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Abstract Ketonic bile acids have been found to be quantita-
tively important in urine of healthy infants during the neonatal
period. In order to determine their structures, the bile acids in
urine from 11 healthy infants were analyzed by gas-liquid chro-
matography-mass spectrometry (GLC-MS) and three samples
with particularly high levels of ketonic bile acids were selected for
detailed studies by ion exchange chromatography, fast atom bom-
bardment mass spectrometry, microchemical reactions, and
GLC-MS. The major ketonic bile acid was identified as
7a,12a-dihydroxy-3-oxo-58-chol-1-enoic acid, not previously de-
scribed as a naturally occurring bile acid. The positional isomer
7a,12a-dihydroxy-3-oxo-4-cholenoic acid, recently described as
a major urinary bile acid in infants with severe liver diseases,
was also excreted by most infants. Three acids related to cholic
acid were identified: 7a,12a-dihydroxy-3-oxo-, 3,12a-dihydroxy-
7-oxo0-, and 3a,7a-dihydroxy-12-oxo-58-cholanoic acids. Five
bile acids having one oxo and three hydroxy groups were also
present. Based on mass spectra and biological considerations
two of these were tentatively given the structures 18,7a,12c-
trihydroxy-3-oxo-~ and 18,3a,12a-trihydroxy-7-oxo-58-cholanoic
acids. Some of the others had a hydroxy group at C-4 or C-2.
The levels of ketonic bile acids were higher on the third than on
the first day of life, and lower after 1 month. B The formation
and excretion expecially of 3-oxo bile acids is proposed to result
from changes of the redox state in the liver in connection with
birth. —Wahlén, E., B. Egestad, B. Strandvik, and J. Sjévall.
Ketonic bile acids in urine of infants during the neonatal period.
J. Lipid Res. 1989. 30: 1847-1857.
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Ketonic bile acids are usually considered to arise by bac-
terial oxidation of primary and secondary bile acids (1-4).
Thus, they are important constituents in human feces (5),
but only small amounts are normally found in bile (3, 6,
7), blood (8) and urine (9), partly due to the ability of the
liver to reduce oxo groups during the enterohepatic cir-
culation (10-13). In the course of a study of the excretion
of bile acids in urine of newborn infants (14), mass spec-
trometric evidence was obtained for the presence of a
number of ketonic bile acids. Their rate of excretion
seemed to vary with age. The purpose of this study was
to identify these compounds.

MATERIALS

Four healthy male premature (32-34 gestational weeks)
and seven healthy male fullterm (39-40 gestational weeks)
infants were studied during the first month of life. Clinical
data of the infants are given in Table 1. All deliveries and
pregnancies. were normal except for the mother of two
premature twins who had a slight cholestasis of pregnan-
cy. No infant had hypoxia. Cases 1-5 and 8-11 were
breastfed during the study period, cases 6 and 7 were
formula-fed after the third day of life. Except for physio-
logical jaundice, requiring brief phototherapy for some
premature infants, no medical problem was noted during
the neonatal period. Urine was collected in plastic bags,
starting immediately after birth (day 1) and continuing
for 24-h periods at days 3-4, 6-8 (prematures), and 30-
35. The samples were immediately frozen at — 20°C until
analyzed. Informed consent was given by the parents and
the study was approved by the Ethical Committee of the
Karolinska Institutet.

METHODS

For identification purposes, three urine samples with
recognized high levels of ketonic bile acids (cases 6, 7, and
10 at 3-4 days of age) were analyzed in a gentle way to
avoid production of artifacts. Extractions and separations
were monitored by fast atom bombardment mass spectro-
metry (FABMS) and final analysis was made by capillary
column gas-liquid chromatography (GLC) and capillary
gas-liquid chromatography-mass spectrometry (GLC-MS).

Abbreviations: GLC, gas-liquid chromatography;, MS, mass spectrome-
try; FABMS, fast atom bombardment mass spectrometry; TMS, trimethyl-
silyl. The terms diolone and triolone are used for bile acids containing one
oxo group and two and three hydroxyl groups, respectively.
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TABLE 1. Chnical data and approximate urinary excretion of ketonic bile acids in infants

Bile Acid Excretion

Gestational Birth Birth
Case Age Weight Length Day 1 Days 3-4 Days 6-8 Day 30
whk ¢ om umol/24 h
1 40 3140 48 0.12 n.d.’
2 40 3960 51 0.03 0.61 n.d.
3 39 3345 51 0.06 0.11 n.d.
4 39 4150 54 0.19 0.52 n.d.
5 39 3460 50 1.25 6.50 1.23
6 39 4430 54 0.14 1.23 n.d.
7 39 2960 50 2.06 0.02
8 34 2730 48 0.35 n.d.
9 34(twin) 1925 43 0.15 0.27 n.d. 0.08
10 34(twin) 2340 45 0.22 0.74 0.07 n.d.
11 32 1850 43 0.23 0.30 0.19 0.23

“Not detected.

Chemicals

Solvents were of analytical grade (Merck, Darmstadt,
FRG) and redistilled in an ali-glass apparatus. Water was
deionized before redistillation. All reagents were of analy-
tical grade or better. Glassware was cleaned in an ultra-
sonic bath. Reference compounds were those used in
previous studies (9, 15).

Extraction and fractionation of urinary bile acids

Twenty-five ml of the 24-h urinary sample was passsed
through a 20 x 4 mm bed of Sepralyte (octadecylsilane-
bonded silica, Analytichem International, Inc., Harbor
City, CA). After a wash with 5 ml of water and 5 ml of
0.01 M HC], the bile acids were eluted with 10 ml of
methanol. Bile acids in the methanol eluate were then
fractionated on a lipophilic ion exchanger, Lipidex-DEAP
(Packard Instrument Co., Downers Grove, IL) (9). The
unconjugated and glycine- and taurine-conjugated bile
acid fractions were further analyzed. After enzyme hy-
drolysis of the two latter fractions with cholylglycine hy-
drolase (16), bile acids were rechromatographed on
Lipidex-DEAP. Sepralyte was used to extract bile acids
from aqueous solutions unless otherwise stated.

Microchemical reactions

Methyl esters were prepared with fresh diazomethane
which was added in diethyl ether to samples dissolved in
1 ml methanol-diethyl ether 1:9 (v/v), and left at 4°C for
15 min. Trimethylsilyl (TMS) ethers were prepared by
heating at 60°C for 30 min in pyridine-hexamethyldisila-
zane-trimethylchlorosilane 3:2:1 (by vol). Samples were
taken to dryness under a stream of nitrogen and immedi-
ately dissolved in hexane. Oximes were prepared by addi-
tion of 5 mg of hydroxylammonium chloride and 50 pl of
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pyridine to the dried sample and heating at 60°C for 30
min (17). The pyridine was removed under a stream of ni-
trogen, 1 ml of water was added, and the products were
extracted with 3 x 1 ml of ethyl acetate. The combined
extracts were washed with 0.5 ml of water. Oximes of con-
jugated bile acids were extracted with Sepralyte. Oxo
groups were reduced with 1 mg of sodium borohydride
added to the bile acid samples dissolved in 1 ml of etha-
nol. The reaction was terminated with 0.01 M hydro-
chloric acid after 60 min and bile acids were extracted
with 3 x 1 ml of ethyl acetate. The combined extracts
were washed with 0.5 ml of water. Double bonds were hy-
drogenated by treating the bile acid methyl ester for 30
min with hydrogen/platinum(IV) oxide in 1 ml of acetic
acid. The reaction was terminated by addition of 5 ml of
water and the product was extracted with Sepralyte.

Fast atom bombardment mass spectrometry (FABMS)

FABMS was performed on a VG 7070E double focus-
ing mass spectrometer equipped with a fast atom bom-
bardment ion source, an Ion Tech atom gun, and a DS
2350 data system (VG Analytical, Manchester, UK). The
sample, in 4-10 ul 70% aqueous methanol (corresponding
to 0.2-0.5 ml of urine), was applied under a gentle stream
of nitrogen to the FAB target coated with the glycerol
matrix. Xenon (8 keV) was used as bombarding atoms.
Spectra of negative ions were recorded between m/z 750
and 100 at a scan rate of 20 s x decade ~'. The accelerat-
ing voltage was 5 kV and the resolution about 1000.

Gas-liquid chromatography (GLC) and gas-liquid
chromatography-mass spectrometry (GLC-MS)

GLC was performed on a Carlo Erba HRGC 4160 gas
chromatograph (Farmitalia Carlo Erba, Milano, Italy)
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connected to an SP 4270 integrator (Spectra-Physics,
Darmstadt, FRG). The column was a 25 m x 0.32 mm
i.d. fused silica capillary coated with cross-linked methyl
silicone (0.25 pm film thickness; Quadrex Corp., New
Haven, CT). Helium was used as a carrier gas at 50-100
kPa. Samples were injected on-column in 0.5-1.2 ul hex-
ane at 60°C and the temperature was then taken directly
to 200°C and after 5 min to 290°C at 30°C x min™". Re-
tention indices were calculated from the retention times of
even-numbered C,3—-C3g n-alkanes. GLC-MS was carried
out on the VG 7070F mass spectrometer with the EI/CI
ion source and a Dani 3800 gas chromatograph. The same
type of capillary column was used as in the GLC analysis.
It was kept at 280°C, directly connected and ending in the
ion source. All all-glass falling needle injection system was
used. The ionization energy was 22.5 €V and the trap cur-
rent was 200 pA. Spectra were recorded by repetitive
magnetic scanning between m/z 750 and 20 at a scan rate
of 2 s x decade™. The accelerating voltage was 6 kV and
the resolution was about 1000. Retention times were calcu-
lated relative to that of the TMS ether of methyl cholate.
methyl cholate.

Measurement of the rate of excretion

Semiquantitative estimates of the excretion of ketonic
bile acids were obtained using the method described pre-
viously (14). Amounts of bile acids were calculated from
peak areas obtained in GLC analyses on a packed column
with Hi-Eff 8 BP as stationary phase. No correction was
made for possible differences in response between ketonic
and nonketonic bile acids. The identities of the peaks and
their correspondence with the peaks obtained on the
methyl silicone capillary column were established by

GLC-MS.

Statistics

Spearman’s rank correlation coeflicient was estimated
to detect a possible association between two variables.

RESULTS

FABMS analyses

FABMS of the three urine extracts studied in detail (cases 6,
7 and 10 at 3-4 days of age) produced negative ion spectra
indicating the presence of saturated and unsaturated ke-
tonic bile acids (Fig. 1). The peaks correspond to quasi-
molecular ions, [M-1]", of taurine conjugated bile acids
with three (m/z 514) and four (m/z 530) hydroxy groups,
and corresponding compounds with one (m/z 512 and 528)
and two (m/z 510 and 526) double bonds. The latter com-
pounds were assumed to contain an oxo group, a
carbon-carbon double bond, or both. FABMS alone will

not discriminate between these possibilities since the ele-
mental composition is the same. Corresponding ions of
glycine conjugates are found at m/z 464, 480, 462, 478,
460, and 476 and of unconjugated bile acids at m/z 407,
423, 405, 421, 403, and 419. The latter peaks were hardly
recognizable before fractionation into conjugate groups
due to their low response under FAB conditions. The peak
at m/z 544 in the sample from case 7 corresponds to the
quasimolecular ion of a sulfated and glycine-conjugated
trihydroxy bile acid. The peaks at m/z 383, 399, 411, 427,
429, and 443 present in the spectra of all samples corres-
pond to quasimolecular ions of sulfated androstene and
pregnene derivatives (18). The FAB spectra showed large
differences between the samples, but in general there was
a predominance of taurine-conjugated bile acids. The
absence or presence of only small amounts of sulfated bile
acids is notable and confirms the results of previous GLC
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Fig. 1. The high mass regions of the negative ion FAB mass spectra of
extracts of urine collected from three infants during their third day of life.
The samples, corresponding to 400 pl urine, were applied in 8 ul 70%
aqueous methanol under a stream of nitrogen to the FAB target already
covered with the glycerol matrix.
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Fig. 2. The high mass regions of the negative ion FAB mass spectra of fractions obtained by chromatography of urine from case 7 on Lipidex-DEAP,
before and after reaction with hydroxylammonium chloride. G denotes peaks derived from the glycerol matrix.

analyses of separated and hydrolyzed groups of conjugates
(14). Since the yield of quasimolecular ions differs greatly
with the structure of the bile acid, quantitative estimates
cannot normally be obtained from the FAB spectra.
FABMS analysis of the fractions from Lipidex-DEAP before
and after reaction with hydroxylamine proved the presence
of ketonic bile acids. The high mass regions of the negative
ion FAB mass spectra from the fractions of the sample
from case 7H are shown in Fig. 2. The unconjugated
bile acid fraction gave a predominant peak at m/z 403
corresponding to an unsaturated diolone which was con-
verted to an oxime giving a quasimolecular ion at m/z 418.
The glycine-conjugate fraction gave a corresponding peak
of an unsaturated diolone at m/z 460 and small peaks for
an unsaturated triolone at m/z 476 and a saturated trio-
lone at m/z 478. These peaks were all shifted by 15 Da
after treatment of the sample with hydroxylamine. The
taurine conjugate fraction contained unsaturated diolones
and triolones giving peaks at m/z 510 and m/z 526, respec-
tively, shifting by 15 Da after formation of oximes.

1850 Journal of Lipid Research Volume 30, 1989

Identification of ketonic bile acids

The three fractions of urinary bile acids from each of
the three infants were analyzed by GLC before and after
reduction or formation of oximes. The relative amounts
of compounds in the complex chromatograms varied, but
in six out of the nine chromatograms a ketonic bile acid
constituted the major peak. Eleven distinct ketonic bile
acids were detected. Chromatographic and mass spec-
trometric data on these are given in Table 2. In four of
the nine chromatograms the major peak was due to com-
pound I (glycine and taurine conjugates from cases 6 and
7) in one chromatogram to compound II (case 7, uncon-
jugated fraction), and in one chromatogram to compound
IV (case 6, unconjugated fraction). Identification of the
corresponding oxime was easy when the ketonic bile acid
constituted the major compound in the chromatogram,
otherwise it was difficult because of the complexity of the
chromatograms. The capillary GLC profiles of the methyl
ester TMS ethers of the unconjugated bile acids from
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TABLE 2. Chromatographic and mass spectrometric data for ketonic bile acids in urine from newborn infants

Relative retention time*

Retention Index

Hi-Eff 8 BP” Methyl Silicone’ Methyl Silicone” Characteristic Tons® Suggested Structure”
Compound TMS TMS Oxime-TMS T™S Oxime-TMS
I 4.88-5.36 1.23-1.25 1.23-1.24  3309-3323 3336-3345 562,547,472,382,367,357,@,261 B'-7a,12a-diol-3-one
II 6.12-6.55 1.34-1.35 1.27 3349-3364 3336 562,547,472,382,357,@,224 B*-7a,12a-diol-3-one
jess 4.42-4.75 1.23-1.25 1.23-1.24  3319-3323 3338 564,549,474,384,2@,261,24—2 B-7¢,12a-diol-3-one
v 5.79-5.98 1.35-1.37 1.10-1.11  3378-3386 3279-3283 564,549,474,456,384,366,359,341,
269,251,175 B-3¢,12a-diol-7-one
v - 1.11-1.12 - - - 54—9,384—,@,243,217 B-diolone
A% - 1.43 - - - 564,549,492,474,409,384,366,319,
269,251,243,229,154,121 B-3a,7a-diol-12-one
VIl - 1.38 - - - 637,562,547,472,382,357,313,267,261  B-18,7a,12a-triol-3-one®
VIII 2.80-2.85 1.44-1.45 - - - 652,562,547,472,457,382,357,267,
249,239,198,183,169,143 ~ B-triclone
X 4.48 1.59-1.60 - - - 637,562,472,454,447,429,382,357,
339,312,249,217,195,182,142 B-18,3a,12a-triol-7-one?
X 3.82-4.05 1.55-1.56 - 3432-3450 - 652,637,562,544,472,447,357,339,
271,249,787,142,129 B-3a,48,12c-triol-7-one®
XI 3.26-3.45 1.45 - - - 650,635,560,545,470,455,431,417,

380,365,355,261,274,209,196,193,159  BA-triolone

“Related to that of the cholic acid derivative.
bGiven by the methyl ester TMS ether derivative.

‘B = 5B8-cholanoic acid; superscript indicates position of double bond.

Packed column used for quantifications (14).
‘Capillary column used in GLC-MS analyses.
1 Capillary column used in GLC analyses.
éTentative structures.

cases 7 and 10 at 3-4 days of life are shown in Fig. 3. The
GLC-MS analyses showed that compound II was the pre-
dominant unsaturated diolone in case 7 and compound I
in case 10.

Compound I was usually the predominant ketonic bile
acid. The spectrum of the methyl ester TMS ether deriva-
tive is shown in Fig. 4. A molecular ion was seen at m/z
562 and losses of trimethyl-silanols and the side chain
gave the main fragment ion at m/z 267. The ion at m/z 261
was thought to arise by cleavage through the B-ring and
to contain the CD-rings, side chain, and C-7 (19). The
TMS derivative of the oxime gave a molecular ion at m/z
649 (Fig. 4), and the loss of two trimethylsiloxy groups and
the side chain produced a base peak at m/z 354. The ions
at m/z 264 and 380 represent the loss of all three trimethyl-
siloxy groups with and without the side chain, respectively.
The fragment ion at m/z 195 was thought to arise through
cleaveage of the C-9, 10 and C-5, 6 bonds, and to contain
an unsaturated A-ring with the TMS-oxime group. The
TMS derivative of the reduction product had the same re-
tention time on Hi-Eff 8BP as the derivative of cholic
acid, and the spectrum (Fig. 4) had similarities to that

of the derivative of 18,3a,7,12a-tetrahydroxy-58-cholanoic
acid, but with absence of the ion at m/Zz 217 (9). The mo-
lecular ion (m/z 636) was significant and the fragment ions
at m/z 195 and 182 were thought to arise by cleavage
through the B-ring, and to contain the A-ring with and
without C-6, respectively. The ion at m/z 314 indicated
that two hydroxyl groups were present in the BCD-ring
part of the molecule (19). On the basis of these results it
was assumed that the structure of compound I was
7a,12a-dihydroxy-3-oxo-58-chol-1-enoic acid. This was
confirmed by hydrogenation of the reduction product with
hydrogen/platinum(IV) oxide to saturate the double
bond, which was shown to give cholic acid as the only
product.

The derivative of compound II gave a spectrum with
a molecular ion at m/z 562 and a base peak at m/z 267.
The TMS-oxime gave a molecular ion and base peak at
m/z 649, and ABCD-ring fragment ions at m/z 354 and
264. The retention times and spectra were identical with
those of the corresponding derivatives of 7a,12a-
dihydroxy-3-oxo-4-cholenoic acid (cf. 20, 21).

The spectrum of the derivative of compound III showed
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Fig. 3. Capillary GLC profiles of unconjugated urinary bile acids from
cases 7 and 10. Mass spectrometry (Table 2) indicated the following bile acid
structures. 1. cholic; 2. compound 1 (7¢,12¢-dihydroxy-3-oxo-58-chol-1-
enoic); 3. compound I (7a,12c-dihydroxy-3-oxo-58-cholanoic); 4. tetrahy-
droxycholanoic; 5. compound II (7a,120-dihydroxy-3-oxo-4-cholenoic); 6.
compound IV (3a,12c-dihydroxy-7-oxo-58-cholanoic; 7. compound X (ten-
tatively 3a,48,12a-trihydroxy-7-oxo-58-cholanoic). Hatched areas indi-
cate ketonic bile acids. Cy is the added triacontane.

a molecular ion at m/z 564. The ABCD-ring fragment ion
at m/z 269 was the base peak accompanied by an ion at
m/z 242 due to additional loss of G-16-C-17. The corre-
sponding oxime gave a molecular ion at m/z 651 and an
ABCD-ring fragment ion at m/z 266. The mass spectra
and retention time data corresponded to those given by
the derivatives of reference 7a,12a-dihydroxy-3-oxo-583-
cholanoic acid (17).

The derivative of compound IV had a retention time
and a mass spectrum identical with those of the TMS
ether of methyl 3a,12a-dihydroxy-7-oxo-58-cholanoic
acid. Thus, the fragmentation of the molecular ion (m/z
564) was extensive with ions due to loss of the 7-oxo group
as water (19). The corresponding oxime gave a base peak
at m/z 562, due to loss of the trimethylsiloxy group of the
TMS-oxime from the molecular ion at m/z 651. The ori-
gin of a major peak at m/z 297 (97% relative intensity) is
not known.

1852 Journal of Lipid Research Volume 30, 1989

The derivative of compound V gave a peak at m/z 549
(M-15) and a base peak at m/z 269. The ion due to loss
of two trimethylsiloxy groups, m/z 384, was very intense.
No corresponding oxime could be recognized and the
structure of this bile acid is unknown.

The molecular ion of the derivative of compound VI
at m/z 564 lost a fragment of mass 155 characteristic of a
12-oxo bile acid (19). Additional loss of trimethylsilanol
yielded ions at m/z 319 and 229. This bile acid was iden-
tified as 3«,7a-dihydroxy-12-oxo-58-cholancic acid. The
corresponding oxime could not be localized due to the
small amounts present.

The derivative of compound VII gave an intense peak
at m/z 637 (M-15) (Fig. 5). Fragment ions due to loss of
one to three trimethylsiloxy groups were present, m/z 472
{(M-2 x 90) being the base peak. Additional loss of the
side chain gave peaks at m/z 357 and 267. The ion at m/z
261 was also intense, indicative of cleavage through the B-
ring. The major ion at m/z 313 might arise by loss of two
trimethylsilanols and the A-ring with its substituents (M-
2 x 90-159). Based on these results and on biological
grounds the structure 18,7a,12a-trihydroxy-3-oxo-58-cho-
lanoic acid is suggested. However, an alternative structure
would be 6a,7a,12a-trihydroxy-3-oxo-58-cholanoic acid.
The corresponding oxime could not be found.

Compound VIII gave a molecular ion at m/z 652 cor-
responding to the derivative of a bile acid with one oxo
and three hydroxy groups. The base peak at m/z 357 was
very intense. Fragment ions at m/z 169 and 198 were typi-
cal. If a 3-oxo-4,7-bistrimethylsiloxy structure is consid-
ered, m/z 169 could contain C-3-C-7 with substituents
minus trimethylsilanol, and m/z 198 the A-ring including
C-5, C-10, and C-19 with substituents, i.e., corresponding
ta m/z 271 given by 3, 4-bistrimethylsiloxy structures (22).

The derivative of compound IX gave a spectrum with
peaks characteristic of a 1,3-bistrimethylsiloxy structure,
with m/z 217 as the base peak and distinct fragment ions
at m/z 195, 182, and 142. While no molecular ion was
seen, the peak at m/z 637 (M~-15) had a relative intensity
of 13% and ions due to losses of trimethylsilanol from a
molecular ion of mass 652 were present. Additional loss
of the side chain gave a series of peaks at m/z 447, 357,
and 267 with accompanying peaks at m/z 429, 439, and
249 due to loss of the oxo group as water. Based on the
mass spectrum and on biological grounds the structure
18,3a,12a-trihydroxy-7-oxo-583-cholanoic acid is suggested
for this compound. No corresponding oxime could be re-
cognized.

The TMS ether of compound X gave a molecular ion
at m/z 652 (Fig. 6). Combinations of losses of trimethylsi-
lanol, water, and the side chain were present as well as a
prominent peak at m/z 129 and peaks at m/z 142, 182, and
271. The latter indicated that two hydroxy groups were lo-
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Fig. 4. Mass spectra of the TMS ethers before (upper spectrum) and after (lower spectrum) reduction with sodium borohydride and of the TMS-oxime
derivative (middle spectrum) of the methyl ester of compound I shown to be 7a,12a-dihydroxy-3-ox0-58-chol-1-enoic acid.

cated in the A-ring either at C-2 (23) or C-4 (22) and on
biological grounds the structure 3,48,12¢-trihy-
droxy-7-oxo0-58-cholanoic acid may be suggested.

The derivative of compound XI gave a molecular ion
at m/z 650 (Fig. 7). The peak at m/z 355 represents the
loss of two trimethylsilanols and the side chain. While the
intense fragment ions of mass 159 and 193 are of obvious
diagnostic importance, their origin has not been deter-
mined and the structure of this unsaturated ketonic bile
acid remains unknown.

Daily excretion of ketonic bile acids

The presence of ketonic bile acids in healthy infants was
not predicted and the analytical method was adapted for

RELATIVE INTENSITY (%)

nonketonic bile acids (14). Partial destruction of ketonic
bile acids during the alkaline hydolysis later became obvi-
ous and the estimated quantities, particularly of 3-oxo
acids in the conjugated fractions, are minimum values.
Compounds I-1V, VIII, X, and XI were measured sepa-
rately during the first month. The other compounds oc-
curred only small amounts. The bile acid patterns were
very variable, as can also be seen in Figs. 1 and 3. The
infants of the slightly cholestatic mother showed no unus-
ual pattern. There was no correlation between patterns
and excretion of ketonic bile acids and any available clini-
cal or biochemical parameter.

Ketonic bile acids were present in all samples collected
during the first day of life (Table I). Compound I

637

547
h b

800 700

Fig. 5. Mass spectrum of the methyl ester TMS ether of compound VII, tentatively assigned the structure 18,70,12c-trihydroxy-3-oxo-58-cholanoic acid.
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(7ee,120-dihydroxy-3-oxo-58-chol-1-enoic  acid) was the
most common one, mainly found in the unconjugated
fraction and present in all infants during the first day of
life. It was the predominant ketonic bile acid in seven of
the nine samples collected. Case 5 excreted particularly
large amounts, 0.5 pmol/24 h, and he also had the largest
total excretion of ketonic bile acids. Compound II (7c,
12a-dihydroxy-3-oxo-4-cholenoic acid) was found in two
of three premature infants and in four of six fullterm in-
fants, mainly in the unconjugated bile acid fraction. The
excretion was in all cases lower than that of compound I.
Compound IIT (7c,12a-dihydroxy-3-oxo-58-cholanoic
acid) was excreted by two premature and one fullterm in-
fant (case 5). Compound IV (3¢, 12c-dihydroxy-7-oxo-
58-cholanoic acid) was not found in premature but in two
fullterm infants. It was present in the unconjugated bile
acid fraction. Compound VIII (triolone of unknown
structure) was found occasionally during the first month
and only in the unconjugated fraction. Compound X
tentatively 3a,4,12c-trihydroxy-7-oxo-58-cholanoic acid)
was found in minute amounts in one premature infant and
it also occurred in three of five fullterm infants. It was pres-
ent in the unconjugated and taurine-conjugated fractions.
Compound XI (unsaturated triolone of unknown struc-
ture) was found in one premature infant as the predomi-
nant bile acid. Two fullterm infants also excreted this acid.

The excretion of ketonic bile acids was in all cases high-
er during the third than during the first day of life (Table
1). This was true also for the total bile acid excretion (14).
The composition of ketonic bile acids was similar in both
periods.

562
837
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20 182 248 °7! 257 447 472 544 652 ‘
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Mass spectrum of the methyl ester TMS ether of compound X, tentatively assigned the structure 3a,4f3,12a-trihydroxy-7-oxo-58-cholanoic acid.

At the 6-8th day of life ketonic bile acids were found in
all the premature infants. The amounts were lower than
during the 3-4th days of life. Compound I was predomi-
nant, followed by compound III.

At 1 month of age, ketonic bile acids were found in two
of four premature and in two of seven fullterm infants
(Table 1). Compound I was the major one in three cases.
Compound III was found in three infants, being the only
ketonic bile acid excreted by case 7 at this age. Com-
pounds IV and X were detected in one infant each.

There was a significant correlation between the excre-
tion of compound I and total ketonic bile acids in urine
during the first month of age, = 0.96, P < 0.001. Values
from the third day of case 5 were excluded from this statis-
tical analysis. When included, the positive correlation was
even stronger. Compound I constituted a mean of 52 4
27% of the total ketonic bile acids during the first month.

DISCUSSION

The presence and quantitative importance of ketonic
bile acids in urine during the neonatal period has not
been noted in previous studies (see review by Back (24)).
This may be due to the chemical and thermal lability of
several of these compounds. Thus, 3-oxo bile acids are re-
duced during hydrolysis in ethanolic alkali (25), and hy-
droxy groups can be eliminated to give dienones under
acidic or alkaline conditions. Cholylglycine hydrolase
does not hydrolyze some ketonic bile acids (26, 27). These
analytical difficulties have to be considered in future stud-
ies of bile acids in the neonatal period. Direct analysis by

=

120 193

¢ 80

& 70 159 355

v 60

Zz

= 50

w 40 209 261

> 30

~ 20 6535

318 L‘LM.. .LLJ e oL 580 | 650
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Fig. 7. Mass spectrum of the methyl ester TMS ether of Compound XI assigned to be an unsaturated trihydroxy-oxo bile acid but of unknown configura-
tion.
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FABMS will be important (15, 20, 21) and some problems
may be avoided by preparation of oximes as an early step
in the analysis (28).

Without correction for analytical errors, ketonic bile
acids constituted at least 40% of the unconjugated and a
minimum of 16% of all bile acids in urine during the first
week of life (14). The most abundant ketonic acid has now
been identified as a new bile acid, 7a,12c-dihydroxy-3-
oxo-58-chol-1-enoic acid. Its presence was seen in the
FABMS analysis of the crude urine extract, showing that
it is not formed as an artefact during the isolation proce-
dure. A mass spectrum of its methyl ester TMS ether was
obtained by Clayton, Muller, and Lawson (29) when
studying gastric contents of newborns with high intestinal
obstruction, but the structure was not determined.

The other unsaturated ketonic bile acid, 7a,12c¢-dihy-
droxy-3-oxo-4-cholenoic acid, was previously identified
by Clayton et al. (29). Sterols and Cj; bile acids with a
3-ox0-A* structure are intermediates in the main pathway
from cholesterol to cholic acid (30), and a rate limitation
in the 58-reduction could conceivably lead to excretion of
C,4 bile acids with a 3-oxo0-A* structure. The correspond-
ing intermediate in the synthesis of chenodeoxycholic acid
was not detected, which is in agreement with our finding
of a low urinary excretion of chenodeoxycholate in the
neonatal period (14).

Three of the bile acids may be regarded as products of
cholic acid oxidized at C-3, C-7, or C-12. These acids
have been found in fetal and neonatal bile (29, 31), and
all three are well-known components in feces (5, 32) and
bile (3, 6, 33, 34) of healthy adults and in urine of patients
with hepatobiliary diseases (35).

Five of the ketonic bile acids had one oxo and three hy-
droxy groups. None of them was identical with the only
reference compound available, 3a,6¢,12c-trihydroxy-7-
ox0-58-cholanoic acid. Two of them were tentatively iden-
tified as 18,7«a,12a-trihydroxy-3-oxo- and 18,3a,12¢-tri-
hydroxy-7-oxo0-58-cholanoic acids. These structures, sup-
ported by the mass spectra, are proposed because of the
abundant occurrence of tetrahydroxycholanoates with a
18-hydroxy group in the fetal and neonatal periods (23,
29, 31, 36-39). Oxidation of the 3¢ or 7a-hydroxy group
would lead to the triolones. Alternatively, the 18 position
of oxidized cholic acid could be hydroxylated. Elimination
of water from a 18-hydroxy-3-oxo structure is a possible
mechanism of formation of the A® bile acid. Such a reac-
tion would be similar to the hepatic 7a-dehydroxylation
of 7a-hydroxy-4-cholesten-3-one (40).

The site(s) of formation of the ketonic bile acids is not
known. In the adult, ketonic derivatives of common bile
acids are thought to be formed mainly by the intestinal
microflora (2, 41). Although intestinal colonization by ae-
robic bacteria occurs during the first days of life (42), the
high proportion of ketonic bile acids already on the first
day makes a formation by mammalian enzymes more

probable. The liver contains several 3q-hydroxysteroid
dehydrogenases (30, 43-45), and the presence of 7a- and
12a-hydroxysteroid dehydrogenases is evident from the
reduction of administered 7-oxo and 12-oxo bile acids (10-
13). While the intestinal microflora may be of major im-
portance for the oxidoreduction of bile acids at C-7 and
C-12 (2, 4), oxidoreduction at C-3 is also extensive in the
liver (46, 47). This process may be regulated by the hepa-
tic redox level which could conceivably undergo major ad-
justments after birth with exposure to higher oxygen
tensions and the change from fetal to adult hemoglobin.
A higher redox potential during this period could conceiv-
ably lead to increased concentrations of oxidized mem-
bers of redox couples and to rate limitations in reductive
reactions, e.g., the 58-reduction.

A physiological cholestasis has been proposed to exist
during the first days of life (36, 48). Bile acids have been
suggested to play an etiological role since 38-hydroxy-5-
cholenoic acid, found during this period (49, 50) and in
children and adults with cholestatic liver disease (51-53),
induces cholestasis in animal models (54). Cholestasis in
the mother did not influence the urinary bile acid pattern
in the infants in this study. Recently, two conditions have
been described in which giant cell hepatitis and cholesta-
sis are associated with the excretion of unusual bile acids
in infants. In one of these, all bile acids had a 38-hydroxy-
A’ structure (15). In the other, patients with severe liver
disease of different etiology excreted bile acids with a
3-ox0-A* structure (20, 21). It is therefore of interest that
7a,12ce-dihydroxy-3-oxo-4-cholenoic acid is one of the
major ketonic bile acids in urine during the first days of
life. From a diagnostic point of view, it is important to
note that FABMS cannot distinguish between the 3-oxo-A’
and 3-oxo-A* acids. Thus, direct FABMS analysis has to
be combined with chromatographic separation and GLC-
MS analysis which produce diagnostically useful fragment
ions. B
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