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Abstract. Sodium taurocholate cotransporting polypeptide 
(NTCP), a carrier protein encoded by solute carrier family 10 
member 1 (SLC10A1), is expressed in the basolateral membrane 
of hepatocytes, where it is responsible for the uptake of bile 
acids from plasma into hepatocytes. The first patient with 
NTCP deficiency was described in 2015. A limited number 
of such patients have been reported in the literature and their 
genotypic and phenotypic features require further investiga-
tion. The current study investigated 4 patients with NTCP 
deficiency from two unrelated families. The patients were 
subjected to SLC10A1 genetic analysis and it was revealed that 
all patients were compound heterozygous for the c.800C>T 
(p.Ser267Phe) and c.595A>C (p.Ser199Arg) SLC10A1 variants. 
To the best of the authors' knowledge, the latter variant had not 
been previously reported. Further analysis in 50 healthy indi-
viduals did not identify carriers. The c.595A>C (p.Ser199Arg) 
variant exhibited co‑segregation with hypercholanemia and 
exhibited a relatively conserved amino acid when compared 
with homologous peptides. Moreover, SWISS‑MODEL predic-
tion revealed that the mutation affected the conformation of the 
NTCP molecule. The 4 patients demonstrated varying degrees 
of hypercholanemia while a downward trend in the plasma 
levels of total bile acids (TBA) in 2 pediatric patients and 
occasionally normal TBA level in an adult case were observed. 
The results indicated an autosomal recessive trait for NTCP 
deficiency, supported the primary role of NTCP in the uptake 
of bile acids from plasma and suggested that hepatic uptake 

of bile acids may occur by means other than NTCP uptake. 
Moreover, the novel missense variant c.595A>C(p.Ser199Arg) 
enriched the SLC10A1 mutation spectrum and may serve as a 
new genetic marker for the molecular diagnosis and genetic 
counseling of NTCP deficiency.

Introduction

Sodium taurocholate cotransporting polypeptide (NTCP) 
deficiency is an inborn error of bile acid metabolism caused 
by biallelic mutations of the solute carrier family 10 member 1 
(SLC10A1) gene. SLC10A1 is located in chromosome 14q24.2, 
contains 5 exons and has a total length of 23 kb (1,2). The protein 
product NTCP is composed of 349 amino acid residues and has 
a molecular weight of 38 kDa (1). NTCP is a transporter protein 
expressed in the sinusoidal plasma membrane of hepatocytes, 
where it is involved in the uptake of bile salts from plasma into 
hepatocytes in a sodium‑dependent manner, playing a crucial 
role in the enterohepatic circulation of bile acids (3,4).

The SLC10A1 gene was cloned by Hagenbuch et al (1) in 
1994 and the function of NTCP has since been widely investi-
gated (5,6). Theoretically, NTCP deficiency was thought to cause 
hypercholanemia (7); however, there was no clinical description 
of such patients until 2015, when Vaz et al (8) reported the first 
patient with NTCP deficiency (8). At the time of publication of 
the current study, only a limited number of patients with such 
a condition have been reported in 10 publications (8‑17). The 
genotypic and phenotypic features of this newly described 
condition therefore require further investigation.

The reported SLC10A1 variants causing NTCP defi-
ciency included c.755G>A(p.Arg252His)  (8), c.615_618del 
(p.Ser206Profs*12)  (9), c.263T>C(p.Ile88Thr)  (10) and 
c.800C>T(p.Ser267Phe)  (12). Among them, the variant 
p.Ser267Phe is rather prevalent, with the allele frequency of 
7.4% (23/312), 3.1% (9/294) and 9.2% (28/306) in Chinese, 
Korean and Vietnamese populations  (6), respectively. 
Therefore, although patients with NTCP deficiency were 
rarely reported in the past over 20 years, this condition may 
not be rare, especially in East Asian population. The present 
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study described the identification of 4 new patients with NTCP 
deficiency in 2 unrelated families and presented the clinical 
and genetic findings of the aforementioned patients.

Materials and methods

Patients and ethical approval. A total of 2 pediatric patients, 
including a 27.7‑month‑old male and a 3.8‑month‑old female, 
from two unrelated families and 2 adult patients, including a 
male aged 31 years and a female aged 35 years, from family 1 
with hypercholanemia as well as their family members were 
included in the current study, which was performed between 
May 2016 and July 2017 in The First Affiliated Hospital of 
Jinan University. The clinical findings were collected and 
described as case reports in the Results section of the present 
study. In order to explore the allele frequency of the identified 
novel SLC10A1 variant, 50 blood samples (1‑2 ml in volume 
for each sample, with a total of 100 SLC10A1 alleles) from 
healthy volunteers were collected to serve as the controls.

The current study was approved by the Committee 
for Medical Ethics, The First Affiliated Hospital of Jinan 
University and written informed consent was obtained from 
the parents of the patients and all the healthy controls.

Sanger sequencing. Genomic DNA was extracted using a 
DNA extraction kit (Simgen) according to the manufac-
turer's protocol. The five SLC10A1 exons and their flanking 
sequences, including the 5'‑ and 3'‑untranslated regions as well 
as 309 base pairs upstream of the transcriptional start site, were 
amplified by PCR as described previously (10). The PCR prod-
ucts were purified using a gel extraction kit (Omega Bio‑Tek, 
Inc.) and Sanger sequencing was subsequently performed on a 
96‑capillary ABI 3730xl DNA Analyzer (Applied Biosystems; 
Thermo Fisher Scientific, Inc.) with a BigDye Terminator v 3.1 
Cycle Sequencing kit (Thermo Fisher Scientific, Inc.).

The sequencing results were aligned with the SLC10A1 
gene sequence, which was available at Ensembl Genome 
Browser (www.ensembl.org), using DNAman software 
(version 5.2.2; Lynnon Biosoft Corporation) and analyzed 
using Chromas software (version 2.6.6; Technelysium Pty, 
Ltd.). The allele frequency of the identified novel SLC10A1 
variant was investigated in four population databases, including 
the 1000 Genomes Project (browser.1000genomes.org), the 
Exome Sequencing Project (esp.gs.washington.edu/drupal), 
the Exome Aggregation Consortium (exac.broadinstitute.org) 
and the Human Gene Mutation Database (www.hgmd.cf.ac.
uk/ac/index.php).

PCR‑restriction fragment length polymorphism (RFLP) 
approach. In addition to the PCR‑RFLP approach described 
previously to detect the pathogenic SLC10A1 variant 
c.800C>T(p.Ser267Phe) (12), a novel PCR‑RFLP procedure 
was developed in the present study to verify the SLC10A1 
genotypes of the patient family members and to screen for 
the novel SLC10A1 variant in 50 healthy individuals. The 
nucleotide sequences of the forward and reverse primers 
used in PCR were 5'‑CCA​CCT​CTG​TTC​CTC​TCT​ATC​C‑3' 
and 5'‑GCA​ACA​GAG​TGA​GAC​CCT​TTC‑3', respectively 
(Invitrogen; Thermo Fisher Scientific, Inc.). The target frag-
ment was amplified using a PCR kit (Takara Biotechnology 

Co., Ltd.) and the PCR thermocycling conditions were: 94˚C 
for 5 min, followed by 35 cycles at 94˚C for 30 sec, 58˚C 
for 40 sec and 72˚C for 50 sec, and 72˚C for 10 min. The 
HpyCH4V restriction enzyme (Thermo Fisher Scientific, 
Inc.) was used to digest the PCR products and the digested 
DNA products were subsequently separated by electropho-
resis in a 4% agarose gel. For frequency calculation of the 
novel variant, the number of mutated alleles detected in all 
50 control samples was divided by 100 and the quotient was 
multiplied by 100%.

Alignment of homologous peptides. The amino acid sequences 
for the peptides homologous to human NTCP were identified 
in 99 species using the Ensembl Genome Browser. The 99 
species were then classified into five taxonomy subgroups: 
Primates (24 species), rodents and lagomorphs (26 species), 
other mammals (24 species), other vertebrates (21 species) and 
other species (4 species), and aligned using BLAST/BLAT 
Ensembl software (Ensembl Release 97,  July 2019: www.
ensembl.org/Multi/Tools/Blast?db=core).

In silico prediction of pathogenicity. A total of four predic-
tion programs were used to predict the pathogenicity of the 
novel SLC10A1 variant. PolyPhen‑2 (genetics.bwh.harvard.
edu/pph2) analysis identifies a variant as ʻprobably damagingʼ 
if the probability is >0.85 and as ʻpossibly damaging ,̓ if the 
probability >0.15 (18). MutationAssessor (mutationassessor.
org) scores a mutation by global and subfamily specific conser-
vation patterns as low, medium or high (19). Sorting Intolerant 
From Tolerant (SIFT; sift.jcvi.org) classifies the variant 
as being ʻdeleteriousʼ if the prediction score is <0.05 (20). 
Moreover, the deleterious annotation of genetic variants using 
neural networks (DANN; cbcl.ics.uci.edu/public_data/DANN) 
may be used to annotate the pathogenicity of genetic variants 
using neural networks and higher values are associated with 
deleterious variants (21).

Effect of the novel mutation on the structure of the NTCP 
protein. The wild structural model of NTCP protein was 
built using the online software SWISS‑MODEL automated 
protein modeling server (swissmodel.expasy.org). The 
tertiary structures of the wild type and mutant NTCP protein 
were compared by SWISS‑Pdb Viewer 4.1.0 (www.Expasy.
org/spdbv) to evaluate the effect of the variant on structure of 
the NTCP molecule.

Results

Patient 1. A 27.7‑month‑old male was referred to The First 
Affiliated Hospital of Jinan University due to sustained 
elevated serum total bile acids (TBA). A health examination 
1.2 months prior to admission revealed that the patient had 
a TBA level of 103.8  µmol/l and elevated transaminases. 
A biochemistry test repeated 3 weeks after the initial test 
revealed persistent hypercholanemia and elevated aspartate 
transaminase level (Table II). The patient was subsequently 
referred to the First Affiliated Hospital of Jinan University for 
further investigation and management.

The patient had frequent early fetal heart decelerations 
that were detected by cardiotocography during labor at the 
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gestational age of 39 weeks and 5 days (Fig. 1) and the patient 
was subsequently delivered by a cesarean section. The patient 
had a birth weight of 3.0 kg and a body length of 47 cm. The 
patient's mother was healthy during and after pregnancy; 
however, the father had occasional hypercholanemia without 
any clinical manifestations. Additionally, the patient's 
paternal aunt exhibited raised TBA levels without any clinical 
symptoms. The TBA levels in the paternal grandparents and 
maternal grandmother were in the normal range. The maternal 
grandfather exhibited slightly elevated levels (Table II) and a 
liver ultrasonogram revealed a 5x4 mm hemangioma in the 
right lobe.

A physical examination revealed that the patient had a 
body weight of 11.5 kg, height of 85.5 cm and a head circum-
ference of 49 cm. No dysmorphic appearance or jaundice 
were observed in the skin and sclera. No stridor, crackles or 
crepitus were heard following auscultation of the lungs. The 
heart sounds were normal without any murmurs. The liver 
and spleen were nonpalpable. The tone of the body and limbs 
appeared normal.

Biochemical analysis of the patient revealed that the 
levels of TBA and transaminase were elevated (Table II). 
The SLC10A1 gene was analyzed to evaluate the possibility 
of NTCP deficiency. Thereafter, no special treatment was 
administered to the patient except vitamin D supplementa-
tion. Subsequent clinic follow‑ups revealed that the patient's 
aspartate transaminase gradually decreased to normal levels; 
however, serum TBA was persistently elevated and globulin 
levels exhibited an occasional decrease (Table II). The patient 
exhibited normal anthropometric social performance.

Patient 2. A 3.8‑month‑old female patient was referred to the 
First Affiliated Hospital of Jinan University with increased 
TBA levels that had persisted for 3.5 months. The patient was 
admitted into the neonatal unit in the First Affiliated Hospital 
of Jinan University as a preterm infant. The infant was deliv-
ered by a cesarean section as the first‑born of dichorionic 
diamniotic twins at the gestational age of 32 weeks and 3 days 
(birth weight, 1.4 kg; body length, 40 cm). Her dizygotic twin 
sister, who had a birth weight of 1.85 kg and body length of 
45 cm, exhibited occasional hypercholanemia (Table III).

The patient's parents were healthy and there was no family 
history of genetic diseases. The patient had a slightly increased 
serum TBA levels 9 days following birth. Additionally, the 
patient developed hypoalbuminemia during hospitaliza-
tion and was treated with intravenous albumin. The patient 
was discharged with unresolved hypercholanemia 25 days 
following birth. The elevation of TBA was intractable on 
subsequent clinic follow‑up, with a peak level 260.5 µmol/l at 
the age of 2.3 months (Table III).

Physical examination revealed a body weight of 4.7 kg, 
height of 54 cm and a head circumference 36.5 cm. There 
was no dysmorphic appearance or jaundice in the skin and 
sclera. The skull and facial appearance were not malformed. 
No positive signs were found in the lungs and the heart. The 
patient's liver and spleen were not enlarged. The tone of the 
body and limbs appeared normal. Biochemical analysis 
revealed elevated TBA levels, with a peak of 256.5 µmol/l and 
occasional decreases in globulin and albumin levels. All other 
indices were normal (Table III).
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As the patient exhibited persistent hypercholanemia, 
SLC10A1 analysis was performed to evaluate the possibility of 
NTCP deficiency. No special treatment other than vitamin D 
and zinc supplements was given thereafter. The patient was 
followed‑up to the age of 9.1 months and exhibited normal 
development patterns. During the follow‑up, the patient had 
persistently elevated TBA levels, while other liver indices were 
in the normal range (Table III).

SLC10A1 genotypes. Sanger sequencing of the SLC10A1 gene 
in the two families demonstrated that both index patients 
were compound heterozygotes for the variants c.800C>T(p.
Ser267Phe) and c.595A>C(p.Ser199Arg). In family 1, the father 
shared the same genotype with patient 1 while the mother was 
a carrier of the variant 800C>T (p.Ser267Phe) (Fig. 2A). In 
family 2, the father was a carrier of the variant c.595A>C(p.
Ser199Arg), while the mother was a carrier of c.800C>T(p.
Ser267Phe) (Fig. 2B). To the best of our knowledge, the variant 
c.595A>C (p.Ser199Arg) has not been previously reported 
by other studies in the PubMed database (www.ncbi.nlm.
nih.gov) and is not currently included in the 1000 Genomes 
Project (browser.1000genomes.org), the Exome Sequencing 
Project (esp.gs.washington.edu/drupal), and the Human Gene 
Mutation Database (www.hgmd.cf.ac.uk/ac/index.php). The 
Exome Aggregation Consortium (exac.broadinstitute.org) 
database has recorded the variant c.595A>C (p.Ser199Arg), 
with an allele frequency of 0.3% in East Asian populations 
and of 0.025% in all humans.

PCR‑RFLP findings. A novel PCR‑RFLP approach was 
developed to explore the SLC10A1 genotypes in the two 
families and to investigate the frequency of the novel variant 
c.595A>C(p.Ser199Arg) in healthy controls. As presented 

in Fig. 3, in addition to the 3 patients diagnosed by Sanger 
sequencing, the patient's aunt in family 1 was also affected 
by NTCP deficiency, having an SLC10A1 genotype of 
c.800C>T(p.Ser267Phe)/c.595A>C(p.Ser199Arg). Moreover, 
no c.595A>C(p.Ser199Arg) carrier status was detected in 
50 healthy controls, indicating an allele frequency of <1%. 
Therefore, the missense variant identified in the present study 
was a novel SLC10A1 mutation and not a single nucleotide 
polymorphism.

Bioinformatics analysis. The amino acid sequences of the 
homologous peptides in a total of 99 species were aligned to 
allow comparative analysis. Although the amino acid p.Ser199 
was not conserved in other vertebrates (11/21) and other species 
(1/4) (data not shown), this residue was relatively conserved in 
primates and mammals. In fact, this residue was found in 23/24 
of the primates including humans (Table I), 21/26 of rodents and 
lagomorphs and 16/24 of the other mammals (data not shown).

In silico tools were subsequently used to predict the pathoge-
nicity of the novel mutation. Polyphen 2 and DANN generated 
the same outcome (ʻpossibly damaging̓), with a prediction 
score of 0.977 and 0.986, respectively. MutationAssessor 
yielded a result of ʻmediumʼ with a prediction score of 3.07, 
while SIFT suggested that the mutation was ʻtolerated ,̓ with a 
prediction score of 0.08.

SWISS‑MODEL software was used for structural predic-
tion of the NTCP protein. The c.595A>C(p.Ser199Arg) variant 
resulted in the replacement of a serine by an arginine at the 
amino acid position 199 of the NTCP molecule. Arginine 
produced a new hydrogen bond with the proline at position 
286. Additionally, the hydrogen bond distances between 
specific amino acids in the NTCP protein were altered (Fig. 4), 
distorting the molecular structure of the NTCP protein.

Figure 1. Cardiotocogram obtained during the delivery of patient 1. The upper curve recorded fetal heart rate while the lower curve recorded uterine contrac-
tions. The two decelerations on the left, with the lowest rate of 90 beats per minute, were relieved spontaneously when uterine contractions ceased. The 
deceleration on the right was caused by vaginal examination.
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Discussion

The present study identified 4 patients with NTCP deficiency, 
including 2 pediatric and 2 adult individuals. Analysis 
revealed that the patients were compound heterozygous for 
the SLC10A1 variants c.800C>T(p.Ser267Phe) and c.595A>C 
(p.Ser199Arg). The former variant has previously been reported 
to be pathogenic by functional and bioinformatics approaches 
and clinical studies (6,9,12‑16). The latter unreported variant 
demonstrated a frequency of <1% in 50 healthy individuals in the 
present study and was absent from controls in the 1000 Genomes 
Project, the Exome Sequencing Project and the Human Gene 
Mutation Database. Exome Aggregation Consortium database 
has recorded the variant c.595A>C (p.Ser199Arg); however, this 
database is not based on findings on patients but general popula-
tions and the low allele frequencies of this variant in East Asian 
(0.3%) and all humans (0.025%) indicated a mutation, consti-
tuting supporting evidence of pathogenicity. The c.595A>C(p.
Ser199Arg) mutation exhibited co‑segregation with hyper-
cholanemia and was detected in trans with the c.800C>T(p.
Ser267Phe) variant in 4 patients from two unrelated families. 
Moreover, this novel mutation exhibited a conserved amino 
acid and distorted the conformation of the NTCP molecule. 
While functional analysis of the novel SLC10A1 variant was not 
performed in the current study due to technical limitations, the 
results obtained supported the diagnosis of NTCP deficiency 
in the patients investigated. Particularly, the functional study 
constituted a work plan for the authors' future investigation, 
since it provides much stronger evidence of pathogenicity. 
Moreover, the present group has been committed to the clinical 
diagnosis of NTCP deficiency since the first pediatric patient in 
China and the first adult worldwide with such a condition were 
reported in 2016 (12), but unfortunately no additional patients 
harboring the novel SLC10A1 variant c.595A>C (p.Ser199Arg) 
were diagnosed, suggesting that this variant was not so prevalent 
in Chinese populations.

In silico tools were used to predict the pathogenicity of 
the SLC10A1 variant c.595A>C(p.Ser199Arg). Polyphen 2 
and DANN predicted pathogenic outcomes, and this might be 
considered as computational evidence supporting the delete-
rious effect on the SLC10A1 gene, according to the American 
College of Medical Genetics and Genomics standards and 
guidelines for the interpretation of sequence variants (22). 
However, MutationAssessor and SIFT generated inconsistent 
results. This discrepancy therefore requires further inves-
tigation as the accuracy of prediction algorithms is affected 
by a number of variables, including the gene examined, the 
number of sequences in the alignment, the evolutionary 
distances among species and the importance of absolute 
amino acid conservation vs. relatively conservative missense 
changes (23). In general, the accuracy of the majority of algo-
rithms used for missense variant prediction is ~65‑80%, even 
when applied to established disease‑causing variants (22). As 
clinical data describe human disease more directly, clinical 
observations should be considered more persuasive when a 
discrepancy or conflict arises between clinical and functional 
observations (24).

The 4 patients in the current study presented with persistent 
hypercholanemia and supported the primary role of NTCP in 
the uptake of bile acids from plasma. However, the plasma 
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Figure 3. PCR‑RFLP protocols screening for the variants c.800C>T(p.Ser267Phe) and c.595A>C(p.Ser199Arg). Representative gel electrophoresis images of 
the digested products by the newly‑developed PCR‑RFLP protocol for the detection of the novel variant c.595A>C(p.Ser199Arg) in family (Aa) 1 and (Ab) 2. 
The results showed that patient 1, his father, aunt and grandfather and patient 2, her father and sister all harbored the c.595A>C(p.Ser199Arg) variant. (B) A 
schematic diagram of the PCR‑RFLP approach. The wild‑type SLC10A1 allele had a HpyCH4V restriction enzyme site and produced the 87 and 197 bp 
fragments from the 284 bp band following enzymatic digestion. A representative gel electrophoresis image for PCR‑RFLP screening for the c.800C>T 
(p.Ser267Phe) variant in family 1 (Ca) and 2 (Cb). The results showed that patient 1, his father, mother, aunt, grandmother, maternal grandfather and maternal 
grandmother and patient 2 and her mother harbored the c.800C>T(p.Ser267Phe) variant. RFLP, restriction fragment length polymorphism; SLC10A1, solute 
carrier family 10 member 1.

Figure 2. Sanger sequencing results of SLC10A1 gene in the two families. (A) Patient 1 and his father were heterozygous for the SLC10A1 variants c.800C>T 
(p.Ser267Phe) and c.595A>C(p.Ser199Arg) while his mother was a carrier of variant c.800C>T(p.Ser267Phe). (B) Patient 2 was a compound heterozygote of 
variants c.800C>T(p.Ser267Phe) and c.595A>C(p.Ser199Arg) while her father was a carrier of c.595A>C and her mother was a carrier of c.800C>T. SLC10A1, 
solute carrier family 10 member 1.
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TBA levels tended to decrease over time in the two pediatric 
patients and the father of patient 1 exhibited an occasionally 
normal TBA level. The aforementio‑ned trends suggested that 
mechanisms other than NTCP are involved in the hepatic 
uptake of bile acids. Solute carrier organic anion transporter 
family member 1B1 and 3 (OATP1B1/3), two members of the 
organic anion transporting polypeptides family, are heterodi-
mers expressed in the basal membrane of hepatocytes and 
clear bile acid salts such as cholic acid, glycolic acid and tauro-
cholic acid from the plasma (25). OATP1B1 and OATP1B3 
demonstrate an age‑dependent maturation process in humans 
and it has been reported that their hepatic expression in all 
pediatric age groups was significantly lower compared with 
adults (26). Furthermore, the expression level of OATP1 at 
birth is 15% of adult levels  (25). Additionally, the organic 
solute transporter α/β is a heterodimer expressed in the 
membrane of hepatocytes, where it functions as a bidirectional 
organic solute transport system that transports bile acids (27). 
The farnesoid X receptor is activated by bile acids (28) and 
subsequently inhibits the synthesis of bile acids in hepatocytes 
and upregulates the expression of organic solute transporters α 
and β (OSTα/β) to remove bile acids from the plasma (29‑31). 
The presence of the aforementioned maturation and regula-
tion mechanisms suggests that the bile acid levels in patients 

with NTCP deficiency may not increase uncontrollably, may 
decline with age and may approach normal as observed in the 
father of patient 1 in the current study.

The hypoglobulinemia observed in patients 1 and 2 and 
the hypoalbuminemia seen in patient 2 may be a transient 
alteration associated with their age and not related to NTCP 
deficiency. Globulin is closely associated with immune 
function (32), which gradually develops and matures in chil-
dren  (33). Moreover, hypoalbuminemia is associated with 
immature liver synthesis function in children, particularly 
preterm infants (34) and may result in the gradually‑corrected 
hypoalbuminemia observed in patient 2.

The patients with NTCP deficiency reported in previous 
studies were homozygous or compound heterozygous 
for SLC10A1 variants, indicating an autosomal recessive 
disorder (8‑14). In the current study, however, the maternal 
grandfather of patient 1 and the sister of patient 2, were 
carriers of the variant c.800C>T(p.Ser267Phe) and c.595A>C 
(p.Ser199Arg) respectively and exhibited hypercholanemia. In 
the former case, the specific cause for the elevated TBA level 
was unknown but may be attributed at least in part to hepatic 
hemangioma. In the latter case, a reasonable explanation may 
be physiological cholestasis, which results in temporarily high 
TBA levels in normal newborns and infants due to immature 

Figure 4. NTCP molecular alteration caused by the solute carrier family 10 member 1 variant c.595A>C(p.Ser199Arg). The figure illustrates a ball‑and‑stick 
model of the human NTCP protein. The solid lines in white, red and blue represent carbon, oxygen and nitrogen atoms, respectively, while the dashed lines in 
green represent hydrogen bonds. (A) In the wild‑type model, the serine at position 199 in NTCP was not associated with the proline at position 286. (B) In the 
mutant NTCP model, the serine at position 199 was changed to an arginine. This change led to the formation of a new hydrogen bond between the arginine and 
proline (denoted by the yellow arrow). Meanwhile, the hydrogen bond lengths between the Gly at 190 and the Ile at 194, the Gly at 190 and Ile at 193, the Gly at 
191 and Ile at 195, the Met at 192 and Leu at 196 as well as the Ile at 195 and Cys at 198, were changed from 3.17, 3.3, 2.85, 2.86 and 3.15 Å to 3.21, 3.27, 2.83, 
2.79 and 3.3 Å, respectively. The changes in the hydrogen bonds resulted in structural distortion of the normal NTCP molecule. NTCP, sodium taurocholate 
cotransporting polypeptide.
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liver function  (35‑37). Moreover, her hyperbilirubinemia 
and high γ‑glutamyl transpeptidase level may also reflect 
her immature liver function as a preterm infant. The NTCP 
protein is gradually expressed on the plasma membrane of 
hepatocytes in an age‑dependent manner and its glycosylation 
is not completed until ~1 year after birth (38).

Patient 1 in the current study was delivered by cesarean 
section due to early fetal heart decelerations that were associ-
ated with uterine contractions and vaginal examination during 
labor. NTCP deficiency itself in the affected fetus may not be 
associated with the heart decelerations. Bile acids are synthe-
sized in the fetus from 12 weeks of gestation (39) and are 
exported into the maternal circulation via the placenta (40,41). 
Trophoblast cells in the placental barrier express bile acid 
carrier proteins, which are involved in the one‑way transport 
of bile acids from the fetus to the mother (42). The mother 
of patient 1 had normal serum TBA levels during pregnancy, 
therefore fetal NTCP deficiency was unlikely to affect the 
fetus to cause early fetal heart decelerations during labor. 
Moreover, to the best of our knowledge, early fetal heart 
decelerations were not observed in 8 pediatric patients with 
NTCP deficiency with uncomplicated deliveries (8,10,12‑15), 
suggesting that early fetal heart decelerations are not associ-
ated with NTCP deficiency.

In conclusion, by way of clinical and SLC10A1 genetic 
analysis, a total of 4 new patients with NTCP deficiency from 
two unrelated families were diagnosed in the current study. The 
results obtained in the current study suggested an autosomal 
recessive trait for NTCP deficiency, supported the primary role 
of NTCP in the uptake of bile acids from plasma and suggested 
the presence of mechanisms of bile acid hepatic uptake other 
than NTCP. Moreover, the novel missense variant c.595A>C 
(p.Ser199Arg) enriched the SLC10A1 mutation spectrum and 
constituted a new genetic marker for the molecular diagnosis 
and genetic counseling of NTCP deficiency.
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