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ABSTRACT. The unconjugated and conjugated bile acid
levels in sera of 98 normal children and nine normal adults
were measured by high performance liquid chromatogra-
phy. The results showed that the mean total bile acid level
was high, 11.0 = 8.7 umol/liter (1 SD) during the neonatal
period (0—4 wk) and then gradually decreased with age.
The ratio of the concentration of conjugated bile acids to
total bile acids in serum was as high as 90% or more in
infants under 1 yr of age and slowly decreased with age.
The mean ratio of cholic acid to chenodeoxycholic acid was
high (1.7 % 1.1) during the neonatal period but decreased
after 3 months to the adult level (0.4 % 0.2). The mean
ratio of glycine conjugated bile acids to taurine conjugated
bile acids was 3.0 * 3.1 during the neonatal period and the
ratio during the 1st month of life was significantly lower
than that after that period with little further change at any
age. The mean ratio of the concentration of secondary bile
acids to primary bile acids showed significantly lower
values in infants less than 1 yr of age. The main bile acid
was glycocholic acid in the neonatal period but after 1-3
months glycochenodeoxycholic acid predominated. With
age, the serum bile acid pattern which was characteristic
in infancy gradually approached that of adults. (Pediatr
Res 19: 302-307, 1985)
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Bile acids are synthesized from cholesterol in the liver, conju-
gated with glycine or taurine before secretion into bile, and
circulate in the enterohepatic circulation (10). Major bile acids
include the unconjugated, glycine conjugated and taurine con-
jugated CA, CDCA, DCA, LCA, and UDCA (23). Bile acids leak
into the peripheral circulation normally in small amounts (22),
which qualitatively and quantitatively change in different hepa-
tobiliary diseases (15).

It has been reported that there is considerable difference in the
bile acid metabolism between the fetal and neonatal period and
after infancy. In the fetal and neonatal period, 38-hydroxy-5-
cholenoic acid and LCA are synthesized as primary bile acids in
addition to CA and CDCA (3, 16). The taurine conjugated bile
acids are more predominant than glycine conjugated bile acids
(5,7, 19), and the ratio is later reversed. However, there has been
only one report from animals (6) as to whether or not the
conjugating activity of bile acids is satisfactory in the neonatal
period in which the liver has not developed fully.

For the measurement of bile acids, gas-liquid chromatography
has been widely used as a sensitive and reliable method. For
routine analysis this method has some shortcomings, e.g. the
complex procedure requires a large amount of blood. In recent
years, radioimmunoassay has been used for serum bile acids
determination (1, 4, 9) and has provided information on bile
acid conjugates. HPLC using a column with immobilized 3a-
hydroxysteroid dehydrogenase is suitable for analyzing small
amounts of serum for unconjugated and conjugated bile acids
separately (20, 21) and was, therefore, used to investigate the
conjugation pattern of bile acids by age in normal infants and
children.

MATERIALS AND METHODS

Subjects. Ninety-eight infants and children without symptoms
or signs of hepatobiliary or gastrointestinal diseases, aged 04
wk, 1-3 months, 4-11 months, 1-3 yr, 4-6 yr, 7-9 yr, and 10~
15 yr were investigated. All infants were mainly bottle-fed. In
addition, analyses were performed in nine healthy adults.

Serum samples of 0.5 ml were collected by venipuncture after
an overnight fast except for infants younger than 3 months, who
were investigated 4 h after the latest meal.

Extraction of bile acids from serum. The sample was treated
as shown in Figure 1. Ethanol (2.5 ml) was added to 0.5 ml of
serum and this mixture was stirred for 1 min in a water bath
(85° C), followed by centrifugation (3500 rpm for 5 min). This
procedure was repeated three times, and the combined superna-
tants were concentrated to dryness under reduced pressure. These
extracts were dissolved in 100 ul of methanol, and 10 ul of this
solution was used for analysis with an HPLC system [model BA-
110C, Japan Spectroscopic Co., Ltd. (Jasco)], including a com-
mercial column for separating bile acids (Jasco Bilepak) and a
column packed with immobilized 3a-hydroxysteroid dehydro-
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i Chromatograph : TWINCLE (Jasco)
Solvent programmer : GP-A30 (Jasco)
Detector : FP-110C (Jasco)

Ex:365 nm, Em:470 nm

¢ SP-024-1 (Jasco)

¢ Jasco Bilepak

: 25°C

¢ Acetonitrile/Phosphate buffer
(1a) Solvent A---40/60
(1b) Solvent B---20/80

A/B(0/100)=#-A/B(55/45)
-~-Linear 64 min,

: 1.0 ml/min

Jasco Enzymepak-HSD
: 25°C

¢ NAD Solution

:0.5 ml/min

Fig. 1. Diagram of the system and chromatographic conditions of HPLC.
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Fig. 2. HPLC analysis of the standard solution of individual bile acids.
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genase, (Jasco) with a mobile phase of acetonitrile and phosphate
buffer (Fig. 1).

The column preparation of enzyme column was as follows: A
suspension of aminopropyl-CPG (300 mg) and 3 ml of 2.5%
glutaraldehyde in H,O was degassed for 30 min at room temper-
ature, then allowed to stand for 60 min at 1 atm. The residual
CPG glass, washed with distilled water, was added to 10 mM
KH,PO;, solution (1.5 ml, pH 7.80) of 3a-hydroxysteroid dehy-
drogenase (15 mg). The pH of the solution was adjusted to pH
7.80 with aqueous NaOH solution because this enzyme is stable

:40.

w 0

in basic media. This suspension was degassed again for 30 min
in an ice bath and then kept for 30 min at 1 atm. Chemically
bonded CPG was well washed with distilled water and packed in
a column (4.6mm ID X 3.5 cm) using 10 mM KH,PO, buffer
IpH 7.80) containing 1| mM EDTA and 0.05% 2-mercaptoetha-
nol (v/v).

Figure 2 shows a chromatogram of standard mixture of bile
acids including unconjugated, glycine and taurine conjugated
forms of five bile acids (UDCA, CA, CDCA, DCA and LCA),
about 50 wmol/liter of each. The variability in peak heights
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represents differences in detector responce. The greatest relative
deviations for the peak height and the retention time are 3.8%
(for TCA) and 0.53% (for TCA), respectively. The recovery of
each bile acid was more than 88% (20, 21).

Statistical analyses were performed with Student’s ¢ test and
Mann-Whitney’s U test.

RESULTS

The mean values of total bile acid concentrations, unconju-
gated bile acids, and percentage conjugated, as well as different
ratios, are given in Table 1.

NIDIMA

Total bile acid levels. The average total bile acid level was the
highest, 11.0 £+ 8.7 umol/liter, during the neonatal period (0-4
wk) and gradually decreased with age, becoming 2.8 = 1.3 pmol/
liter in adults. The adult level was significantly lower than values
during infancy and children less than 3 yr of age (p < 0.05 and
< 0.01 for subjects in groups less than 3 yr). There were no
significant differences between children more than 4 yr of age
and adults, but levels showed a tendency to decrease with age.

Unconjugated bile acid levels. The mean concentration of
unconjugated bile acids was significantly higher, 1.2 pmol/liter
in adults compared to newborns (p < 0.05). There were no
significant differences between the different age groups except

Table 1. The mean (+ SD) concentration of total and free bile acids (BA), the percentage conjugated bile acids and the CA/CDCA,
G/T, S/P, and T/D ratios in serum of infants and children

Total BA Free BA Conjugation Total
Age (umol/liter) (umol/liter) rate (%) CA/CDCA G/T S/P T/D
0-4 wk (n=14) 10.96 = 8.67 0.58+0.26  92.50+ 5.88 1.69+1.14 3.02+£3.13 0.15+0.10 1.20+0.75
1-3mo (n=12) 994 +6.00 0.65+0.39 9092+ 8.04 096 +0.72 597+560 0.08+0.10 0.81x0.54
4-11mo(n=11) 6.88+£294 0.34+021 95.18%+2.44 052+039 496+306 0.15+0.26 0.47%0.37
1-3yr(n=14) 565+3.07 0.51+031 87.43x10.57 051+034 529395 029%0.16 0.380.28
4-6yr(n=12) 368 +1.57 0.53+0.36 83.67x9.79 050+040 857+6.38 0.36+0.18 0.32+024
7-9yr(n=13) 360+ 174 059+063 8315x11.23 049+046 563+200 041037 036=0.38
10-15 yr (n = 22) 3474161 081+080 7559%17.21 048+044 510+270 035020 031025
Adult (16 yr+) (n =9) 276 +130 122+094 5800x1635 040+020 691550 060048 023x0.13

Table 2. The levels of free and conjugated individual bile acids in infants and children (mean umol/liter + SD)

0-4 wk -3 mo 4-11 mo 1-3yr 4-6 yr 7-9 yr 10-15 yr Adult (16 yr+)
(n=14) (n=12) (n=11) (n=14) (n=12) (n=13) (n=22) (n=9)
CA 008+0.12 021+024 008+0.13 0.14+0.19 0.08+0.09 020+0.60 0.12:x0.24 0.19 £ 0.28
0.7%) 2.1%) (1.2%) 2.5%) 2.2%) (5.6%) (3.5%) (6.9%)
GCA 418 +£4.87 293+275 1.34+084 094+0.82 046+052 045+£048 041x0.25 0.14 £ 0.11
(38.1%) (29.5%) (19.5%) (16.6%) (12.5%) (12.5%) (11.8%) (5.1%)
TCA 1.83+209 086 +091 054+046 036+0.38 026+039 0.17x0.16 0.183+0.16 0.17 £ 0.31
(16.7%) (8.7%) (7.8%) (6.4%) (7.1%) (4.7%) (5.2%) (6.2%)
Total CA 6.09+598 400+3.27 196+099 145x120 0.80+064 083+089 0.70x0.44 0.50 +£0.37
CDCA 0.11+008 0.17+0.14 0.16+0.12 0.19+0.14 023+024 020x0.11 0.39+045 0.56 = 0.53
(1.0%) (1.7%) 2.3%) (3.4%) (6.3%) (5.6%) (11.2%) (20.3%)
GCDCA 214+196 393+3.81 345%163 230+1.24 1.57+1.03 1.60+095 129+0.93 0.65 + 0.27
(19.5%) (39.5%) (50.1%) (40.7%) (42.7%) (44.4%) (37.2%) (23.6%)
TCDCA 140+ 1.13 124+1.14 078+046 048x028 022009 0.24+0.16 020x0.10 0.09 + 0.07
(12.8%) (12.5%) (11.3%) (8.5%) (6.0%) (6.7%) (5.8%) (3.3%)
Total CDCA 3.66+2.64 535+463 439+197 297x147 202%1.13 204x111 1.89+100 1.30 £ 0.68
DCA 0.08+0.08 001+0.02 0.12+004 005+007 0.05+009 0.10+0.08 0.18+0.14 0.33+0.23
(0.7%) 0.1%) (1.7%) (0.9%) (1.4%) (2.8%) (5.2%) (12.0%)
GDCA 0.08+0.07 0.02+005 006+0.17 0.14+022 0.16+024 0.18+0.13 0.25+0.34 0.17 £0.12
0.7%) 0.2%) (0.9%) (2.5%) 4.3%) (5.0%) (7.2%) (6.2%)
TDCA 0.17+020 002+006 0.09+023 0.08%£0.19 0.09+0.09 005+007 0.10=*0.06 0.05 = 0.07
(1.6%) 0.2%) (1.3%) (1.4%) (2.4%) (1.4%) (2.9%) (1.8%)
Total DCA 033+022 0.04%0.09 0.17+043 027+0.36 030+033 033+023 0.52+048 0.56 +0.34
LCA 003+004 003007 0.01+001 001+0.01 0.01x002 001%£0.03 0.01£0.02 0.01 £0.02
(0.3%) 0.3%) (0.1%) (0.2%) (0.3%) 0.3%) (0.3%) (0.4%)
GLCA 021 +027 0.01+002 0.01+£003 001+0.02 0.02+005 001x+0.02 0.02%0.05 0.01 £0.02
(1.9%) (1.0%) 0.1%) 0.2%) (0.5%) 0.3%) (0.6%) (0.4%)
TLCA 0.02 £0.03 0.05+£0.15
(0.2%) ND* ND 0.9%) ND ND ND ND
Total LCA 0.07 008 003+0.07 0.02+004 006=+0.15 0.03+£0.06 002+0.04 0.03x0.07 0.01 +£0.03
UDCA 028+030 0.18+0.17 0.08+0.08 0.13+0.09 0.16+0.10 0.08x0.10 0.11+0.12 0.13+0.09
(2.6%) (1.8%) (1.2%) (2.3%) 4.3%) 2.2%) (3.2%) 4.7%)
GUDCA 044 +046 034+041 025+029 074095 036+0.17 030030 0.21+0.16 0.23 +£0.19
(4.0%) (3.4%) (3.6%) (13.1%) (9.8%) 8.3%) (6.1%) (8.3%)
TUDCA 0.09+028 001+002 001003 0.03+0.05 001+003 001003 0.02%0.04 0.03 £ 0.05
(0.8%) 0.1%) 0.1%) (0.5%) 0.3%) (0.3%) (0.6%) (1.1%)
Total UDCA 081 £078 0.52+0.56 034+036 091101 0.55+024 039+041 0.33%+0.23 0.39 +0.24

* Not done.
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Fig. 3. Primary bile acid levels in sera of normal children at different

ages.

neonatal period and 4-11 months ( p < 0.05). The ratio of levels
of conjugated bile acids to total bile acids in serum was more
than 90% during the 1st yr of life. The adult level of 58.0 +
16.4% was significantly lower than values during infancy and
childhood in all age groups (» < 0.001 up to 9 yr; p < 0.05 10~
15 yr).

G/T ratio. The average ratio of G/T showed the lowest value
of 3.0 during the neonatal period. Due to the great individual
variation in each age group that value was not significantly
different from that in older infants or aduits (Table 1).

T/D ratio. The average T/D ratio showed the highest value of
1.2 during the neonatal period. After 4 months of age there were
no significant differences from the value in adults (Table 1).
These results were almost parallel to changes in the ratio of CA/
CDCA, which was the highest, 1.7 during the neonatal period (p
< 0.01 compared to adults or infants more than 4 months of
age), and then rapidly decreased to values which after 1 month
of age were not significantly different from those in the adults
(Table 1).

S/P ratio. The average ratio of S/P showed significantly lower
values in infants less than 1 yr of age (p < 0.01 less than 3
months; p < 0.05 less than 11 months). There was no significant
difference between children more than 1 yr of age and adults
(Table 1).

Individual bile acid levels. The changes with age in 15 kinds
of bile acids and their conjugates are shown in Table 2 and
Figure 3. For the comparison chromatograms are shown for a 1-
month-old boy (Fig. 4) and a 13-yr-old girl (Fig. 5).

The average total CA level showed the highest value of 6.1
wmol/liter during the neonatal period and gradually decreased
to the lowest value of 0.5 umol/liter in adults. The adult level
was significantly lower than values for infants less than 1 yr of
age (p < 0.02). The concentration of unconjugated CA was not
significantly different among the different age groups. In the
neonatal period the main bile acid was GCA, the mean value
being 4.2 pmol/liter. After 1-3 months of age GCDCA predom-
inated.

The average total CDCA level showed the lowest value of 1.3
wmol/liter in adults. This level was significantly lower than values
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Fig. 4. The chromatogram for serum bile a.cids in a 1-month-old normal child.
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Fig. 5. The chromatogram for serum bile acids in a 13-yr-old normal child.

for infants less than 3 yr of age (p < 0.02). There were no
significant differences among the different age groups in levels
of unconjugated CDCA. Taurine conjugated CDCA decreased
significantly with age.

The average total DCA level was not significantly different
among the different age groups, but the concentration of uncon-
jugated DCA was significantly higher in the adult than in children
less than 9 yr of age (p < 0.01). The levels of UDCA and LCA
did not change significantly during infancy and childhood.

DISCUSSION

Arisaka (1) used radioimmunoassay to measure serum GCA
levels in infants and children, reporting that the normal value of
GCA was higher at a younger age and that the GCA level in the
neonatal period was five to six times that in children more than
2 yr of age. It has also been reported by others that CA and
CDCA levels in serum were high in the neonatal period compared
to those in other age groups (4, 9). Our findings confirm these
results, which may be due to prematurity of liver function or to
the effect of asphyxia at birth during this period of life (1, 4, 9,
24). The conjugation of bile acids in the liver was presumed to
be low in the neonatal period when we started this study. By
using HPLC, we could establish that the percentage of serum
conjugated bile acids was as high as 90 or more in the neonatal
period in which the total bile acid levels are high. Subsequently,
the percentage of conjugated bile acids showed a tendency to
decrease with age. Thus the conjugation of bile acids, as reflected
in serum levels, shows a good capacity for conjugating bile acids
with the amino acids glycine and taurine in the liver at a time
when total bile acids are increased. This is probably one protec-
tive factor against the toxicity of bile acids which has been
demonstrated in animal experiments (2, 11-14, 18). The tend-
ency of unconjugated bile acid levels in serum to increase with
age is probably due to increasing deconjugation by intestinal
bacterial flora (17).

Encranz and Sjovall (7) compared conjugated bile acids in
duodenal juice of neonates to adults by thin layer chromatogra-

phy and showed that taurine conjugated bile acids predominated
in neonates. Nittono et al. (19) determined bile acids in gallblad-
der contents of premature babies and neonates by HPLC and
reported that TCA and TCDCA accounted for more than 70%
of the total. The explanation for this is unclear but correlated
with the high taurine levels in liver and sera of neonates com-
pared to their mothers’ (5).

According to the present data, the G/T ratio was less than one
in some cases and the average was low (3.0 & 3.1) in the neonatal
period, but rose rapidly to adult levels (6.0 5.6) 1-3 months
after birth. This is in agreement with the report that the G/T
ratio of bile acids in the gallbladder bile reaches the adult level
2-7 months afte birth (5). Biliary conjugates of bile acids showed
a large excess of taurine/glycine in neonatal life (5, 19), but the
serum levels of glycine conjugated bile acids predominated over
taurine conjugated bile acids. This may be due to selectivity of
intestinal absorption or hepatic uptake of bile acids. Further-
more, in this study, the infants were mainly bottle-fed, which
might explain why the G/T ratio was not still lower.

The S/P ratio showed low levels for about 1 yr after birth and
increased thereafter, probably due to increasing intestinal bacte-
ria performing 7a-dehydroxylation (8). Although in previous
literature, studies of UDCA in children is scanty, it is notable
that UDCA was detected in sera of normal children and showed
no developmental changes.

HPLC employed in this study has made it possible to measure
very small amounts of glycine and taurine conjugated bile acids
in serum, determination of which has hitherto been difficult.
However, it failed to demonstrate sulfate conjugated bile acids
and 3B-hydroxy-5-cholenoic acid found in serum of normal
individuals in small amounts. The 3a-sulfate esters prevented
the determination of sulfate conjugated bile acids, but it is
possible to determine them with a solvolysis procedure. The 38-
hydroxy-5-cholenoic acid can be determined if we use a column
packed with immobilized 38-hydroxysteroid dehydrogenase in-
stead of a column packed with immobilized 3a-hydroxysteroid
dehydrogenase.

Changes noted during development include a change of the
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primary bile acid from GCA to GCDCA, a decrease in the
amounts of taurine conjugated bile acids and a tendency toward
increasing amounts of unconjugated bile acids and secondary
bile acids.
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Exclusively Breast-Fed Healthy Infants Grow
Slower than Reference Infants

LEENA SALMENPERA, JAAKKO PERHEENTUPA, AND MARTTI A. SIIMES
Children’s Hospital, University of Helsinki, Helsinki, Finland

ABSTRACT. We have studied the nutritional adequacy of
exclusive breast-feeding by following prospectively the
growth and protein nutrition of healthy infants during the
1st yr of life. The number of exclusively breast-fed infants
was 116 at the age of 6 months and 36 at 9 months. These
infants had slower length velocity after age 3 months than
a comparison group of 32 infants who were weaned early
and given formula plus solids. As a group, the exclusively
breast-fed infants lagged slightly, but progressively, behind
in relative length. By 9 months, 45% of them versus 18%
of the comparison group showed a > 1 SD decrease in
relative length. No such decrease was found in relative
weight. Skinfolds and weight for length? index showed that
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they were heavier for their length than the comparison
infants. At 6 and 9 months the calculated protein intake
(0.9 g/kg/day) was much less than the recommended
amount (2.0 g/kg/day). Serum prealbumin concentration
was lower than in the comparison group but this was noted
as early as 4 months. No relation was found between the
parameters of growth and protein nutrition either individ-
ually or in general. Whether the slower growth of the
exclusively breast-fed infants represents appropriate phys-
iological growth or whether it indicates nutritional defi-
ciency is not known but we did not find any evidence of
protein deficiency. Six infants did, however, show subse-
quent catch-up growth which could indicate previous mal-
nutrition. (Pediatr Res 19: 307-312, 1985)

Abbreviation

SDS, standard deviation score, relative length/weight
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