in 

MCF group than in HM and CF groups. FSR in the HM group (0.034f0.005 pools/day) 

was lowcr ( ~ ~ 0 . 0 2 )  than in CF (0.052f0.005 poolslday). Therc was no difference 

between HM and MCF (0.047+0.005 poolslday), nor between MCF and CF. At 18 

months, there were no differences in FSR or plasma lipids between groups. Conclusion: 

While Ch intake prior to weaning affects FSR and plasma lipids at 4 months, these 

differences do not persist after weaning to unrestricted diet at 18 months. This provides 

further cvidence that there is no imprinting of FSR in infancy by differing dietary levels 

of Ch. 
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INTRODUCTION 

Early intake of cholesterol (Ch) and its possible imprinting of later Ch metabolism 

have been studied to understand the influence of infant nutrition on adult Ch metabolism 

and subsequent cardiovascular disease risk (Fall et al. 1992; KolaCek et al. 1993; Ravelli 

et al. 2000). 'The Ch content of human milk is typically higher (90-150 mg/L) than 

regular cow milk-based formulas (10-40 mg/L), while soy milk-based formulas contain 

no Ch. Reiser and Sidelman first hypothesized that the function of Ch in milk was to 

establish a control of serum Ch hon~eostasis, as a result of their studies i11 the rat (Reiser 

ct al. 1972). Early exposure to dietary Ch appeared to 'protect' against diet-induced 

hypercholesterolemia in adulthood, as the adult male offspring exhibited an inverse 

relationship between serum Ch concentration and the Ch content of their mothers' milk. 

Results from studies in a variety of species have produced conflicting rcsults: other rat 

studies support (Reiser et al. 1979) and refute (Kris-Etherton et al. 1979); studies in pigs 

(Jones ct al. 1990) support the hypothesis, while studies in baboons (Mott et al. 1990; 

Mott et al. 1991) and guinea pigs do not (Li et al. 1980). 

Human infants have increased serum Ch proportionate to the Ch content of human 

milk and study formulas (Kallio et al. 1992; Hayes et al. 1992; Van Bicrvliet et al. 1992; 

Mize et al. 1995; Agostoni et al. 2000; Wong et al. 1993; Cruz et al. 1994; Bayley et al. 

1998; Bayley et al. 2002). Aftcr weaning, however, the differences in serum Ch 

moderate, with no consistent differences seen from 1 to 16 years of age (Kallio et al. 

1992; Hodgson et al. 1976; Huttenen et al. 1983; Fomon ct al. 1984; Jooste et al. 1991; 

Owen et al. 2002). In most adult studies, both total-Ch (T-Ch) and I,DI,-Ch levels are 



lower in adults who had been breast-fed as infants (KolaEek et al. 1993; Ravelli et al. 

2000; Marmot et al. 1980; Fall et al. 1995; Leeson et al. 2001). Arising out of the above 

observations are numerous speculations concerning the mechanisms by which neonatal 

dietary Ch may be responsible for long-lasting perturbations of Ch metabolism (Reiser et 

al. 1977; Mott et al. 1982; Mott et al. 1993; Mott et al. 1995, Mahaney et al. 1999). It  has 

been hypothesized that differences in plasma lipid concentrations in infancy and 

adulthood may be partially accounted for by changes in endogenous Ch fractional 

synthesis rates (FSR), modulated by the quantity of dietary Ch (McNamara et al. 1987; 

Miettinen et al. 1989; Jones et al. 1996). Theoretically, adaptations in synthesis rates 

related to Ch exposure from infancy might persist and be the definitive mechanism by 

which Ch metabolism is imprinted (Hahn et al. 1990). An adjustment in the Ch FSR, by 

either high dietary Ch, as in the breast-fed infant, or by a low intake of dietary Ch, typical 

of forniula-fed infants, could potentially alter the adult metabolic response to dietary Ch. 

Studies in infants have shown that Ch FSR is inversely related to Ch intake at age 4 

months (Wong et al. 1993; Cruz et al. 1994; Bayley et al. 1998; Bayley et al. 2002). 

However, the formulas used boasted different levels of phytosterols, phytocstrogens, or 

hormones, compounded by different fatty acid profiles and questions regarding the 

bioavailability of supplemented Ch (Bayley et al. 2002). The present study attempted to 

address all the above issues by feeding identical formulas. different only in terms of Ch 

content, whcre the modified cow-milk formula (MCF) was supplemented with a more 

bioavailable form of Ch and to an intermediate level between regular cow-milk formula 

(CF) and human milk (HM) to clearly elucidate the relationship between dietary Ch, 

plasma lipids, and FSR. An understanding of the impact of dietary Ch on these variables 



and metabolic parameters, taken with the plausibility of imprinting, could have 

significant ran~ifications on the production of infant formulas by pointing to a benefit 

from supplementation with Ch. 

The purpose of the present study was to determine whether the level of dietary Ch 

in early life induced changes in Ch FSR and plasma lipids that persisted beyond weaning 

at 18 months, and to assess whether an intermediate level of Ch supplementation to cow- 

milk formula resulted in corresponding intermediate FSR. It was hypothesized that at age 

4 n~onths. infants fed HM would have a lower FSR compared to those fed MCF, who 

would have a lower FSR than those fed CF. The level of dietary Ch would vary inversely 

with endogenous Ch FSR. Furthermore, at 18 months, the pattern of FSR would remain 

similar to that of infants at age 4 months. 



MATERIALS AND METHODS 

Subjects, study design and protocol. A total of 68 full-term healthy infants who were 

appropriate for gestational agc, and who had no parental history of hypercholesterolemia 

or hypertriglyceridemia were recruited during the first two weeks of life. This double- 

blind, partially randomized, prospective clinical trial took place at the Cincinnati 

Children's Hospital Medical Center (CCHMC) and other area hospitals, from January 

1999 until June 2002. Fifty-two infants were followed until 4 months, of whom 47 were 

followed until 18 months of life on an unrestricted diet (Figure 1). The HM group 

included 18 infants exclusively breast-fed until 6 months, after which they received HM, 

supplenlented with intake of MCF until 12 months of age; in this way the HM group 

served as a control group with continuous high Ch intake. The remaining infants were 

randomized by the study coordinator according to a computer-generated random numbers 

table to receive MCF (ready to serve Carnation Good Start + 40 mg/L Ch; Nestle 

Laboratories, Eau Claire, W1) (n=16) or CF (ready to serve Carnation Good Start; Nestle 

Laboratories, Eau Claire, WI) (n=18). HM infants could not be randomized, as  breast- 

feeding involves an a priori decision and commitnlent on the part of the mother. The 

added Ch (G.W. Greeff and Co, Inc. as Chilesetrol National Formulary) was solubilized 

with a small quantity of ethanol. The ethanol was then evaporated and the Ch distributed 

evenly throughout the formula by the manufacturer. MCF and CF infants received only 

the assigned fornlula, with introduction of solid foods in all study groups after the age of 

4 months by parentlphysician. Sample sizes at 18 months were: HM (n=15), MCF 



( 1 ~ 1 . 5 )  and CF (n=17). The Ch contents of IIM, MCF and CF were 120, 80, and 40 

mg/L, respectively, as shown in Table 1.  

The study was conlprised of two test periods; the first from recruitment until 4 

months of age and the second from 4 months of age until the end of the study at 18 

months of age. Period one evaluated the effects of Ch supplenlentation of infant 

formulas on Ch FSR at 4 months of age, since at this age infants receive exclusively 

human milk or formula, thus eliminating the potential for interference from other diet 

components. At 18 months, infants have typically been introduced to solid foods, hence 

the purpose of period two was to evaluate the imprinting hypothesis. The outcome 

measures FSR, scrum lipid profiles, and weight werc obtained at 4 and 18 months (Figure 

1 >. 

The Ch content was the only difference in composition between MCF and CF. 

Stability and solubility of the Ch concentration in the formula was tested at different 

points in time to assess composition and assure bioavailability. All infants began 

receiving formula within the first 3-7 days of life. Formula was provided to the subjects 

at no cost for the entire duration of the study to improve compliance. Breast milk Ch 

content was analyzed from each mother of the breast-feeding infants at 4, 8 and 12 

months. Mothers from the 3 groups were required to keep bimonthly 3-day diet diaries 

recording either the volume of formula intakeld (MCF or CF) or for the HM group, the 

frequency of breast-feeding, and the volume of supplemental MC1FId after the infant was 

6 months old. During period 2, the 3-day diet diary recording was obtained every 3 

months. The food records were analyzed using Food Processor (ESHA database, V. 7.4) 

by a registered dietitian to determine whether any significant deviations in food intake 



occurred which might confound the outcome variable of FSR. Total energy intake, as 

well as fat and Ch levels were compared among the diet groups. 'The study protocol was 

reviewed and approved by the Institutional Revicw Board at the CCHMC, and informed 

consent was obtained from parents before enrollnlent of the infants. 

Plasma lipid analysis. Plasma T-Ch, triglyceride (TG), IIDL-Ch, and LDL-Ch levels 

were determined using enzymatic techniques validated by the National Institutes of 

Health Lipid Rcsearch Clinics, and used previously in infants (Wong et al. 1993; Cruz et 

al. 1994; Bayley et al. 1908; Bayley et al. 2002). (See Appendix 1). 

Clrolesterol biosynt1resi.s measrmment. Over the two day FSR study period, two blood 

specimens were obtained by the CCHMC GCRC nurses, placed on ice, and centrifuged 

within 30 minutes. On day 1. 8 ml blood was obtained to determine baseline body water 

and erqthrocyte n~embrane Ch deuterium enrichment. Infants werc then given orally 500 

mg/kg body weight of deuterium oxide (D20, 99.96% deuteriuin; Isotec Inc., 

Miamisburg, OH) orally. On day 2. 8 ml blood for deuterium excess enrichment was 

obtained. All blood samples were taken between 09:00 - 12:00 11. For each da j ,  the 

sample was fractionated and f r o ~ e n  at -80°C until analysis, such that the plasma was used 

for determination of lipid concentrations and thc red blood cell fraction was used for Ch 

FSR determination. 

C'h fractional synthesis rates were determined as the incorporation rate of the 

stable isotope, deuterium oxide (Df l  / ' ~ ~ 0 )  from body water into red blood cell 

membrane Ch, which serves as an index of hepatic Ch synthesis rates. The analytical 



procedure for FSR has been described previously (Rayley et al. 1998; Bayley et al. 2002). 

(See Appendix 1). 

Stutistical aitalysis. Variables were tested for normality, and in the case of non- 

normality, variables were natural log-transformed. Percent changes were calculated as 

the average of the differences between outcome variables at 18 months and 4 months, 

divided by the valuc at 4 months. One-way ANOVA was used to test the effect of infant 

diet on outcome measures and percent changes (SAS, v.8; Cary, NC), with 4 month 

outcome variables included as covariates for testing the effect of infant diet at 18 months. 

The 'Tukey-Kramer test was used to adjust for multiple comparisons and determine 

differences betwcen pairs of groups. Using a standard deviation of 1.1 1 for FSR 

observed in cow milk-based forn~ula-fed infants at 4 months from previous studies 

(Bayley et al. 1998), a sample size of 14 in each group was predicted to yield a power of 

80% in detecting a 20% difference in FSR means between groups at an alpha value of 

0.05 for a 2-sided test. Analysis at 18 months included all participants for whom data at 

4 months existed. Statistical significance was considered for p < 0.05. Results are 

prcscnted as mean k SEM, and where applicable as geometric means (see Appendix 2 for 

compiled data presented as arithmetic means). 



RESULTS 

Body weights are summarized in Table 2. There were no significant differences 

in weight at any time during the study between the diet groups. Sixty-eight infants were 

recruited, of whom fifty-two infants participated in the first test period at four months, of 

whom 47 continued and completed the second test period at 18 months. During the first 

test period, reasons for dropping out were largely due to, (i) parent preference (n=12), 

and (ii) families lost to follow-up (n=2). In the HM group additional reasons for 

dropping out included, (iii) introduction of formula before 4 months (n=l), and (iv) 

unwillingness to participate in the blood draw (n=l). Reasons for dropping out during 

the second test period included, (i) introduction of formula and weaning from HM beforc 

1 year of age in the IIM group (n=3), and (ii) families lost to follow-up due to moving 

(n=2), in the MCF and CF groups. No adverse effects in response to formulas used were 

reported. There was insufficient blood drawn to determine FSR at 4 months in one infant 

from the MCF group, this was not a problem at 18 months. The average caloric and Ch 

intakes at 4 and 18 months of age are shown in Table 3.  Results at 18 months are shown 

ad.justed for the corresponding 4-month outcome variables, which were includcd as 

covariates in the statistical analysis. The infants' gender was included in the statistical 

model, with no significant effect on FSR or plasma lipids. Over the course of the study, 

d CF inf' nts had the largest percent change in dietary Ch from 4 to 18 months, and HM 

infants had the largest pcrcent change in caloric intake. 

At 4 months plasma T-Ch concentrations of infants fed HM (4.07k0.15 mmol/L) 

and MCF (3.85k0.16 mmol/L) did not differ statistically, but both were higher (p<0.02) 



than those fed CF (3.28k0.15 n~molIL), as shown in 'Table 4. HIIL-Ch levels were higher 

(p=0.005) in the MCF group (1.431tr0.07 nimolII,) than in the EIM (1.09+0.06 mmol1L) 

and CF (1.15f 0.06 mmol1L) groups, see Figure 2. LDL-Ch levels werc higher in the HM 

group (2.08k0.11 mmol/L) than MCF (1 S6k0.12 minolIL, p<0.003) and CF (1.20+0.11 

mmolll,, p<0.0001); MCF mean LDL-Ch was also higher (p=0.0321) than that of the CF 

group (1:igure 2). There were no statistically significant differences among groups in 

VLDL-Ch, and triglyceride levels (Figure 3). The ratio between T-Ch:HDL-Ch was 

lower in MCF (2.76k0.17, p<0.0001) and CF (2.96k0.16, p=0.004) groups than in HM 

group (3.81+0.16), as seen in Table 4. At 18 months, there was a non statistically 

significant trend toward lower plasma 'I-Ch, HDL-Ch, and L,DL-Ch levels in the HM 

infants compared to the MCF and CF groups, as presented i11 Table 4. 

FSR at 4 months was affected by infant feeding (p<0.05) among the three groups. 

FSR in the HM group (0.034k0.005 poolslday) was lower (p<0.02) than in the CF group 

(0.052+0.005 poolslday), however, there was no statistically significant difference 

between HM and MCF (0.047+0.005 poolslday), nor between MCF and CF, as shown in 

Table 5. At 18 months there was no significant effect of earlier infant feeding, nor any 

differences in FSR between the three dietary groups. The percent change between the 

FSR,!~~ 4 months and 18 months is presented in Table 5; the HM group exhibited thc 

largest absolute percent change in FSR, while the formula groups' FSR showed more 

minimal differences over the course of the two test periods, see Figure 4. 



DISCUSSION 

This is the first study to evaluate the potential imprinting of FSR beyond one year 

of age. It was hypothesized that at age 4 months, infants fed HM would have a lower 

FSR compared to those fed MCF, who would have a lower FSR than those fed CF. The 

level of dietary Ch would vary inversely with endogenous Ch FSR. We demonstrated 

decreased cholesterogenesis and an increase in circulating plasma Ch concentrations as 

the level of dietaly Ch increased between CF, MCF and HM-fed infants, at 4 months of 

age, thus confirming the original hypothesis. However, the differences seen as a result of 

infant feeding were not reflected at 18 months of age, suggesting that there is no 

imprinting of Ch biosynthesis or lasting differences in plasma lipids at early life cycle 

stages due to the level of Ch intake prior to weaning. 

The positive relationship between dietary Ch intake and serum lipid levels in the 

neonatal period is well established in both animal (Reiscr et al. 1972; Reiser et al. 1979; 

Kris-Etherton et al. 1979; Jones et al. 1990; Mott et al. 1990; Mott et al. 1991; Li et al. 

1980) and infant studies (Kallio et al. 1992; Hayes et al. 1992; Van Biervliet et al. 1992; 

Mize et al. 1995; Agostoni et al. 2000; Wong et al. 1993; Cruz et al. 1994; Bayley et al. 

1998; Bayley et al. 2002). 'The higher HDL-Ch exhibited by the MCF infants (Figure 2) 

compared to HM and CF infants, might be due in part to differences in the form of Ch in 

HM and that in MCF. HM Ch contains both free Ch (85%) and esterified Ch (15%) as 

components of the total Ch content; while the MCF contained 100% free Ch. Other 

differences in formulas that could impact serum lipids include: a higher proportion of 

medium chain fatty acids and a lower proportion of longer-chain polyunsaturated fatty 



acids, higher phytosterol concentrations, and galactose concentrations (Huisman et al. 

1996). The present study confirms and reinforces the notion that dietary Ch in infancy 

elevates plasma total-Ch by a direct mechanism and that the effect persists only until 

weaning. At 18 months, plasma 1'-Ch, HDL-Ch and LDL-Ch levels tended to be lower 

in the HM compared to MCF and CF-fed infants; however, the differences were not 

significant. A larger sample size, with better control of dietary Ch may have resulted in 

significant differences; however, the study sample size was determined for differences in 

FSR and not plasma lipid levels. I'revious human infant studies have shown a significant 

inverse relationship between dietary Ch and FSR at 4 months (Wong et al. 1993; Cruz et 

al. 1994; Bayley et al. 1998; Bayley et al. 2002). Using deuterium incorporation (DI) 

methodology. previous investigators have estimated that endogenous Ch FSR ranged 

from 0.02 poolsld in breast-fed infants to 0.1 1 poolsld in infants fed formulas with 

varying concentrations of Ch. 

The present study dernonstratcd an effect of infant diet on FSR at 4 months, with 

CF infants having an up-regulated rate of endogenous Ch production, compared to HM 

infants. The infants receiving MCF had an FSR that was intermediate between the HM 

and CF infants, suggesting that the supplementation of Ch brought the MCF infants' FSK 

closer to the physiological range seen in breast-fed infants. These results demonstrate 

that adaptive regulatory mechanisms in early infancy enable human infants to respond to 

differences in Ch intakes. Theoretically, these homeostatic mechanisms would prevent 

excess Ch accumulation during high Ch intakes, or conversely, provide for an increase in 

Ch availability during instances of low or negligible intake. Assuming that I-IM is the 

"gold standard" for infant nutrition and values for FSR in HM-fed infants are considered 



to be "normal", then these data would indicate that CF-fed infants have a 53% increase in 

FSR, as compared to HM-fed infants, during the first 4 months of life. This is indicative 

of the need for Ch in early infancy, a period of rapid growth. The results seen in MCF 

infants are in contrast those seen by Bayley et al. (1998), where the infants fed Ch 

supplemented formula had FSRs similar to infants receiving the regular formula at 4 

n~onths. Neithcr were any differences seen in FSR before or after a Ch challenge at 11 

and 12 months of age (Hayley et al. 2002), however, the bioavailability of the Ch in the 

study formula was suspect. In the present study, at 18 months, there were no differences 

in FSR between dietary groups; the HM and MCF infants had an increase in endogenous 

Ch production, while the CF infants had a slight decrease in FSR. Small sample size and 

individual variability in FSR over time precluded the observation of a statistically 

significant difference in percent change across the groups from 4 to 18 months. At 18 

months, it appears that FSR responds to the level of dietary Ch in the infant's diet, as the 

HM infants had a decrease by 4% in average Ch intake per day, the increase in FSR 

would compensate for this. Despite dramatic increases in Ch intake, the absence of 

change in 18 month FSRs in MCF and CF infants suggests a form of up-regulation; its 

permanency is a question that deserves further research. 

Breast-feeding is associated with lower Ch production rates in baboons (Mott et 

al. 1991), and pigs (Jones et al. 1990) in the neonatal period. Increases of hepatic 

hydroxymethylglutaryl CoA (HMG-CoA) reductase activity in formula-fed neonatal pigs 

and rats (Jones ct al. 1990; Reiser et al. 1977), confirm the presence of feedback 

inhibition bctween dietary Ch and endogenous Cli production. Breast-fed baboons as 

infants have higher levels of hepatic acyl CoA Ch acyltransferase (ACAT) activity, 



higher concentrations of hepatic Ch esters than those forn~ula fed, and lower plasma 

lecithin Ch acyltransferase activity (LCAT), as they metabolized exogenous Ch (Mott et 

al. 1993), compared to baboons formula-fed who relied on de novo Ch synthesis as their 

principal source of Ch. Breast-feeding also led to increases of 44 to 99% in LDL 

receptor niRNA compared with formula-feeding, which persisted into adolescence in 

baboons (Mott et al. 1993; Mott et al. 1995; Mahaney et al. 1999), suggesting that long- 

term Ch homeostasis could be affected by the level of dietary Ch in the infant diet. 

However, these effects were not seen in guinea pigs (Li et al. 1980), and in human fetuses 

increases of hepatic LDL-receptor activity were positively associated with gestational age 

and inversely correlated to serum T-Ch and LDL-Ch, (Cai et al. 1991). The current study 

confirms feedback inhibition of Ch synthesis in human infants dependent upon exposure 

to dietary Ch. 

It has been postulated that approximately half the difference in FSR between the 

IIM and formula-fed groups at 4 months can be explained by an expanded Ch central 

pool (Wong et al. 1993). The remainder is most likely due to down-regulation of HMG- 

CoA rcductase and Ch synthesis. The expansion of the central pool may be due to the 

increased absorption of dietary Ch in the breast-fed infants, coupled with a modulation of 

LDL-receptor activity in the liver. The exact mechanisms and the physiological health 

implications deserve further research to determine the effects of early dietary Ch on 

absorption. LDL-reccptor expression and activity, and whether such effects persist. 

However, such studies might be difficult to conduct in an infant population due to the 

extcnsive amount of blood needed and high costs associated with following a cohort 

long-term. To date, the prcsent study has been unique in looking at the effects of early 



Ch on FSR prospectively beyond one year of age. Study of toddlers at 18 months may be 

too early to see an effect, since differences in plasma lipids between those breast-fed or 

formula-fed as infants have not generally been seen until beyond 17 years of age 

(KolaCek et al. 1993; Ravelli 

1995; Leeson et al. 2001). 

The functionality of t 

et al. 2000; Owen et al. 2002; Marmot et al. 1980; Fall et al. 

he higher Ch content in human milk has been the subject of 

debate for several decades, especially since in this regard, infant formula composition has 

stood in stark contrast. The advancement of knowledge in this area has been encumbered 

by the difficulty of separating the metabolic effects of dietary Ch from those of dietary 

fatty acids, since human milk differs from most formulas in this domain as well. 

Individual fatty acids can impact Ch metabolism, affecting concentrations of serum- 

lipoproteins, independent from intake of dietary Ch (Hayes et al. 1992; Van Riervliet et 

al. 1992; Mize et al. 1995; Grundy et al. 1990). As human milk fatty acid profile and 

content is modified by maternal dict (Agostoni et al. 2000, Koletzko et al. 1992, Jensen et 

al. 2000) and varies throughout a feeding pcriod, the fatty acid composition cannot be 

mirrored by formulas. No direct inferences with regard to the effect of fatty acids on Ch 

metabolism can be made in the present study, and a potential confounding effect of fatty 

acid composition caruiot be rulcd out. 

In the present study. as in previous infant studies (Wong et al. 1993; Cruz et al. 

1994; Bayley et al. 1998; Bayley et al. 2002) limited blood sample size did not allow for 

a more comprehensive analysis of Ch metabolism. As FSR was the main outcome 

variable in the present study, fecal Ch excretion was not measured; complete collection of 

stools during infancy would have been difficult due to stool consistency. 



Mcthods for determination of endogenous Ch synthesis based on deuterium 

incorporation (DI) have been well established (Wong et al. 1993; Jones et al. 1993; Jones 

et al. 1994), being advantagcous because it is a direct, short-term, and non-invasive 

method, compared to intake balance methods (Huang et al. 1976; Potter et al. 1976; 

Nestel et al. 1979) or isotopic kinetic decay analyses (Ferezou et al. 1983; Dell et al. 

1985; Schwartz et al. 1993). The efficacy of using erythrocyte Ch deuterium enrichment 

to study human lipid mctabolism has been described previously (Wong ct al. 1993; Cruz 

et al. 1994; Bayley et al. 1998; Bayley et al. 2002; Jones et al. 1994). Measurement of 

Ch synthesis by DI has been validated against sterol balance (Jones et al. 1998), mass 

isotopomer distribution analysis (Di Buono et al. 200'0) and sterol precursors (Jones et al. 

1 992). 

In conclusion, we have examined for the first time endogenous Ch synthesis rates 

in human infants beyond one year of age; determining that while early intake of Ch 

affects FSR and plasma lipids at 4 months, the differences observed do not persist at 18 

months. This indicates that there is no imprinting of Ch biosynthesis at early life cycle 

stages by differing dietary levels of Ch in infancy. 



SUMMARY AND CONCLUSIONS 

The present study is the first to test the imprinting hypothesis of FSR beyond one 

year of age. A prospective, clinical trial was conducted in 47 infants who received, from 

their first week of life until 18 months, diets varying in Ch content for 12 months. FSR, 

plasma lipids and infant weight were measured at 4 and 18 months. Dietary intake of Ch, 

fat and energy was verified by 3-day diet diaries, kept by mothers at 4 months and 18 

months. Decreased cholesterogenesis and increased circulating plasma Ch concentrations 

were found with increasing levels of dietary Ch between HM, MCF and CF infants, at 4 

months of age. Howcver, differences seen as a result of infant feeding were not reflected 

at 18 months. There werc no significant differences in weight between the diet groups at 

any time during the study. 'These results suggest that there is no imprinting of Ch 

biosynthesis or lasting differences in plasma lipids at early life cycle stages due to the 

level of Ch intake prior to weaning. It is possible that the present study of toddlers at 18 

months may have been too early to see an effect, since differences in plasma lipids 

between those breast-fed or formula-fed as infants have not generally been seen until 

beyond 17 years of age (Ravelli et al. 2000; Owen et al. 2002). Further research is 

needed to investigate if differences exist in adult Ch FSR, as a function of infant feeding. 

Other potential points of imprinting that affect Ch kinetics include, i) levels of 

HMG-CoA reductase activity, the key enzyme regulating endogenous Ch synthesis, and 

levels of the enzymes ii) ACAT and iii) LCAT which esterify exogenous dietary Ch and 

endogenous Ch, respectively. Differences have been observed between breast-fed and 

formula-fed baboons in levels of these enzymes (Mott et al. 1993). In addition, further 



study is needed concerning the developmental expression of LDL receptors. A lasting 

increase in LDL receptor mRNA was seen in breast-fed baboons compared to those 

formula-fed (Mott ct al. 1993; Mott et al. 1995), but the effect was not observed in guinea 

pigs (Li et al. 1980), and has yet to be studied in infants. 

Strcngths of the present work include the fact that the trial was prospective from 

birth until 18 months. 'I'he study formula provided was improved over that of previous 

studies; the cholesterol was more thouroughly matrixed into the formula by the 

manufacturer and provided in ready-to-feed cans. The formulas used also had identical 

polyunsaturated to saturated fatty acid ratios, which had not been the case in previous 

studies looking at infant FSR. However, the fatty acid composition of the formula cannot 

be made identical to the fatty acid composition of human milk, which means that no 

direct inferences as far as the effect of fatty acids on cholesterol metabolism can be made 

in the present study. The protein composition and contents of the formulas used also 

differ from human milk, specifically with respect to casein: whey ratios and actual 

concentrations of proteins. More research into the effects of proteins in formulas versus 

those in human milk on lipid metabolism is needed. 

A rather permissive level of dietary control over the second year of life was part 

of the study design. An absence of regulations governing solid food intake allowed for 

more normal variation and a more "real life" test of the imprinting hypothesis, with 3-day 

diet records used to assess the variation. Differences in infant diet related to 

characteristics of mothers who choosc to breast-feed versus those who fonnula-feed 

would also be detected by 3-day diet records, which have been an acceptable and reliable 

method used to estimate variation of dietary intake in infants (Emst et al. 1990; Cruz et 



al. 1994; Bayley et al. 1998; Bayley et al. 2002). However, further work is needed in 

order to truly test Reiser's hypothesis that level of early Ch intake may protect against 

later hypercholesterolemia. The current study design did not incorporate a cholesterol 

challenge; the possibility of following the cohort and incorporating a challenge, while 

controlling for other environmental factors needs to be considered. In conclusion, further 

research, encompassing the above mentioned points, is needed to examine the hypothesis 

of metabolic imprinting as it relates to cholesterol metabolism and cardiovascular disease 

risk. 

In conclusion, the present study has examined for the first time endogenous Ch 

synthesis rates in human infants beyond one year of age; determining that while early 

intake of Ch affects FSR and plasma lipids at 4 months, the differences observed do not 

persist at 18 months. This suggests that there is no imprinting of Ch biosynthesis at early 

life cycle stages by differing dietary levels of Ch in infancy. 



TABLES AND FIGURES 



Table 1. Composition of types of milk and formulas used. 

HM* MCF CF 

Calories (kcal) 680 667 667 

Protein (g) 10.5 15.1 15.1 

Carbohydrates (g) 72.0 74.7 74.7 

Polyunsaturated/ 

saturated ratio 

Cholesterol (mg) 120.0 80.0 40.0 

1,inoleic acid (rng) 3,971 5,695 5,695 

*Composition of human milk (HM) from a literature composite (Cruz et al. 1994; Bayley 

et al. 1998, Bayley et al. 2002). HM varies with stage of lactation and among mothcrs. 

Composition of formulas based on manufacturer's estimates. Values are per litre. 

MCF = Modified Cow-milk formula (Carnation Good Start, 80 mg/L Ch). 

CF = Cow-milk fonnula (Carnation Good Start, 40 mg/L Ch). 



Table 2. Effect of infant diet on body weights. 

Age (months) kI M MCF CF p value 

Values arc mean + SEM, (kg). 

t lM = Human Milk, birth (n=18), 4 month (n=1 8), 18 month (n=15). 

MCF = Modified Cow-milk formula (Carnation Good Start, 80 mg/L Ch), birth (nr16), 4 

month (n=16), 18 month (n=15). 

CF = Cow-milk formula (Carnation Good Start, 40 mg/L Ch), birth (n=18), 4 month 

(n= 1 8), 1 8 month (n= 1 7). 



Table 3. Average dietary cholesterol and caloric intakes. 

Average dietary cholesterol (mg) 

Age (months) HM MCF CF p vulue 

4 124.2k2.2 126.0k5.5 59.6k3.0 11 <O.OOO 1 

18 1 19.1+14.3 182.8k24.0 156.5+16.2 0.0685 

% change* * -4% 45% 163%*t <O.OOO 1 

Average calories (kcal) 

Age (months) HM MCF CF y value 

4 619.4k11. 17 867.4k38.2 894.9k44.4 <0.0001 

18 1076.5k62.0 1245.3k60.9 1 175.0k52.3 0.5474 

% change* * 74%8 tj 44% 31% 0.0045 

Values are mean f SEM. 

*CF vs. HM, p<0.0001 

PCF vs. MCF, p=0.002 

$1-IM vs. MCF, p=0.0420 

gHM vs. CF, p=0.0114 

11 CF vs. HM, CF vs. MCF, p<0.0001 

BHM vs. MCF, HM vs. CF, p<0.0001 

**presented as arithmetic means, calculated using difference between FSR group means, 

divided by 4 mo. FSK group mean, multiplied by 100. 

IHM = Human Milk, 4 month (n=18), 18 month (n=15). 

MCF = Modified Cow-milk formula (Carnation Good Start, 80 mg/L Ch). 4 month 

(n=16), 1 8 month (n=15). 

CF = Cow-milk formula (Carnation Good Start, 40 mg/L Ch), 4 month (n=18), 18 month 

(n=l7). 



Table 4. Effect of infant diet on plasma lipid concentrations. 

Total Ch (T-Ch) 

Age (nionths) HM MCF CF p vulue 

Age (months) HM MCF CF p value 

Age (months) HM MCF CF p value 

Age (months) HM MCF CF p value 

4 3.81kO.lfl11 2.76f0.17 2.96k0.16 <0.0001 

18 3.67k0.20 3.69+0. 18 4.0220.16 0.2293 

Values are mean +SEM, (mmol1L). HM = Human Milk, 4 month (n=18), 18 month 

(n=15). MCF = Modified Cow-milk formula (Carnation Good Start, 80 mgIL Ch), 4 

month (n=16), 18 month (n=15). CF = Cow-milk formula (Carnation Good Start, 40 

mg/L Ch), 4 month (n=18), 18 month (n=17). 

* CF vs. MCF, p=O.OlO4, CF vs. HM. p=0.0004 at 4 months 

t MCF vs. FIM, p=0.0008, MCF vs. CF, p=0.0046 at 4 months 

$ HM vs. MCF, p=0.0027, HM vs. CF, p<0.0001 at 4 months 

$ MCF vs. CF, p=0.0321 at 4 months 

11 HM vs. MCF. p<0.0001, HM vs. CF, p=0.004 at 4 months. 



Table 5. Effect of infant diet on fractional synthesis rate (FSR) of endogenous cholesterol. 

Age (months) HM MCF CF p value 

4 0.034+0.005 t 0.047+0.006 0.052+0.005 0.0479 

18 0.052+0.007 0.053+0.007 0.047+0.006 0.8232 

% change* 53% 13% -10% 0.4790 

Values are mean + SEM, (poolslday). 

HM = Human Milk, 4 month (n=18), 18 month (n=15). 

MCF = Modified Cow-milk formula (Carnation Good Start. 80 mg/L Ch), 4 month 

(n=16), 18 month (n=15). CF = Cow-milk formula (Carnation Good Start, 40 mg1L Ch), 

4 month (n=18), 18 month (n=17). 

"calculated using difference between FSR group means, divided by 4 mo. FSR group 

mean, multiplied by 100. 

-i- I IM vs. CF, p=0.0 17 1 



Period ONE: (effect of cholesterol su~~lementation) 

HM 
n=18 I 

Ql 
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Period TWO: (effect of imprinting) 
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6 MO: MINIMAL TIME 
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Figure 1. Study Design and Protocol. 

IIM = Human Milk, MCF = Modified Cow-milk formula (Carnation Good Start, 80 mg/L 

Ch), CI: = Cow-milk formula (Carnation Good Start, 40 mg/L Ch). Plasma lipids include 

total-cholesterol (Ch), LDL-Ch, HDL-Ch, VLDL-Ch, and triglycerides. 

FSR = fractional synthesis rate of endogenous cholesterol. Diet histories were analyzed 

for average kcal/day and average Ch/day. 
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Figure 3. Effect of infant diet on VLDL-cholesterol and plasma triglycerides. 

@ 4 m o n t h s , e  18 months. 



HM MCF CF 
Dietary Group 

Figure 4. Effect of infant diet on fractional synthesis rate (FSR) of endogenous 

cholesterol. 4 months,@ 18 months. *FSR of HM was lower (p = 0.0171) at 4 

months compared to CF. At 18 months, there were no significant differences between 

groups. The differences in percent change within each group were not statistically 

significant. 

HM = Human Milk, 4 month (n=18), 18 month (n=15). 

MCF = Modified Cow-milk formula (Carnation Good Start, 80 mg/L Ch), 4 month 

(n=16), 18 month (n=15). 

CF = COW-milk formula (Carnation Good Start, 40 mg/L Ch), 4 month (n=18), 18 month 

(n= 1 7). 
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APPENDIX 1 



LABORATORY PROCEDURES 

Determination of plasma lipids. Plasma Ch, triglyceride (TG), HDL-Ch, and LDL-Ch 

levels were determined using enzymatic techniques validated by the National Institutes of 

Health Lipid Research Clinics. In the presence of Mn2+ and heparin, chylomicrons, 

very-low-density lipoprotein-Ch (VLDL-Ch), and LDL-Ch were selectively precipitated, 

leaving only HDL-Ch in solution. The precipitated lipoproteins were sedimented by 

centrifugation, leaving the clear supernate containing HDL-Ch that was then analyzed 

enzymatically. TG was also determined enzymatically. Plasma LDL-Ch concentrations 

were calculated from plasma total-Ch (TC) concentrations using the Friedwald equation 

(Friedwald et al. 1972), used previously with infants, (Kallio et al. 1992; Wong et al. 

1993; Cruz et al. 1994; Mize et al. 1995; Bayley et al. 1998; Bayley et al. 2002). 

Deuterium incorporation metltodology. Methods for determination of endogenous Ch 

synthesis bascd on deuterium incorporations (DI) havc been well established (Jones et al. 

1993; Wong et al. 1993; Jones et al. 1994), being advantageous because it is a direct, 

short-term, and non-invasive method, compared to intake balance methods (Gamble et al. 

1920; Huang et al. 1976; Potter et al. 1976; Nestel et al. 1979) or isotopic kinetic decay 

analyses (Goodman et a1.1980; Ferezou ct al. 1983; Dell et al. 1985; Schwartz et al. 

1993). The efficacy of using erythrocyte Ch deuterium enrichment to study human lipid 

metabolism was first reported by London and Schwartz (London et al. 1953). 

Subsequently, use of deuterium incorporation into newly synthesized erythrocyte 

membrane free Ch, based on the tritiated water uptake methodology developed in animals 



(Dietschy et al. 1984), was further refined and developed for measurement of short-term 

Ch synthesis in humans (Jones et al. 1990; Jones et al. 1993). The interpretation of 

endogenous Ch synthesis rcsults, determined by DI, relies on three principal assumptions 

(Jones et al. 1990; Jones et al. 1993). The first is that a constant fraction of deuterium 

atoms in free Ch synthesized u'c. novo originates from plasma water (Dietschy et al. 

1984). Because water freely and rapidly diffuses across cell membranes, plasma water 

deuterium concentration provides a measure of precursor enrichment, and deuterium 

enrichment of the newly synthesized free Ch molecules (unesterified Ch) corresponds to 

enrichment of the central pool, which is comprised of the liver, plasma and intestine (Dell 

et al 1985; Schwartz et al. 1993). A second assumption is that within the central pool, 

rapid movement of newly synthesized Ch from the liver to plasma lipoproteins and then 

to cell membranes occurs, and therefore the deuterium content of erythrocyte membranes 

reflects newly synthesized Ch (London et al. 1953). The third assumption is that 

deuterium uptake by cell membranes represents synthesis fiom the central pool only, and 

it does not represent influx of newly formed Ch from other pools or synthesis by 

erythrocytes. 

Measurement of Ch synthesis by DI has been validated against both sterol balance 

(Jones et al. 1998), mass isotopomer distribution analysis (Ruono et al. 2000) and sterol 

precursors (Joncs et al. 1992). Using sterol balance methodology, daily whole body Ch 

balance agreed with incorporation of deuterium oxide into newly synthesized Ch over a 

24-h period (Jones et al. 1998). The correlation between the two methods was r = 0.745 

(p<O.OOI). Subjects who received oral deuterium oxide coincident with constant infusion 

of sodium [I-'"] acetate to measure both incorporation of deuterium into Ch and mass 



isotopomer distribution pattern of newly synthesized Ch, also yielded similar 

measurements of FSR. 'The correlation between these two methods was r = 0.84 (p = 

0.0007), (Buono et al. 2000). DI is a sensitivc, direct and relatively short-term 

measurement, using a stable isotope that is safe, with minimal adverse affects, suitable 

for studies involving infants. 

Determination of fractional synthesis rate. Over the two day FSR study period, two 

blood specimens were obtained by the CCIlMC hospital phlebotomist, placed on ice, and 

centrifuged within 30 minutes. On day 1. 8 ml blood was obtaincd to determine baseline 

body water and erythrocyte membrane Ch deuterium enrichment. Infants were then 

orally given 500 m d k g  body weight of deuterium oxide (D20, 99.96% deuterium; Isotec 

Inc., Miamisburg, OH). On day 2, 8 ml blood for deuterium excess enrichment was 

obtained. A11 samples were taken between 09:OO - 12:OO h. For each day, the sample 

was fractionated such that the serum was used for determination of plasma lipid 

concentrations and the red blood cell fraction was used for Ch biosynthesis1FSR 

determination. The red blood cell fraction was frozen at -80°C in Cincinnati and sent to 

McGill University for FSR determination. 

Ch FSR was determined as the incorporation rate of the stable isotope, deuterium 

oxide (DzO 1 ' ~ 2 0 )  from body water into red blood cell membrane Ch. which serves as 

an index of hepatic Ch synthesis rates. The laboratory procedure for FSR begins with 

erythrocyte lipid extraction by organic solvent and drying under nitrogen. Duplicates of 

1.5 ml red blood cells (RBC) samples were used, where there was a lack of RBC, the 

infants plasma was used as well, as free Ch associated with LDL-Ch in the plasma and in 



cell membrancs is in constant equilibriun~ (Brown et al. 1986, Schwartz et al. 1993). A 

total of 8 ml of methanol was added, and samples were heated in a 55" C water bath for 

1 5 minutes. Hexane/chloroform (4: 1 vollvol, 24 ml) was added and the mixture shaken 

for 15 minutes. upon which 2 ml of doubly distilled water was added and shaken again 

for another 15 minutes. This was followed by centrifugation for 15 min. at 1,5OOg. The 

upper hcxane-chloroform layer containing the lipid was removed. The lipid was re- 

extracted using hexane-chloroform, upon which the upper layer was again removed and 

combined with the first; this was repeated for a total of 3 extractions. The solvent was 

then evaporated by drying under nitrogen, leaving the lipid extract. 

The extract was redissolved in a small amount of chloroform and streaked on to 

thin-layer silica chromatography (TLC) plates to isolate the free Ch. Plates were 

developed in petroleum etherlethyl ethcrlacetic acid (1 35: 15: 1.5 vol/vollvol) for 

approxin~ately 1 hour and air dried. Lipid bands were visualized in iodine vapor against a 

Ch standard. The free Ch band appeared as  the first band from the bottom of the TLC 

plate, and was then eluted from the TLC silica scrapings using: i) 8 nil of freshly 

prepared 50% methanolic KOH solution, ii) heating for 2 hrs in a dry bath, and iii) 

extraction with 8 ml of petroleuni ether. The pooled solvent was dried under nitrogen, 

leaving the purified Ch which was quantitatively transferred to Pyrex combustion tubes 

containing CuO (0.6 mg) and a 2 to 2.5 cm piece of silver wire. Tubes were flame-sealcd 

with an oxygcn torch under vacuum, and Ch combusted completely for 4 hours at 520°C 

to produce COz and water. 

Combustion water was cryogenically separated from C 0 2  by vacuum distillation 

into Pyrex tubes containing 60 mg of zinc. These were flamc-sealed under vacuum with 



an oxygen torch, and the water reduced to hydrogen-deuterium gas at 520°C for 30 niin. 

Plasma-water enrichment was measured after dilution of 0 and 24 hour plasma samples 

with Montreal tap water of known isotopic abundance to bring the enrichment into the 

working range of the International Atomic Energy Agency (Vienna) mass spectrometer 

calibration standards. The plasma dilutions were placed under nitrogen into Pyrex tubes 

containing 60 mg of zinc. Tubes were sealed under vacuum, using an oxygen torch, and 

water was reduced in a 520°C oven for 30 min. to produce hydrogen-deuterium gas. 

Deuterium enrichment of the resultant gas was measured by dual inlet isotope 

ratio mass spectrometry (VG Isogas 903D). Values were expressed relative to the 

enrichment of standard mean ocean water (SMOW) in parts per million. Erythrocyte Ch 

deuterium enrichment values at 0 and 24 hours were expressed relative to the 

corresponding mean plasma water sample enrichment at each time point, to yield FSR 

(poolslday) for the free Ch pool. The FSR index represents that fraction of the free 

portion of the rapidly turning over central Ch pool that is synthesized in 24 hours. It is 

expressed as percent per day, and calculated using the formula: 

FSR(pools/day)=24hrs/day x Slope(at % excess/hour) 
0.4783 x Body water  at at % excess) 

The slope is calculated using the enrichment above the baseline versus time. The 

constant 0.4783 is the ratio of hydrogen atoms (n=22) in the Ch molecule derived from 

body water to the total number of hydrogen atoms in the Ch molecule (n=46). 
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APPENDIX 2 - Compiled Results 

4 MONTH DATA 
HUMAN MILK (HM) 

0 Note: 1 1 17, 1 1 19, 1 168 dropped out. not included in 18 mo. statistical analysis, nor in comparisons across time. 



APPENDIX 2 - Compiled Results 

4 MONTH DATA 
STUDY FORMULA- MODIFIED COW FORMULA (MCF) 

Note: 1 132 was a drop out, included in 4 mo., but not included in 18 mo. statistical analysis, nor in comparisons across time. 1 155 had no red bloc 
cells to calculate FSR at 4 mo., but FSR was calculated at 18 mo., and 11 55 was included in 18 mo. statistical analysis. 



APPENDIX 2 - Compiled Results 

4 MONTH DATA 
CONTROL FORMULA -COW FORMULA (CF) 

Note: 1 162 dropped out. not included in 18 mo. statistical analysis, nor in comparisons across time, 1 159 FSR was previously mistakenly reported 
did not match calculation and mass spec enrichment values. 

Normal Ranges: TRIG: 30- 104mgldL CHOL: 170-200mgldL HDL: Not Estab. LDL: <I  1 OmgIdL VLDL: <20mg/dL 



APPENDIX 2 - Compiled Results 

18 MONTH DATA 
HUMAN MILK (HM) 

LDL I VLDL ICHOUHDL Ratio1 DIET AVG CHOL mglDAY 1 CAL AVGlday IwEIGHT/(kg) 



APPENDIX 2 - Compiled Results 

18 MONTH DATA 
STUDY FORMULA -MODIFIED COW FORMULA (MCF) 

Note: 1132 was a drop out, included in 4 mo., but not included in 18 mo. statistical analysis, nor in comparisons across time. 1155 had no red bloo 
cells to calculate FSR at 4 mo., but FSR was calculated at 18 mo., and 11 55 was included in 18 mo. statistical analysis. 



APPENDIX 2 - Compiled Results 

18 MONTH DATA 
CONTROL FORMULA -COW FORMULA (CF) 

Normal Ranges: TRIG: 30- 104mgldL CHOL: 170-200mgldL HDL: Not Estab. LDL: <I  1 OmgIdL VLDL: <2Omg/dL 



APPENDIX 2 - Compiled Results 

Final results for main outcome measures 

* HM vs. CF, p=0.0 17 1 
t- CF vs. MCF, p=O.OlO4, CF vs. HM, p=0.0004 
$ MCF vs. HM. p=0.0008. MCF vs. CF, p=0.0046 
5 HM vs. MCF, p=0.0027. HM vs. CF, p<0.0001 
11 MCF vs. CF. p=0.0321 
7 HM vs. MCF, p<0.000 1, HM vs. CF, p=0.004 

Variables 

FSR 
TG 
TC 
HDL-C 
LDL-C 
VLDL-C 
TC:HDL-C 

4 months 

HM MCF CF P value 

0.034+ 0.005* 0.047k0.006 0.052=0.005 0.0479 
1.9950.2 1.8350.2 1.94k0.2 0.8665 

4.07~0.15 3.85cO. 16 3.28kO. 15i- 0.00 13 
1.09~0.06 1.43*0.07$ 1.15+0.06 0.00 18 

2.08~0.1 15 1.56k0.12 11 1.20k0.1 1 <0.0001 
O.89kO.10 0.85*0.10 0.92kO. 10 0.8359 
3.81*0.165[ 2.76kO. 17 2.96k0.16 <0.0001 

18 months 

HM MCF CF P value 

0.052+0.007 0.053*0.007 0.047+0.006 0.8232 
1.8 1k0.2 I .  1850.2 1.63~0.2 0.0679 

3.58k0.16 3.80+0.15 4.12kO. 16 0.093 1 
0.98k0.04 1.10-0.04 1.06+0.04 0.1496 
1.87kO. 17 2.19k0.14 2.46kO. 15 0.0736 
0.54k0.08 0.54k0.08 0.75+0.07 0.0658 
3,67*0.20 3 .69~0.18 4.02k0.16 0.2293 
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