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Abstract The fractional synthesis rate (FSR) of cholesterol was 
measured in 6 breast-fed and 12 formula-fed infants (ages 4 to 
5 months) using the 2H20 method. The breast-fed infants had 
higher cholesterol intakes (18.2 f 4.0 vs. 3.4 * 1.8 mg/kg per 
day, P = 0.001), plasma total cholesterol (183 * 47 vs. 112 * 22 
mg/dl, P = 0.013), and plasma low density lipoprotein (LDL)- 
cholesterol (83 * 26 vs. 48 * 16 mglday, P = 0.023) than the 
formula-fed infants (6.9 * 2.6 vs. 2.1 * 0.6 %/day, P < 0.001). 
Among all infants, there was a significant inverse relationship 
(P = 0.002, r = 0.66) between the FSR of cholesterol and 
dietary cholesterol intake. I Our findings indicate that the 
greater cholesterol intake of the breast-fed infants was associated 
with elevated plasma LDL-cholesterol concentrations and that 
cholesterol synthesis in human infants may be efficiently regu- 
lated via HMG-CoA reductase when infants are challenged with 
high intakes of dietary cholesterol.-Wong, W. W., D. L. 
Hachey, W. Insull, A. R. Opekun, and P. D. Klein. Effect of 
dietary cholesterol on cholesterol synthesis in breast-fed and 
formula-fed infants. J. Lipid Res. 1993. 34: 1403-1411. 
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Cholesterol is an essential component of cell mem- 
branes and is required for growth, replication, and main- 
tenance (1). It is well documented that infants fed human 
milk have higher plasma cholesterol concentrations than 
formula-fed infants (2-5). This difference is assumed to 
result from the fact that the cholesterol content of human 
milk is greater than that of commercial formulas (150 
mg/l vs. 0-50 mg/l) (3, 5-8). Results of animal studies 
suggest that the early postnatal ingestion of a diet high in 
cholesterol protects against high cholesterol challenges 
later in life (9-12). Among human studies, however, only 
one has shown lower plasma cholesterol levels in adults 
(68 32-year-old women) who were breast-fed rather than 
formula-fed for the first 5 months of infancy (13). Most 
longitudinal studies have revealed no statistically 
significant difference in plasma cholesterol levels in rela- 
tion to early feeding regimens (14, 15). Thus, measure- 
ment of plasma cholesterol alone may not be sufficient to 

identify the effects of early postnatal cholesterol ingestion 
on cholesterol homeostasis later in life. 

In animals, dietary cholesterol suppresses mevalonate 
synthesis and cholesterol synthesis (16-18) by feedback in- 
hibition of 3-hydroxy-3-methylglutaryl coenzyme-A 
(HMG-CoA) reductase activity (19). In adult humans, 
studies using radioactive tracers have described the regu- 
lation of HMG-CoA reductase by dietary cholesterol and 
the effect of dietary cholesterol on in vivo cholesterol syn- 
thesis, but the use of such tracers in healthy infants is un- 
ethical, and consequently, no such data exist for infants. 
The cholesterol synthesis rate can be studied in healthy 
infants, however, by using stable isotope tracers such as 
deuterium oxide (*H,O). The rate of incorporation of 
deuterium from body water into erythrocyte cholesterol 
(20, 21) can be determined because 22 of the 46 hydrogen 
atoms in cholesterol originate from body water (22). In 
addition, the 2H20 method has been used successfully to 
estimate the rapid response of cholesterol synthesis to 
dietary and drug perturbations (21, 23-26). 

The purpose of the present study was to determine 
whether plasma cholesterol levels and cholesterol synthe- 
sis respond to the differences in cholesterol intake between 
breast-fed and formula-fed infants. Thus, we tested the 
hypothesis that cholesterol synthesis in human infants is 
regulated by an inhibition mechanism when infants are 
challenged with high intakes of dietary cholesterol. 

Abbreviations: HMG-CoA, 3-hydroxy-3-methylglutaryl coenzyme A; 
TBW, total body water; FSR, fractional synthesis rate; HDL-C, high 
density lipoprotein-cholesterol; LDL-C, low density lipoprotein- 
cholesterol; apoA, apolipoprotein A-I; apoB, apolipoprotein B-100; 
MCSFA, medium-chain saturated fatty acids; PUFA, polyunsaturated 
fatty acids; LCSFA, long-chain saturated fatty acids; MUFA, monoun- 
saturated fatty acids. 
‘To whom reprint requests should be addressed at: Children’s Nutrition 
Research Center, 1100 Bates Street, Houston, TX 77030. 
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METHODS 

Subjects 
We studied 6 exclusively breast-fed and 12 exclusively 

formula-fed infants who were between 4 and 5 months of 
age. All infants were born after uncomplicated term preg- 
nancies, had no complications during the neonatal period 
and early infancy, and were healthy at the time of study. 
Among the 12 formula-fed infants, 4 were fed SMA 
(Wyeth Laboratories Inc, Philadelphia, PA), 4 were fed 
Enfamil (Mead Johnson & Co, Evansville, IN), and 4 
were fed Similac (Ross Laboratories, Columbus, OH). 
Upon admission to the Metabolic Research Unit at the 
Children’s Nutrition Research Center, physical charac- 
teristics of the infants (body weight, length, and skinfold 
thicknesses at the triceps, biceps, and subscapular area) 
were measured by standard anthropometric techniques 
and total body water (TBW) was measured by the H2l80 
dilution method (27, 28). The study was approved by the 
Institutional Review Board for Human Research at Bay- 
lor College of Medicine. 

Nutrient intakes 
Energy, fat, protein, lactose, and cholesterol intakes 

were determined from actual volumes of milk consumed 
and their nutrient concentrations. Human milk con- 
sumed by breast-fed infants was measured during the 
study by the test-weighing procedure (29). Formula con- 
sumed by the formula-fed infants was measured by weigh- 
ing the bottles before and after each feed. All formula-fed 
infants had consumed the same formula since birth and 
continued to do so during the study. A 24-h milk sample 
was collected from each breast-feeding mother, and a bot- 
tle of each formula lot was saved for nutrient analysis. The 
energy, fat, protein, and lactose contents of human milk 
and formula were measured by standard biochemical ana- 
lyses (30). Total cholesterol was determined after the addi- 
tion of 3&dihydrocholesterol (internal standard), solvent 
extraction, saponification, and purification by chromatog- 
raphy on 1-g silica solid-phase extraction columns. The 
sterols were acetylated with pyridine-acetic anhydride 
20:3 (v/v) and analyzed by capillary gas chromatography 
using a Hewlett-Packard HP-5890 gas chromatograph 
(Hewlett-Packard Corp., Palo Alto, CA) with a 0.32 
mm x 30 m DB capillary column at 250 to 330°C at 
10°C/min. The fatty acid methyl esters were prepared as 
described earlier (31) and were analyzed with a Hewlett- 
Packard HP-5890A gas chromatograph (Hewlett-Packard 
Corp.) using a 0.25 mm x 30 m, 0.20 pm SP-2330 capil- 
lary column at 100 to 26OOC at 5OC/min. 

Plasma lipids 
Plasma samples collected 2-4.5 h postprandially from 

each infant were pooled and plasma total cholesterol, 
triglyceride, high density lipoprotein-cholesterol (HDL- 

C), apolipoprotein A-I (apoA), and apolipoprotein 
B-100 (apoB) were measured by the Atherosclerosis 
Laboratory at The Methodist Hospital (Houston, TX) 
using standard methods (32). The Atherosclerosis 
Laboratory is a CDC certified reference laboratory. Low 
density lipoprotein-cholesterol (LDL-C) was calculated 
from total plasma cholesterol and HDL-C. 

Cholesterol synthesis 

Cholesterol synthesis was estimated by the 2 H 2 0  
method (21) simultaneously with the measurement of to- 
tal body water (TBW). After a baseline blood sample (8 
ml) was collected, each infant received an oral bolus dose 
of 2H20 (500 mg/kg body weight; Isotec Inc., Miamis- 
burg, OH) in addition to the H2180 (60 mg 180/kg body 
weight; Isotec Inc., Miamisburg, OH). To maintain a 
constant level of 2H enrichment in the plasma water dur- 
ing the study, each infant also received two oral doses of 
2H20 (50 mg/kg) daily for the next 2 days. Additional 
8-ml blood samples were collected from each infant at 12, 
36, and 60 h after the administration of the bolus dose of 
2H20. Erythrocytes were harvested from the blood by 
centrifugation. Cholesterol was extracted from the 
erythrocytes, purified by preparative HPLC, and con- 
verted to C 0 2  and H 2 0  by combustion. The H 2 0  
produced from the combustion was reduced to H2 for 2H 
abundance measurement by gas-isotope-ratio mass spec- 
trometry (33). Similarly, plasma water was reduced to H2 
for 2H abundance measurement. 

Kinetic analysis 

A single-pool model was used to compute the fractional 
synthesis rate (FSR) of cholesterol in units of “percent per 
day” from the rise in 2H enrichment of erythrocyte 
cholesterol (kH) and the mean enrichment in plasma 
water (TBWH), assuming 22 of the 46 hydrogen atoms (a 
ratio of 0.4732) in cholesterol came from body water (22) 
as follows: 

100 x 24 x kH 

0.4732 x TBWH 
FSR (%/d) = 

We used a single-pool model based on four time points be- 
cause of the limits on the total quantity of blood and the 
number of blood samples that can be taken from healthy 
infants. Our experience with adult human (25, 26) and 
animal (21) studies, in which blood samples were collected 
frequently, and with compartmental model simulations 
from published models (34) indicated that the single-pool 
model is a good approximation of the FSR of unesterified 
cholesterol in the central, rapidly miscible pool defined by 
compartmental analysis (35). The exchange between 
lipoprotein compartments is much more rapid than the 
sample interval used here would detect. 
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TABLE 1. Characteristics of the study infants 

Formula-Fed 

Variable Breast-Fed All SMA Enfamil Similac 
(n = 6) (n = 12) (n = 4) (n = 4) (. = 4) 

17.7 f 2.0" 19.3 f 1.4 18.8 f 1.3 20.0 f 1.8 19.0 f 1.2 

Weight (kg) 6.4 f 0.8 7.1 f 0.6 6.9 f 0.3 7.2 f 0.9 7.1 f 0.7 
Length (cm) 63.1 f 1.6 64.6 f 2.3 64.5 f 1.2 64.4 f 1.9 65.1 i 3.7 

Skinfold thicknesses 
Biceps (mm) 6.2 i 1.4 7.1 f 1.4 7.5 f 1.3 7.3 f 1.6 6.4 f 1.4 

9.6 i 2.2 
Subscapular (mm) 7.7 f 0.8 9.0 f 1.9 9.1 f 2.5 10.2 f 1.3 7.8 f 1.0 

Total body water (%)' 61.0 f 4.8 62.0 f 5.3 65.5 f 2.9 60.3 f 5.6 60.2 f 6.3 
Body fat ( W Y  23.8 f 6.0 22.5 f 6.7 18.1 f 3.7 24.6 i 6.9 24.7 f 7.9 

Age ( 4  
Sex (MIF) 313 616 212 212 212 

Triceps (mm) 8.3 * 1.9 9.1 f 2.0 7.7 f 1.7 9.9 f 1.9 

"Mean f SD. 
'Percentage relative to body wt. 
'Percentage body fat = 100 - percentage total body waterl0.8, where 0.8 is the hydration constant of lean body 

mass for the 4- to 5-month-old infants (53). 

Statistical analysis 

A two-sample t-test (36) was used to compare the physi- 
cal characteristics, total body water, nutrient intakes, 
plasma lipid profiles, and cholesterol synthesis rates be- 
tween the breast-fed and formula-fed infants. Regression 
analysis (36) was used to identify the effect of dietary in- 
takes of cholesterol, fat, and energy on cholesterol synthe- 
sis, plasma total cholesterol, and plasma LDL-C concen- 
trations. 

RESULTS 

The physical characteristics of the infants are summa- 
rized in Table 1. No significant differences were observed 
in the anthropometric measurements or total body water 
estimates between the breast-fed and formula-fed infants. 

The nutrient composition of the human milk and for- 
mulas are summarized in Table 2. The nutrient composi- 
tion of the human milk consumed by the breast-fed in- 
fants in the study is similar to that reported by other 

TABLE 2. Nutrient composition of human milk and formulas 

Formulas 

Variable Breast-Fed All Significance' SMA Enfamil Similac 
(n = 6) (n = 12) (n = 4) (n = 4) (n = 4) 

Energy (kcallg) 
Protein nitrogen (mglg) 
Lactose (mglg) 
Cholesterol (pglg) 

Fatty acids (%): 
Fat (mglg) 

C8:O 
c1o:o 
c12:o 
C14:O 
C16:O 
C16:l 
C18:O 
C18:l 
C18:2 
C18:3 
c2o:o 
c20:  1 
C20:3 
C20:4 

PIS' 

0.64 f 0.12' 
1.40 f 0.10 

66.41 f 2.23 
142.0 f 32.8 
31.1 f 13.0 

0.04 * 0.09 
1.56 f 0.60 
5.90 f 3.47 
7.32 f 3.28 

20.71 + 1.37 
1.68 f 0.43 
8.48 f 1.78 

35.96 f. 4.30 
16.65 f 2.25 

1.20 i 0.32 
0.05 f 0.09 
0.07 f 0.12 
0.15 + 0.17 
0.24 f 0.27 
0.42 j~ 0.09 

0.67 + 0.02 
1.99 f 0.08 

75.67 f 4.89 
22.5 f 11.1 
34.8 f 0.8 

1.91 i 1.05 
1.66 f 0.79 

14.07 f 5.62 
6.76 i 1.69 

11.86 f 1.32 
0.35 f 0.47 
6.14 f 1.68 

26.50 f 13.50 
27.10 i 10.30 
3.26 f 1.59 
0.22 f 0.20 
0.02 f 0.08 
0.00 f 0.00 
0.00 f 0.00 
0.74 f 0.35 

NS 
<0.001 
<0.001 
<0.001 
NS 

<0.001 
NS 
0.002 
NS 
<0.001 
<0.001 
0.025 
0.044 
0.0054 
0.001 
0.031 
NS 

0.012 

0.67 f 0.01 0.68 f 0.01 
1.96 f 0.01 1.98 i 0.08 

81.56 f 0.51 73.61 f 3.79 
35.6 f 4.1 21.5 f 2.5 
34.3 f 0.9 35.2 f 0.9 

2.72 + 1.03 1.11 f 0.66 
1.04 f 0.51 2.31 f 0.72 
9.05 f 2.83 19.47 + 4.23 
5.26 f 0.73 8.75 + 0.80 

13.40 f 0.17 11.82 f 0.30 
0.98 f 0.00 0.04 f 0.04 
8.16 f 0.72 5.42 f 1.02 

44.56 f 2.71 16.75 f 2.15 
14.69 f 1.17 29.07 f 3.14 

1.44 f 0.17 3.46 i 0.52 
0.25 f 0.16 0.22 + 0.27 
0.07 f 0.15 0.00 f 0.00 
0.00 f 0.00 0.00 f 0.00 
0.00 f 0.00 0.00 f 0.00 
0.43 f 0.08 0.65 f 0.13 

0.66 f 0.03 
2.04 + 0.10 

71.84 f 1.33 
10.4 f 1.8 
34.8 f 0.4 

1.90 + 0.92 
1.63 f 0.66 

13.70 f 4.15 
6.29 f 0.89 

10.35 f 0.19 
0.03 f 0.04 
4.84 f 0.65 

18.26 f 1.63 
37.94 f 3.77 
4.88 f 1.02 
0.19 f 0.22 
0.00 f 0.00 
0.00 f 0.00 
0.00 f 0.00 
1.13 f 0.28 

"NS, not significant at the 0.05 level, breast milk vs. formulas. 
'Mean f SD. 
'PIS = ratio of polyunsaturated fatty acidslsaturated fatty acids. 
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Time (minutes) 
Fig. 1. Gas  chromatograms of sterols in  Similac  (top)  and in human 
milk (bottom). The individual  peaks are (1) cholesterol; (2) 0- 
dihydrocholesterol, internal  standard; (3) desmosterol; (4) campesterol; 
(5) stigmasterol;  and (6)  0-sitosterol. The  other  peaks (7, 8, and 9) prob- 
ably  are  plant sterols. However, identification of these peaks was not  per- 
formed  because  reference  spectra  and  standards were unavailable. 

investigators (37, 38). The energy and  fat contents of the 
human milk and  formulas were similar. Significant differ- 
ences between the  human milk and formulas were ob- 
served, however, in  their  protein, lactose, cholesterol, and 
individual fatty acid contents. Human milk contained less 
protein  and lactose, but  approximately 6-fold more 
cholesterol, than the formulas. In addition, human milk 
contained less C8:0, C12:0,  C18:2, and C18:3, but more 
C16:0, C16:1,  C18:0, and C18:l than  the formulas. Among 
the  three  formulas, SMA had  the highest concentration of 

cholesterol. The ratio of polyunsaturated to saturated 
fatty acids (P/S) in human milk was significantly different 
from the P/S ratio in the  formulas. 

The sterol contents of the  formulas  and  the human milk 
are illustrated by the gas chromatograms in Fig. 1. The 
formulas  contained significant amounts of plant sterols, 
which were not present in the  human milk. 

When  standardized to body weight (Table 3), milk 
volume and lactose intakes did not differ significantly be- 
tween feeding groups. The formula-fed infants consumed 
more energy, fat, and protein  than  the breast-fed infants. 
The breast-fed infants, however, consumed 5-fold more 
cholesterol than  the formula-fed infants.  Among the 
formula-fed  infants, daily cholesterol intakes were the 
highest in the SMA group, intermediate in the Enfamil 
group,  and  the lowest in the Similac group.  When fatty 
acid values were normalized to body weight, no 
significant difference was observed in the  dietary intake of 
total saturated fatty acids between the two feeding groups. 
However, the formula-fed infants consumed more 
medium-chain  saturated fatty acids (MCSFA) and poly- 
unsaturated  fatty acids (PUFA)  but fewer long-chain satu- 
rated  fatty acids (LCSFA) than  the breast-fed infants. 

Regression analyses indicated that significant correla- 
tions existed between plasma total cholesterol concentra- 
tions  in these infants  and  their  dietary intakes of protein 
( P  = 0.038) and individual fatty acids such as C8:O 
( P  = 0.014), C12:O (P = 0.044), C16:l ( P  = 0.024), C18:Z 
( P  = 0.037), C18:3 (P = 0.008), and C20:O (P = 0.051). 
No significant relationship, however, existed between 
plasma total cholesterol concentrations in these fatty 
acids, MCSFA, ICSFA, LCSFA, MUFA, palmitic acid, 
and stearic acid. Most importantly, any significant rela- 

TABLE 3. Milk and  nutrient  intakes of the  breast-fed  and  formula-fed  infants 

Variable 

Formula-Fed 

Breast-Fed All Significance' SMA 
(n = 6) 

Enfamil 
(n = 12) (n = 4) (n = 4) (n = 4) 

Similac 

Milk  (g/kg/day) 
Energy  (kcal/kg/day) 
Fat  (g/kg/day) 
Cholesterol  (mg/kg/day) 
Protein  (g/kg/day) 
Lactose  (g/kg/day) 
Fatty acid' (g/kg/day) 

MCSFA 
ICSFA 
LCSFA 
Total  SFA 
MUFA 
PUFA 

132.2 f 38.6b 
81.8 f 16.1 

3.9 f 0.9 
18.2 5 4.0 

1.2 + 0.4 
8.8 i 2.6 

0.05 f 0.03 
0.44 5 0.31 
0.92 + 0.21 
1.41 * 0.47 
1.19 5 0.30 
0.57 f 0.12 

148.1 f 16.7 
98.7 f 10.2 
5.1 f 0.6 
3.4 f 1.8 
1.8 f 0.2 

11.2 2 1.6 

0.10 f 0.03 
0.64 f 0.18 
0.61 f 0.26 
1.35 f 0.36 
0.93 f 0.66 
1.04 f 0.63 

NS 
0.05 
0.021 
0.0001 
0.0084 
NS 

0,0099 
NS 
0.017 
NS 
NS 
0.026 

157.3 f 18.0 140.3 + 8.8 
105.0 f 11.6 94.7 f 6.2 

5.4 f 0.6 4.9 f 0.3 
5.6 f 0.8 3.0 * 0.4 
1.9 * 0.2 1 .7  f 0.1 

12.8 f 1.5 10.3 f 0.7 

0.07 f 0.01 0.13 f 0.01 
0.47 f 0.11 0.76 f 0.21 
0.76 f 0.31 0.51 f 0.25 
1.30 f 0.41 1.40 f 0.48 
1.62 f 0.69 0.50 f 0.28 
0.58 f 0.26 0.96 ~t 0.50 

146.8 f 20.4 
96.4 f 11.3 

5.1 f 0.7 
1.5 f 0.2 
1.9 f 0.3 

10.5 f 1.3 

0.12 * 0.02 
0.69 It 0.09 
0.56 * 0.21 
1.36 f 0.27 
0.68 * 0.29 
1.59 -t 0.66 

"NS, not significant at  the 0.05 level, breast-fed vs. formula-fed  infants. 
'Mean * SD. 
'MCSFA, medium-chain  saturated fatty acids (C8:0, C1O:O); ICSFA,  intermediate-chain  saturated fatty acids (C12:0, C14:O); LCSFA,  long-chain 

C18:3,  C20:3,  C20:4). 
saturated  fatty  acids (C16:0, C18:O); MUFA,  monounsaturated fatty acids (C16:1,  C18:1,  C20:l); and  PUFA,  polyunsaturated  fatty acids (C18:2, 
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Fig. 2. The ZH enrichments of the plasma water (breast-fed infants, *; 
formula-fed infants, 0) and erythrocyte cholesterol (breast-fed infants, 
0; formula-fed infants: SMA, 0; Similac, 0; Enfamil, A). 

tionship that existed between plasma cholesterol concen- 
trations in these infants and their dietary intakes became 
insignificant when dietary cholesterol intake was included 
as a covariate in the regression analyses. 

The 2H enrichments of the plasma water and erythro- 
cyte cholesterol of the infants following administration of 
the bolus and maintenance doses of 2H20 are illustrated 
in Fig. 2. The plasma water of both feeding groups 
reached an average plateau 2H value of approximately 
0.06 atom 7% excess in 12 h and remained fairly constant 
during the study. By 60 h (Fig. 2, insert), the erythrocyte 
cholesterol of the formula-fed infants reached 2H values 
between 0.004 and 0.006 atom % excess. The erythrocyte 
cholesterol of the breast-fed infants, however, never 
reached 2H values above 0.002 atom 7% excess. 

Table 4 summarizes the FSR of cholesterol and the 
plasma lipid profiles of the infants. The mean FSR of the 
breast-fed infants was %fold less than that of the formula- 
fed infants. Plasma total cholesterol and LDL-C concen- 
trations were higher in breast-fed than in formula-fed in- 
fants. There were no statistically significant differences in 
concentrations of plasma triglyceride, HDL-C, apoA, and 
apoB between the two feeding groups. However, the 
plasma apoB concentrations of the breast-fed infants were 
apparently elevated when compared to those of the 
formula-fed infants. One of the breast-fed infants had 
significantly higher plasma concentrations of cholesterol 
(268 mg/dl), triglyceride (689 mg/dl), HDL-C (113 
mg/dl), LDL-C (117 mg/dl), and apoB (138 mg/dl) than 
the other breast-fed infants. When the data from this in- 
fant were excluded, the mean cholesterol FSR of the 
breast-fed infants remained 3-fold less than that of the 
formula-fed infants (2.0 * 0.6 vs. 6.9 * 2.6 %/day; 
P < 0.001). Although excluding these data reduced the 
variability of the plasma lipid and lipoprotein measure- 
ments among the breast-fed infants, concentrations of 
plasma total cholesterol (167 * 23 vs. 112 * 22 mg/dl; 
P = 0.002) and LDL-C (76 * 23 vs. 48 * 16 mg/dl; 
P = 0.048) remained significantly higher than those of 
the formula-fed infants. 

Among all 18 infants, the FSR of cholesterol correlated 
inversely with cholesterol intake (Fig. 3, P = 0.002; 
7 = 0.66). As shown in Fig. 4, plasma cholesterol 
( P  C 0.001; 7 = 0.77) and LDL-C (P = 0.002; 7 = 0.647) 
were significantly correlated with dietary cholesterol in- 
take. The FSR of cholesterol was also significantly cor- 
related with dietary intakes of energy ( P  = 0.032), pro- 
tein (P = 0.005), fat (P = 0.015), and individual fatty 
acids such as C8:O (P = 0.005) and C16:l (P = 0.047). 
However, when dietary cholesterol intake was included as 
a covariate in the regression analyses, dietary cholesterol 
intake became the sole factor significantly affecting the 
FSR in these infants. 

TABLE 4. Fractional synthesis rates of cholesterol (FSR) and plasma lipid profiles of the breast-fed 
and formula-fed infants 

Formula-Fed 

Variable Breast-Fed 
fn = 61 

FSR (%/day) 
Cholesterol (mg/dl) 
Triglyceride (mgldl) 
HDL-cholesterol (mgldl) 
LDL-cholesterol (mg/dl) 
ApoA (mgldl) 
ADOB (mddl) 

2.1 f 0.66 
183 f 47 
318 f 209 

53 f 32 
83 f 26 
90 f 35 
77 f 36 

All 
(n = 12) 

6 .9  f 2.6 
112 f 22 
112 f 57 
42 f 13 
48 f 16 

110 f 32 
51 f 12 

Significance* 

<0.001 
0.013 
NS 
NS 
0.023 
NS 
NS 

SMA 
(n = 4) 

7.4 * 3.6 
109 f 5 
118 i 83 
36 f 10 
49 i 15 
98 i 25 
54 i 17 

Enfamil 
(n = 4) 

5.5 f 2.0 
134 f 7 
137 f 51 
47 f 1 1  
59 f 7 

137 f 36 
57 f 4 

Similac 
(n = 4) 

7.8 f 2.2 
95 f 25 
81 f 1 1  
43 f 19 
35 f 15 
97 f 20 
42 i 9 

“NS, not significant at the 0.05 level, breast-fed vs. formula-fed. 
6Mean f SD. 

Wong et al. Cholesterol synthesis in breast-fed and formula-fed infants 1407 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


0 5 10 15 20 25 
Cholesterol intake (mgkgld) 

Fig. 3. The inverse relationship between FSR and dietary cholesterol 
intake (breast-fed infants, 0; formula-fed infants: SMA, 0; Similac, 0; 
Enfamil, A). 

DISCUSSION 

Our data (Table 4) support previous observations (2-5) 
that breast-fed infants have higher plasma cholesterol 
levels than formula-fed infants, presumably because the 
cholesterol content of human milk (142 33 mg/l) is 
6-fold greater than that of the standard infant formulas 
based on bovine milk (23 f 11 mg/l). 

In adult studies (39-41), increased intake of dietary 
cholesterol, saturated fatty acids, such as palmitic acid 
(C16:0), and total energy has been shown to raise plasma 
total cholesterol and LDL-C concentrations. However, in- 
creased intake of stearic acid (C18:0), monounsaturated 
fatty acids (MUFA: C16:1, C18:1, C20:1), and PUFA 
(C18:2, C18:3, C20:3, C20:4) have been shown to decrease 
plasma total cholesterol levels in humans. 

As shown in Table 3, our breast-fed infants consumed 
approximately 5-fold more cholesterol than the formula- 
fed infants. As illustrated in Fig. 4, an increase in the 
dietary cholesterol intake of these 4-month-old infants led 
to simultaneous increases in the plasma levels of total 
cholesterol and LDL-C but no significant increases in 
plasma HDL-C and apoB (Table 4). Fomon and Bartels 
(3) have also shown that when infant dietary cholesterol 
intake is manipulated, plasma cholesterol levels are al- 
tered, mainly because LDL-C levels change and HDL-C 
levels do not (3). 

Cholesterol synthesis is especially difficult to measure 
in the human for several reasons. Its synthesis rate is low 
(< 5%/day), it is distributed into several kinetically dis- 
tinct compartments, it has a complex transport system, 
and its synthesis is regulated by feedback inhibition of a 
single rate-limiting enzyme, which has a circadian oscilla- 
tion (1, 12, 22, 34). Although radioactive tracer kinetic 
measurements have been made in adults, similar studies 

have not been undertaken in infants because of radiation 
exposure, frequent blood collections, and the likelihood 
that growing infants might not be in a steady-state over 
the duration of the study. The deuterium oxide method 
for estimating cholesterol synthesis, however, is ethically 
acceptable in infants, because deuterium oxide is non- 
radioactive, and the method requires only four blood 
samples with a total volume of less than 32 ml. The use 
of erythrocyte cholesterol for estimation of cholesterol 
synthesis also enabled us to use the plasma for plasma 
lipid profile measurements. 

Erythrocyte free cholesterol has been shown to be in 
rapid exchange and to reach isotopic equilibrium with 
plasma free cholesterol within 24 h (42-44). Our first 
blood collection did not begin until 12 h after the adminis- 
tration of the bolus dose of 2H20. Subsequent blood sam- 
ples were collected at 36 and 60 h postdose. Therefore 2H 
abundances of the erythrocyte free cholesterol and the 
FSR of cholesterol calculated from them would have to 
reflect the 2H abundances and the FSR of cholesterol in 
the plasma free cholesterol. The paucity of samples, 
however, did limit the options available for a compart- 
mental analysis of the data. 

Our kinetics results reported here are based on the ini- 
tial rate of incorporation of 2H from body water into 
cholesterol. Our kinetic simulations using rate constants 
published by Goodman et al. (35) for adults suggested 
that their computations provide a close approximation to 
the true kinetic rate constant, if the 2H enrichment is be- 
low 10% of the maximum attainable level. Because 
4-month-old infants grow very slowly ( - 0.4%/day), they 
are in a de facto steady-state during the 3-day study. 

In animals, dietary cholesterol inhibits cholesterol syn- 
thesis, as measured by both the 2 H 2 0  and [l*C]acetate 
methods (16-18). In rats, dietary cholesterol has been 
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Fig. 4. 
LDL-C ( A )  with dietary cholesterol intake. 
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shown to diminish HMG-CoA reductase activity in the 
liver (19). In addition, hepatic HMG-CoA reductase ac- 
tivity in 5-day-old, formula-fed pigs is greater than that of 
naturally fed pigs (45). Using the 2H20 method, we have 
demonstrated that lovastatin almost completely inhibits 
cholesterol synthesis in hypercholesterolemic adults fol- 
lowing acute administration of the drug (25). The inhibi- 
tion of cholesterol synthesis is obvious within 15 h of 
lovastatin therapy and precedes significant changes in 
plasma lipid levels. We also have demonstrated a 17-fold 
decrease in the FSR of cholesterol in obese pigs fed a diet 
containing 0.5% cholesterol versus pigs fed a diet contain- 
ing no cholesterol (21). 

The cholesterol synthesis measurements in this study 
may not reflect the true cholesterol synthesis rate for 
many reasons. However, the data probably portray with 
good fidelity the relative degree of synthesis in breast-fed 
and formula-fed infants. Implicit in this approach is the 
assumption that the mechanisms for deuterium incorpo- 
ration from NADPH and body water into cholesterol are 
identical and that acetyl-coA is not labeled during bi- 
osynthesis. These assumptions are reasonable for inter- 
group comparisons in subjects that were closely matched 
for age and nutrient intakes. Moreover, these assumptions 
were implicit in many earlier studies that have used this 
approach even though they are difficult to verify ex- 
perimentally. In addition, the decreased cholesterol frac- 
tional synthesis rates seen in the breast-fed infants are 
likely to contribute to the apparent decrease in FSR. 
However, the relative contributions of each cannot be de- 
termined without measurements of absorption and pool 
size. Data from such studies would need to be analyzed 
with a comprehensive, steady-state compartmental model 
that described independent entry of cholesterol from diet 
and synthesis, and also the losses by catabolism to bile 
acids and cholesterol distribution to peripheral tissues. 
We have developed such a model for studies in adult sub- 
jects in whom multiple tracers are permitted and from 
whom frequent blood samples of sufficient volume can be 
collected to permit reliable analytical measurements. 
Such a complex protocol, however would be too invasive 
for studies in infants. 

Although the absolute magnitude of the central pool is 
unknown in these infants, a 1.6-fold expansion in the 
plasma (and hepatic ?) cholesterol components of the cen- 
tral pool is insufficient to completely explain the 3.3-fold 
decrease in FSR. Only about one-half of the difference in 
FSR between the two feeding groups can be explained by 
an expanded central pool. The remainder is most likely 
due to down-regulation of HMG-CoA reductase and 
cholesterol synthesis. The expansion of the central pool is 
probably due to the increased absorption of dietary 
cholesterol in the breast-fed infants coupled with a down- 
regulation of LDL-receptor activity in the liver (46, 47). 
In this scenario, dietary cholesterol is absorbed by the in- 

testine and enters the hepatocytes where it fulfills the 
metabolic needs of the cells. Consequently, the hepato- 
cytes down-regulate both synthesis and receptor-mediated 
clearance of LDL-C via mechanisms that are poorly un- 
derstood. Since intestinal absorption is not actively con- 
trolled by a feed-back inhibition system, the continual ab- 
sorption of dietary cholesterol supplied at each nursing 
overwhelms the hepatic control systems and results in 
elevated plasma cholesterol. 

Animal studies have shown the beneficial effect of feed- 
ing cholesterol in early postnatal life on cholesterol 
homeostasis in later life (9, 10). Studies of plasma 
cholesterol levels in children, however, have failed to docu- 
ment a protective effect of breast feeding as the children 
mature (13, 14). After infants have been weaned, their 
plasma cholesterol levels are indistinguishable, whether 
formerly breast-fed or formula-fed (4, 6, 7). Studies in 
juvenile and adult baboons that were breast-fed as infants 
show that the animals had lower cholesterol synthesis 
rates than the baboons that were formula-fed (11, 12). Us- 
ing the 2H20 incorporation method, we found that the 
greater cholesterol intake of breast-fed infants resulted in 
a 3-fold suppression of cholesterol synthesis with con- 
comitant increases in plasma total cholesterol and LDL-C 
concentrations (see Figs. 3 and 4, Tables 2 and 3). 

Plant sterols are assumed to be hypocholesterolemic be- 
cause they inhibit dietary cholesterol absorption (48). Fat 
in SMA, Enfamil, and Similac came predominately 
(15-45%) from soy. As shown in Fig. 1, the formulas con- 
sumed by our infants contained a significant amount of 
plant sterols, which were not present in the human milk. 
These plant sterols might have interfered with the intesti- 
nal cholesterol absorption in formula-fed infants, further 
minimizing the rise in the plasma cholesterol levels and 
stimulating the FSR of cholesterol. 

The breast-fed infants consumed approximately 18 mg 
cholesterol/kg body weight per day, an amount almost 
5-fold higher than the recommended cholesterol intake for 
an adult (4 mg/kg per day). If we assume an average 
growth rate of 20 g/day for a 4-month-old infant (49) and 
an average tissue cholesterol content of 1.8-3.2 mg/g of 
wet tissue (50), the cholesterol requirement for growth is 
between 36 and 64 mg/day, excluding brain, nervous tis- 
sues, and skin. Therefore, the cholesterol intake of the 
breast-fed infants exceeds the amount required for 
growth. The fate of the remainder of the dietary 
cholesterol in breast-fed infants is unknown, but some of 
it may be converted to bile acids. One report, in fact, has 
demonstrated an increased production of bile acids in low 
birth weight infants who were fed human milk (51). 

In summary, our results indicated that dietary 
cholesterol is the predominating factor that affects plasma 
total cholesterol concentrations and cholesterol synthesis 
in infants. These observations are further supported by 
data in a separate study indicating that addition of 
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cholesterol to a soy formula led to increase in plasma total 
cholesterol concentrations with reciprocal down-regulation 
of cholesterol synthesis in six soy formula-fed infants (52). 
It is therefore possible that cholesterol synthesis might be 
down-regulated in children and adults who were breast- 
fed during infancy. However, a better understanding of 
the long-term effect of early postnatal ingestion of a large 
quantity of cholesterol will require a variety of experimen- 
tal determinations on cholesterol absorption, synthesis, 
and excretion. I 
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