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Abstract Tetrahydroxy bile acids (THBAs) are hydrophilic
and are present at minimal or undetectable levels in healthy
human adults, but are present at high levels in bile salt ex-
port pump (abcblI)-knockout mice. The roles of THBAs in
human cholestatic diseases are unclear. We aimed to investi-
gate the presence of THBAs in patients with infantile intra-
hepatic cholestasis and its correlation with outcome. Urinary
bile acids (BAs) were analyzed by GC-MS. Data were com-
pared between good (n = 21) (disease-free before 1 year old)
and poor prognosis groups (n =19). Good prognosis patients
had a higher urinary THBA proportion than poor prognosis
patients [25.89% (3.45-76.73%) vs. 1.93% (0.05-48.90%)1. A
urinary THBA proportion >7.23% predicted good prognosis
with high sensitivity (95.24%), specificity (84.21%), and area
under the curve (0.91) (P < 0.0001). A THBA proportion
=7.23% was an independent factor for decreased transplant-
free survival (hazard ratio = 7.16, confidence interval: 1.24—
41.31, P=0.028). Patients with a confirmed ABCBI11 or tight
junction protein 2 gene mutation (n = 7) had a minimally
detectable THBA proportion (0.23-2.99% of total BAs).
Three patients with an ATP8BI mutation had an elevated
THBA proportion (7.51-37.26%) .l In conclusion, in addi-
tion to disease entity as a major determinant of outcome, a
high THBA level was associated with good outcome in the
infantile intrahepatic cholestasis patients.—Lee, C-S., A.
Kimura, J-F. Wu, Y-H. Ni, H-Y. Hsu, M-H. Chang, H. Nittono,
and H-L. Chen. Prognostic roles of tetrahydroxy bile acids
in infantile intrahepatic cholestasis. J. Lipid Res. 2017. 58:
607-614.
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Bile acids (BAs) are naturally occurring molecules that
are essential for the digestion of lipids and lipid-soluble vi-
tamins. BA homeostasis is tightly regulated by nuclear re-
ceptors and is closely associated with lipid and glucose
metabolism (1-3). In humans, two primary BAs, cholic acid
(CA) and chenodeoxycholic acid (CDCA), are secreted
into the duodenum, where they are then converted into
secondary BAs (deoxycholic acid and lithocholic acid) by
gut microbiota. Other BAs are also present in humans, but
at much lower concentrations. Hepatic bile formation and
secretion depend on sinusoidal and canalicular transport-
ers, BA metabolic enzymes, and associated membrane pro-
teins. The BA profile and BA metabolism are altered in
cholestasis patients (4), resulting in the accumulation of
high concentrations of BAs with cytotoxic effects, leading
to severe liver injury or even death. The cytotoxicity of BAs
is attributable to their structures; BAs with greater hydro-
phobicity have higher toxicity (5). Both conjugation and
hydroxylation detoxify BAs by increasing their solubility (6).

Infantile intrahepatic cholestasis has a wide variety of
etiologies, including infection-related neonatal hepatitis

Abbreviations: AKRIDI, aldo-keto reductase family 1 member D1;
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(NH), progressive familial intrahepatic cholestasis (PFIC),
inborn errors of BA metabolism (IEBAM), and other meta-
bolic or toxic insults (7-9). Prognosis of cholestasis patients
is highly variable among the different disease entities and is
difficult to predict during the early stage of disease. Bile
salt export pump (BSEP) deficiency is one of the major
causes of PFIC. It is caused by a mutation in the canalicu-
lar bile salt transporter, BSEP [or sister of P-glycoprotein
(sPgp) 1, which is encoded by the ABCBI11 gene. BSEP is the
major determinant of canalicular bile secretion (10, 11).
The rate of biliary bile salt excretion in patients with an
ABCBI11 mutation is only 1% of that in individuals without
a mutation in this gene, and this decreased excretion leads
to liver cirrhosis and hepatic failure in children. In con-
trast, Bsep (abcblI)-knockout mice show only mild non-
progressive cholestasis (12). Interestingly, the BA pool in
Bsep-knockout mice contains a high level of a tetrahydroxy
BA (THBA), 3a,68,7B,12a-tetrahydroxy-5B-cholan-24-oic
acid, which is highly hydrophilic and less toxic (13). Nota-
bly, the polyhydroxylation of BAs has been speculated to be
a potential detoxification mechanism that explains the vi-
ability of Bsep-knockout mice.

Although THBAs have beneficial roles in Bsep-knockout
mice, their potential benefits in human patients remain
poorly understood. The detection of THBAs has been re-
ported in healthy neonates. However, data is scarce regard-
ing THBAs in cholestasis patients (14-16). In the present
study, we examined BA profiles in infantile cholestasis pa-
tients, with a focus on the roles of THBAs in relation to the
disease entity and patient outcomes.

MATERIALS AND METHODS

Patients

Patients admitted to the National Taiwan University Hospital
for infant-onset intrahepatic cholestasis from January 1999 to
April 2014 were included in this study. A modified 3 day protocol
that we previously reported was initially used to exclude patients
with extrahepatic cholestasis. This protocol included ultrasonog-
raphy, magnetic resonance cholangiography, liver histological
analysis, and assessment of operative findings (17). After the ex-
clusion of patients with extrahepatic cholestasis, thorough as-
sessment of the patients with intrahepatic cholestasis, including
analyses of infectious pathogens and metabolic diseases, genetic
analyses of specific genes, liver histological analysis, and immuno-
histochemical staining (for BSEP), was performed on an individ-
ual basis.

Urine samples collected before 1 year of age from a total of 40
individuals during this period were sent for analysis of BA profiles
for diagnosis of IEBAM. The initial levels of alanine aminotrans-
ferase (ALT), total bilirubin, direct bilirubin, and y-glutamyl
transpeptidase (GGT), the age of jaundice disappearance, the age
of liver transplantation or biliary diversion, and the follow-up du-
ration were determined by reviewing the medical records. Final
diagnoses were reviewed by considering all available clinical and
laboratory data from the medical records and were established
using uniform criteria (17).

Genetic cholestatic diseases were diagnosed in patients with
mutations in both alleles in autosomal recessive genetic disorders
[ATP8B1, ABCBI1, tight junction protein 2 (7JP2), solute carrier
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family 25 member 13 (SLC25A13), vacuolar protein sorting 33B
(VPS33B), aldo-keto reductase family 1 member D1 (AKRIDI),
cytochrome P450 (CYP) family 7 subfamily B polypeptide 1
(CYP7BI)]. Patients with one heterozygous mutation in a choles-
tatic gene and subsequent recovery before 1 year of age were diag-
nosed with “transient neonatal cholestasis”. Patients without an
identifiable cause of cholestasis after thorough investigation were
diagnosed with “idiopathic NH” if they had recovered before
1 year of age or with “phenotypic PFIC” if they had clinical,
biochemical, and pathological features compatible with PFIC, but
no identifiable genetic mutation.

The patients were followed until total recovery of liver func-
tion, death, or receiving liver transplantation or until at least until
1 year of age for those with persistent or progressive disease. The
patients who were disease-free (total bilirubin of less than 2.0 mg/
dl) before 1 year of age were included in the good prognosis
group, and those with persistent jaundice and chronic liver dis-
ease were included in the poor prognosis group. Urine BA com-
ponents were compared between the patients in the good and
poor prognosis groups. In addition, the transplantfree survival
times of the patients were recorded for analysis of outcomes. This
study was approved by the institutional review board.

To further analyze BA profiles in patients with different genetic
disorders causing PFIC, patients under 10 years of age (including
five patients below 1 year of age and five patients above 1 year of
age) with a genetically confirmed mutation in the BSEP (ABCB11),
familial intrahepatic cholestasis 1 (FIC1) (ATP8BI), or TJP2were
included in separate analysis.

Urine sample collection and analysis of urine BAs

Random urine samples were collected and stored at —80°C.
The urine samples were analyzed by GC-MS as previously de-
scribed (8, 18, 19). Urine BA concentrations were corrected for
the creatinine (Cre) concentration and expressed as micromoles
per millimole of Cre. In addition to urinary total BAs (UTBAs),
five major subgroups of UTBAs were analyzed, including com-
mon BAs (CBAs), THBAs, trihydroxy BAs (TRHBAs), ketonic BAs
(KBAs), and unsaturated BAs (UBAs).

mRNA expression analysis by quantitative RT-PCR

To investigate the potential roles of CYP family 3 subfamily A
polypeptide 4 (CYP3A4) and CYP family 3 subfamily A polypep-
tide 5 (CYP3A5) in THBA synthesis, liver samples obtained by di-
agnostic liver biopsy were analyzed. Liver samples from patients
with noncholestatic liver disease were used as controls. Total RNA
was extracted from frozen livers using an RNeasy kit (Qiagen
GmbH, Hilden, Germany) and was then reverse transcribed (Su-
perScript II; Invitrogen Life Technologies, Breda, The Nether-
lands). Real-time PCR was performed using a TaqMan system with
a PRISM 7900 HT sequence detection system (Applied Biosys-
tems, Foster City, CA). The primers and probes used were as
follows: TBP Hs00427620_m1, CYP3A4 Hs00430021_m1, and
CYP3A5 Hs00241417_m1 (TagMan® Gene Expression Assays;
Applied Biosystems).

Statistical analysis

Descriptive statistics, such as the proportion, median, and
range, were used to summarize the results for urinary BAs. Differ-
ences between the two prognosis groups were assessed with the
Wilcoxon rank-sum test or x~ test. P< 0.05 was considered signifi-
cant in all analyses. Total urinary BAs, as well as the five major
subgroups of urinary BAs, were analyzed by generating a receiver
operating characteristic (ROC) curve to determine the cut-off
values for predicting prognosis. In addition, univariate and multi-
variate regression analyses were performed using the Cox propor-
tional hazard model to identify predictive factors for transplantfree



survival. We included predictive factors in multivariate analysis
that showed a Pvalue of 0.1 or less in univariate analysis. Further,
Kaplan-Meier curves were generated to determine the probabili-
ties of liver transplantfree survival of the patients with different
levels of urinary BAs. Patients were censored at the time of last
follow-up if they no longer had cholestasis and had not received
liver transplantation. Statistical analyses were performed using
STATA 12.0 (STATA Corp., College Station, TX).

RESULTS

Relationship of urinary BA profile with patient outcome

To investigate whether the BA profile can be used as a
marker for predicting patient outcome, we analyzed urine
samples collected from 40 patients before 1 year of age be-
cause BA composition has been shown to differ among pa-
tients of different ages (18). The good prognosis group
included 21 patients and the poor prognosis group con-
tained 19 patients. There were 14 patients with definite ge-
netic diagnosis. Two patients were confirmed with ABCBI1
mutation, one patient with ATP8BI mutation, two patients
with 7JP2 mutation, and four patients with IEBAM. In the
good prognosis group, two patients with SLC25A 13 hetero-
zygous mutation and one patient with VPS33B heterozy-
gous mutation had transient neonatal cholestasis. The
patient demographic data are listed in Table 1. The me-
dian age of urinary BA examination was 2.5 months (range
1.0-8.8 months) for the patients with a good prognosis and
6.3 months (range 0.7-11.0 months) for those with a poor
prognosis. We compared the urinary BA profiles between
these two groups of patients (Fig. 1). The patients with a
poor prognosis had a median total BA level of 87.26 wmol/

mmol Cre (16.17-571.06 pmol/mmol Cre), which was sig-
nificantly higher than that of the patients with a good prog-
nosis of 37.16 pmol/mmol Cre (7.08-93.14 pmol/mmol
Cre; P< 0.05). In addition, the patients with a good prog-
nosis had a significantly higher proportion of uncommon
urinary BAs with a higher number of hydroxyl groups, in-
cluding THBAs and TRHBAs, whereas those with a poor
prognosis tended to have significantly higher proportions
of KBAs and UBAs in the urine. Detailed data on the levels
of individual BAs are provided in supplemental Table SI.
There were no differences in the concentration or propor-
tion of total common BAs between the two prognosis
groups. Moreover, the CA:CDCA ratio was significantly
higher for the patients in the good prognosis group than
for those in the poor prognosis group (2.3, range 0.26—
20.69; and 0.82, range 0.05-11.29, respectively; P= 0.04).

THBAs. The THBAs measured included 13,3«,7q,
12a-tetrahydroxy-53-cholan-24-oic acid (CA-1B-ol), 23,
3a,7a,12a-tetrahydroxy-5B-cholan-24-oic  acid, 33,48,
7a,120-tetrahydroxy-5B-cholan-24-oic acid, 3a.,4B, 7,120
tetrahydroxy-53-cholan-24-oic acid, and 3a,6a,70,120-
tetrahydroxy-53-cholan-24-oic acid (CA-6c-ol). The proportion
of THBAs was 1.93% (0.05-48.90%) of total BAs for the
patients in the poor prognosis group, which was significantly
lower than that for the patients in the good prognosis group
(25.89%, 3.45-76.73%) (P < 0.0001). Among the THBAs,
CA-13-ol was the most abundant in the urine, followed by CA-
6a-ol (supplemental Table S1). CA-1B-ol and CA-6a-ol were
also significantly more abundant in the patients with a good
prognosis than in those with a poor prognosis (P< 0.0001).

We further demonstrated the THBA proportions
in patients with different disease entities, as shown in

TABLE 1. Basic characteristics of patients in the good prognosis and poor prognosis groups

Good Prognosis (n =21) Poor Prognosis (n = 19) P
Gender (male:female) 15:6 10:9 0.23
Diagnosis
CMV infection 8 — —
Urinary tract infection 2 — —
Transient neonatal cholestasis” 3 — —
Idiopathic NH 8 — —
Phenotypic PFIC — 7 —
FICI deficiency — 1 —
BSEP deficiency — 2 —
TJP2 deficiency — 2 —
NICCD — 2 —
IEBAM (CYP7BI and AKRIDI mutations) — 4 —
PNAC — 1 —
Disease onset (months) 1.9 (0.6-8.9) 2.2 (0.2-5.7) 0.54
Follow-up duration (years) 1.6 (0.1-8.0) 0.6 (0.2-11.7) 0.08
Initial biochemistry
Total bilirubin (mg/dl) 8.55 (0.68-14.64) 10.90 (2.65-23.6) 0.13
Direct bilirubin (mg/dl) 5.32 (0.29-8.28) 6.30 (1.72-15.40) 0.17
ALT (U/1) 232 (18-814) 200 (39-400) 0.34
GGT (U/1) 67 (4-391) 48 (14-117) 0.03
Serum BAs’ 166 (41-166) 122 (36-400) 0.27

The good prognosis group was jaundice-free before 1 year of age and the poor prognosis group had a persistence
of jaundice after 1 year of age. CMV, cytomegalovirus; NICCD, neonatal cholestasis caused by citrin deficiency;

PNAC, parenteral nutrition-associated cholestasis; .

“Transient neonatal cholestasis, SLC25A13 or VPS33B heterozygous mutation.
’Serum BA data for 27 patients (16 in the good prognosis group and 11 in the poor prognosis groups) were

included.
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Fig. 1. UTBA levels and percentages of different BAs in the good
(jaundice-free before 1 year of age) versus poor prognosis (persis-
tence of jaundice after 1 year of age) patient groups. *P < 0.05; **P
< 0.01; and *#¥¥P< 0.0001.

supplemental Fig. S1. The patients with genetic cholestatic
disease tended to have a lower proportion of THBAs than
those with cholestasis caused by cytomegalovirus, urinary
tract infection, idiopathic NH, etc.

TRHBAs. Four uncommon TRHBAs detected in the
patients’ urine samples were 18,3, 7a-trihydroxy-58-cholan-
24-oic acid, 2B,3a,7a-trihydroxy-5B-cholan-24-oic acid,
43,3, 7o-trihydroxy-53-cholan-24-oic acid, and 3a,6a,70-
dihydroxy-5B-cholan-24-oic acid (hyocholic acid). The pro-
portion of urinary TRHBAs was significantly higher for the
patients in the good prognosis group than for those in the
poor prognosis group (14.1%, range 4.48-36.58%; and
3.97%, range 0.1-31.99%, respectively). The two neonatal
intrahepatic cholestasis caused by citrin deficiency patients
were noted to have high TRHBA proportions (26.7%,
range 21.4-32.0%). In addition, the proportions of uri-
nary TRHBAs were 8.0% (range 0.37-22.85%) and 0.66%
(range 0.1-3.0%) for the PFIC and IEBAM patients,
respectively.

KBAs and UBAs. KBAs and UBAs were detected in all
patients, but they were more abundant in the patients in
the poor prognosis group, as shown in Fig. 1. Notably, the
IEBAM patients had very distinct urinary BA profiles. The
two patients with A4-3-oxosteroid-5B-reductase deficiency
(due to an AKRIDI mutation) had KBA proportions of
91.7% (76.0 pmol/mmol Cre) and 95.0% (115.0 wmol/
mmol Cre), respectively, with a large amount of 7a,12a-
dihydroxy-3-oxo-chol-4-en-24-oic acid. In addition, the
two patients with 7a-hydroxylase deficiency (due to
a CYP7BI mutation) had UBA proportions of 97.7% (89.5
pmol/mmol Cre) and 77.6% (94.3 pmol/mmol Cre),
respectively, with a predominance of 33-hydroxy-5-cholen-
24-oic acid.

ROC curve analysis

The values of UTBAs and each of the different BA com-
ponents for predicting patient prognosis were assessed by
ROC curve analysis. The THBA proportion, with a cut-off
value of 7.23%, was the best predictor of poor prognosis
[sensitivity = 95.24%, specificity = 84.21%, area under the
curve (AUC) = 0.91, and P< 0.0001]. The UTBA concen-
tration and TRHBA, KBA, and UBA proportions, with their
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Fig. 2. A: Kaplan-Meier curves showing increased transplantfree
survival of the patients with a UTBA level of <71.25 wmol/mmol
Cre. B: Increased transplantfree survival was observed for the pa-
tients with a urinary THBA proportion of above 7.23% of UTBAs.

respective cut-off values, were also found to have predictive
value, but lower sensitivities, specificities, and AUC values
than the THBA proportion (Table 2).

Univariate and multivariate Cox proportional hazard
model

The patient characteristics, UTBA concentration, and bio-
chemical data (ALT, GGT, and bilirubin levels) were ana-
lyzed using the Cox proportional hazard model to assess
their associations with transplantfree survival of the patients.
Univariate analysis showed that the total bilirubin, direct
bilirubin, and UTBA concentrations affected transplantfree
survival. Multivariate analysis revealed that the UTBA con-
centration was the single independent factor affecting trans-
plantfree survival (Table 3). We included age (months) at
urine sample collection in univariate and multivariate analy-
ses and found that it had no effect on patient outcome.

We next investigated which of the five major BA sub-
groups had the most significant effect on transplantfree
survival of the patients in this study. Univariate analysis
showed that the CBA, THBA, TRHBA, and UBA concen-
trations were associated with patient outcome. Multivariate
analysis revealed that the THBA concentration was the
only independent factor affecting transplant-free survival
(Table 4). We also performed analysis excluding the four
IEBAM patients, and the results still showed that the THBA
concentration was the only independent factor affecting
survival (P=0.010).

The patients with a UTBA concentration of higher than
71.25 pmol/mmol Cre had a shorter survival time than



TABLE 2. The optimal cut-off values using different BA compositions for predicting good prognosis

Criterion AUC Sensitivity Specificity +LR —LR P
UTBAs" <71.25 0.73 85.71 63.16 2.33 0.23 0.009
CBAs >16.32% 0.53 95.24 31.58 1.39 0.15 0.750
THBAs >7.23% 0.91 95.24 84.21 6.03 0.057 <0.0001
TRHBAs >4.98% 0.76 95.24 52.63 2.01 0.09 0.0019
UBAs <6.15% 0.71 90.48 57.89 2.15 0.16 0.013
KBAs <18.56% 0.72 100.00 57.89 2.37 0.00 0.016

A good prognosis is described as jaundice-free before 1 year of age. +LR, positive likelihood ratio; —LR, negative

likelihood ratio.
“Data expressed as micromoles per millimole Cre.

those with a concentration of lower than 71.25 pmol/
mmol Cre (P = 0.0006), as determined by Kaplan-Meier
survival analysis (Fig. 2A), and none of these patients sur-
vived without liver transplantation. In addition, the pa-
tients with a urinary THBA proportion of less than or equal
to 7.23% of UTBAs had markedly reduced transplantfree
survival, and they all underwent liver transplantation or
died at a median age of 1.1 years (confidence interval: 3.3—
32.0, P=0.0001; Fig. 2B). Most of the patients with a high
urinary THBA proportion survived without liver transplan-
tation, although there were some exceptions. One patient
with a FIC1 deficiency and a high urinary THBA propor-
tion (26.0%) received liver transplantation at 5 years of
age. In addition, one patient with a heterozygous SLC25A13
mutation and a urinary THBA proportion of 3.45% was
jaundice free at 4 months of age.

Gene expression levels

To determine whether the increased THBA concentra-
tion was accompanied by the increased expression of CYP
enzymes, we compared the mRNA expression of CYP3A4
and CYP3AD in liver specimens from infantile intrahepatic
cholestasis patients with high and low THBA proportions,
using 7.23% as a cut-off. A total of 14 liver specimens were
available from 40 patients, including seven patients each
with low and high THBA proportions. An additional seven
age-matched patients with noncholestatic liver disease were
included as controls. CYP3A4 mRNA expression was not
found to be positively correlated with different THBA pro-
portions (Fig. 3). In contrast, CYP3A5 expression was sig-
nificantly higher in the patients with a THBA level of less
than 7.23%.

BA profiles in patients with ATP8B1, ABCB11, or TJP2
mutations

The THBA concentration has been shown to be in-
creased in Bsep-knockout mice; however, we detected a low
THBA concentration in the patients with a poor prognosis,
as described above. Therefore, we were interested in deter-
mining whether this level was also elevated in human PFIC
patients with a specific genetic diagnosis. We further ana-
lyzed the BA profiles of the patients with a genetically con-
firmed ATPSBI (FIC1 deficiency), ABCB11 (BSEP deficiency)
(20), or T/P2 mutation. The BA profiles of five patients
from the above-mentioned patient group were analyzed, in
addition to those of five patients whose urine samples had
been collected after 1 year of age (two with an ATPSBI mu-
tation, two with an ABCBI1 mutation, and one with a TJP2
mutation). The BA profiles are presented according to
the genetic diagnosis in supplemental Table S2. Inter-
estingly, the patients with an ABCBI11 or TJP2 mutation
had low THBA proportions (0.23-5.06%), and those with
an ATPSBI mutation tended to have higher proportions
(7.51-37.26%).

DISCUSSION

To our knowledge, the present study is the first to dem-
onstrate an association of the concentration of THBAs,
which represent a significant proportion of urinary BAs in
patients with infantile cholestatic liver disease, with patient
prognosis. Among the various types of BAs with altered lev-
els, THBAs had the highest AUC and the best sensitivity and
specificity in predicting prognosis, i.e., the disappearance

TABLE 3. Univariate and multivariate Cox proportional analysis of the factors associated with reduced
transplant-free survival of infantile intrahepatic cholestasis patients
Univariate Analysis Multivariate Analysis
Hazard Ratio P Hazard Ratio P
UTBAs >71.25" 6.11 (1.86-20.14) 0.003 10.43 (1.57-69.09) 0.015
Male versus female 1.62 (0.49-5.42) 0.431 — —
Disease onset (months) 0.83 (0.57-1.20) 0.319 — —
Age at urine sample analysis 1.16 (0.98-1.37) 0.07 1.15 (0.94-1.41) 0.165
Initial biochemistry
ALT (U/1) 1.00 (0.99-1.00) 0.755 — —
GGT (U/1) 0.99 (0.97-1.00) 0.113 — —
Total bilirubin (mg/dl) 1.17 (1.02-1.34) 0.024 1.45 (0.95-2.21) 0.089
Direct bilirubin (mg/dl) 1.37 (1.10-1.71) 0.006 0.87 (0.53-1.44) 0.606

“Data expressed as micromoles per millimole Cre.
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TABLE 4. Univariate and multivariate Cox proportional analysis of the different BA cut-off values associated with
reduced transplant-free survival of infantile intrahepatic cholestasis patients

Univariate Analysis

Multivariate Analysis

Hazard Ratio P Hazard Ratio P
CBAs <16.32% 4.90 (1.52-15.76) 0.008 2.53 (0.68-9.49) 0.168
THBAs <7.23% 10.78 (2.36-49.18) 0.002 7.16 (1.24-41.31) 0.028
TRHBAs <4.98% 5.47 (1.68-16.85) 0.005 1.12 (0.27-4.67) 0.875
UBAs >6.15% 1.75 (0.58-5.26) 0.320 — —
KBAs >18.56% 3.87 (1.28-11.69) 0.016 1.53 (0.45-5.17) 0.491

of jaundice before 1 year of age. Survival analysis revealed
that a urinary THBA proportion of higher than 7.23%
was associated with relatively high transplant-free survival
of the patients.

THBAs, along with other polyhydroxylated BAs, are pref-
erentially excreted into the urine (21) and are present in
humans mainly during the neonatal period (18). Previous
studies of healthy infants have shown that 1-3 THBA is the
predominant THBA during early infancy. THBAs have
been detected among urinary BAs between 7 days and 11—
12 months after birth, with a peak in concentration at
1 month, and their concentration remains relatively stable
from 2 to 12 months (approximately 10% of total BAs), af-
ter which it gradually decreases to a minimal level at 1 year
of age (18), and THBAs are undetectable in adults.

Neonates and infants have relatively high serum BA
concentrations, inefficient biliary excretion, and immature
enterohepatic circulation, which characterize the develop-
mental stage of physiological cholestasis (22). The polyhy-
droxylation and urinary excretion of THBAs may serve as
a metabolic mechanism to enhance BA excretion in neo-
nates (23). The 1-B-hydroxylated BAs have been detected
in fetal, neonatal, and infant livers, and they may partici-
pate in a detoxification mechanism during liver develop-
ment. This hypothesis is supported by the abundance of
THBAs in preterm infants with physiologic cholestasis. In
the current study, the levels of CA-1B-ol in the patients with
a good prognosis reached 10.13 pmol/mmol Cre (0.51-
65.26 pmol/mmol Cre), which is higher than the reported
levels in healthy infants of 0.24-4.20 pumol/mmol Cre (18).
In contrast, the patients with a poor prognosis had a rela-
tively low mean CA-1B-ol concentration of 0.86 pwmol/
mmol Cre (0.03-67.64 pmol/mmol Cre).
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Fig. 3. Relative mRNA expression of CYP3A4 and CYP3A5 in in-
fantile intrahepatic cholestasis patients with different THBA levels
compared with those in controls (infants without cholestasis).
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Few previous studies and limited case reports have de-
scribed the presence of CA-1B-ol (a major type of THBA)
in cholestatic patients. Four neonatal patients (ages not
specified) with paucity of the interlobular bile ducts have
been reported with urinary CA-13-ol proportions of 2.4—
37.1% (24). In addition, two studies have reported CA-
1B-ol proportions of 0-11.6% of total urinary BAs in adult
patients with cholestatic liver disease and liver cirrhosis
(21, 25). Our findings indicated that many of the patients
with infantile cholestasis were capable of synthesizing a
significant amount of THBAs, which are more hydro-
philic, have low toxicity, and may be associated with a good
outcome.

Notably, we detected a very low THBA concentration in
the BSEP-deficient patients, in contrast with that previously
reported in the animal model (Bsep-knockout mice), which
synthesizes a large amount of THBAs. It has been specu-
lated that the milder phenotype of Bsep-knockout mice may
be due to their ability to synthesize THBAs, which neutral-
ize the toxic effects of accumulated BAs. Additionally, the
THBA level was also relatively low in patients with IEBAM
in our study. Interestingly, the patients with an ATP8BI
mutation had a higher THBA level than those with an
ABCBI1 or a TJP2 mutation. It is known that patients with
an ATPSBI mutation tend to have slower disease progression
than those with an ABCBI1 mutation (10). Taken together,
these findings support the notion that THBA synthesis may
be associated with less severe liver injury.

The reasons for the variation in the ability of patients to
synthesize THBAs are unknown. Aside from the metabolic
changes that occur during different developmental stages,
this variation may be related to differences in BA metabo-
lism in the different disease entities, differences in BA
metabolic enzyme activities due to genetic variation, or dif-
ferences in the extent and type of injury to hepatocytes.
CYPs belong to a superfamily of enzymes that catalyze a
broad range of reactions, including the biotransformation
of BA. The most abundant CYP enzyme family in the hu-
man liver is the CYP3A subfamily, which includes three
isoforms: CYP3A4, CYP3A5, and CYP3A7 (26). Cyp3all
(human homolog of CYP3Ab) has been proposed to be
involved in THBA formation in mice (27). However, no
studies have examined the relationship between CYP3A4
or CYP3A5 and THBAs in humans. CYP3A4 is the predomi-
nant enzyme responsible for the 25-hydroxylation of 5(3-
cholestane-3a,7a,12a-triol in human liver microsomes
(28). An in vivo experiment in which deoxycholic acid was
incubated with recombinant CYP3A4 and human liver
microsomes demonstrated conversion of the substrate to



1B-hydroxyl-deoxycholic acid. Although CYP3A4 is involved
in the 1-B-hydroxylation of BAs, the incubation of CA with
CYP3A4 has been shown to yield only 3-dehydro-CA (29).
CYP3A5 also participates in BA hydroxylation (28), but it
has not been found to perform tetrahydroxylation. In the
present study, we did not detect a positive correlation be-
tween CYP3A4 or CYP3AD5 expression and the THBA level.

The clinical implications of our results affect patient di-
agnosis and treatment. First, although urinary BA analysis
is not performed in the laboratories of most hospitals, it
should be included in routine investigational assays of
chronic cholestatic patients, as expanded lists of phenotypic
and metabolic defects associated with IEBAM have been
recently reported (30). In clinical practice, urine sample
collection is easy to perform, the data are not affected by
fasting conditions after correction by Cre, and analyses
have low variability and high stability compared with analy-
ses of serum BAs levels (31, 32).

Second, our findings suggest a potential therapeutic role
of THBAs. THBA synthesis was reported to be inducible in
humans by administration of adrenocorticotropic hormones
half a century ago (33). Some evidence indicates that
drugs, such as taurine (34), phenobarbital, (35, 36), and
rifampicin (37), induce THBA production in humans, but
most of them have transient effects. These data suggest that
humans are capable of producing THBAs under certain
circumstances. Further investigation of inducible or exog-
enous THBAs as therapeutic agents would be of great clini-
cal interest.

There are several limitations of our study. First, the spe-
cific disease entity and its pathophysiology have major im-
pacts on patient outcome, while the THBA proportion may
only partly contribute to outcome, or it may reflect an ef-
fect of liver injury caused by a specific disease. For example,
the patients with FIC1 deficiency in our study had a high
THBA proportion, but required liver transplantation at a
later age due to disease progression. The FIC1 protein is
expressed in multiple organs, including the liver, small in-
testine, kidneys, and pancreas, but the BSEP protein is
mainly expressed in the liver. The association of the disease
entity with patient outcome should first be considered. In
addition, we noticed that the FIC1-deficient patients had a
higher THBA level than the BSEP-deficient patients, as
well as slower disease progression. These findings might be
due to the fact that liver function was more preserved ini-
tially in the FICl-deficient patients. We propose that the
patients with more severe liver disease or less preserved
liver function were unable to produce THBAs during cho-
lestasis as a compensatory and protective mechanism. De-
termining the actual mechanism of THBA production in
cholestasis patients is important for understanding its
causal relationship with the disease and patient outcome.
Second, our patients were a highly heterogeneous group
with many different diagnoses. Only a small number of pa-
tients were included with each genetic defect because of
the rarity of the mutations. Thus, evaluation of more pa-
tients is required to confirm the BA profile changes spe-
cific to each genetic disease. Nevertheless, our patient
population reflects the real-world situation encountered by

clinicians in which the common presentation of infantile
cholestasis is observed in highly heterogeneous patients
with a long list of differential diagnoses. Usually only a pre-
liminary diagnosis can be made initially, and it takes weeks
or even months until all of the comprehensive investigations
are completed and a final diagnosis is made. Our findings
suggest that the urinary THBA level may be an important
marker for predicting patient outcome, even when a ge-
netic diagnosis is not available yet. Third, THBA levels were
not measured in normal controls in this study. Instead, we
used previously published data for normal infant controls,
with detailed descriptions for each age group (18).

In conclusion, we have reported the presence of urinary
THBAs in patients with infantile intrahepatic cholestasis.
Patients with a good prognosis had a higher THBA level
than those with a poor prognosis. The roles of THBAs in
clinical management and treatment, as well as their poten-
tial protective effects against liver injury, warrant further
investigation El
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