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A Japanese prospective multicenter 
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Diagnosis of biliary atresia (BA) can involve uncertainties. In the present prospective multicenter 
study, we considered whether urinary oxysterols represent a useful marker for diagnosis of BA in 
Japanese children. Subjects under 6 months old at 7 pediatric centers in Japan were prospectively 
enrolled, including patients with cholestasis and healthy controls (HC) without liver disease. Patients 
with cholestasis constituted 2 groups representing BA patients and others with cholestasis from 
other causes (non‑BA). We quantitatively analyzed 7 oxysterols including 4β‑, 20(S)‑, 22(S)‑, 22(R)‑, 
24(S)‑, 25‑, and 27‑hydroxycholesterol by liquid chromatography/electrospray ionization‑tandem 
mass spectrometry. Enrolled subjects included 14 with BA (median age 68 days; range 26–170) and 
10 non‑BA cholestatic controls (59; 14–162), as well as 10 HC (57; 25–120). Total urinary oxysterols 
were significantly greater in BA (median, 153.0 μmol/mol creatinine; range 24.1–486.7; P < 0.001) 
and non‑BA (36.2; 5.8–411.3; P < 0.05) than in HC (2.7; 0.8–7.6). In patients with BA, urinary 
27‑hydroxycholesterol (3.61; 0.42–11.09; P < 0.01) was significantly greater than in non‑BA (0.71; 
0–5.62). In receiver operating characteristic (ROC) curve analysis for distinguishing BA from non‑BA, 
the area under the ROC curve for urinary 27‑hydroxycholesterol was 0.83. In conclusion, this first 
report of urinary oxysterol analysis in patients with BA indicated that 27‑hydroxycholesterol may be a 
useful marker for distinguishing BA from other causes of neonatal cholestasis.

Biliary atresia (BA), considered the most life-threatening hepatobiliary disorder in children, results from inflam-
mation with fibrosis of the intra- and extrahepatic biliary  tree1. Without treatment BA progresses to liver cirrhosis 
leading to death within 2 years. Occurring in 1 of 8000 to 18,000 live births, BA appears to be more frequent in 
Asians and Africans than in Europeans, and more common in girls than  boys2. BA is the most common cause of 
neonatal cholestasis, leading to 40–50% of liver transplants in  children3. Idiopathic neonatal hepatitis, neonatal 
intrahepatic cholestasis caused by citrin deficiency (NICCD), and Alagille syndrome are among other causes of 
neonatal cholestasis that can confound the diagnosis of BA, even though characteristics of these diseases tend 
to differ. The only definitive diagnostic procedure in BA is surgical  cholangiography1. Increased age at surgery, 
Kasai portoenterostomy, had a progressive and sustained deleterious effect on the results of the operation until 
adolescence. If performed within the first 45 days of life, Kasai portoenterostomy is associated with 65.5% sur-
vival with the native liver at 2 years of  age4. Previous studies analyzing various metabolites or proteins, including 

OPEN

1Department of Pediatrics and Child Health, Kurume University School of Medicine, 67 Asahi-machi, 
Kurume 8300011, Japan. 2Department of Pediatric Surgery, Graduate School of Medicine, The University of 
Tokyo, Tokyo, Japan. 3Junshin Clinic Bile Acid Institute, Tokyo, Japan. 4Department of Pediatric Surgery, Kurume 
University School of Medicine, Kurume, Japan. 5Department of Pediatrics, Juntendo University School of Medicine, 
Tokyo, Japan. 6Department of Pediatric General and Urogenital Surgery, Juntendo University School of Medicine, 
Tokyo, Japan. 7Department of Pediatric Surgery, Graduate School of Medical Sciences, Kyushu University, 
Fukuoka, Japan. 8Department of Surgery, Division of Gastroenterological, General and Transplant Surgery, 
Jichi Medical University, Shimotsuke, Japan. 9Department of Pediatric Surgery, Nagoya University Graduate 
School of Medicine, Nagoya, Japan. 10Department of Pediatric Surgery, Tohoku University Graduate School of 
Medicine, Sendai, Japan. 11School of Pharmaceutical Sciences, Health Sciences University of Hokkaido, Hokkaido, 
Japan. *email: mizuochi_tatsuki@kurume-u.ac.jp

http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-021-84445-w&domain=pdf


2

Vol:.(1234567890)

Scientific Reports |         (2021) 11:4986  | https://doi.org/10.1038/s41598-021-84445-w

www.nature.com/scientificreports/

serum hyaluronic acid, apolipoprotein C3, interleukin-6, interleukin-8, urine sulfate conjugated bile acid, and 
stool secondary bile acids have identified potential diagnostic or screening markers for  BA5–9. However, lack of 
prospective validation in these studies limits applicability of the findings. Recently, serum matrix metallopro-
teinase-7 (MMP-7) has shown promise in diagnosing  BA10–13. However, we know of no studies of serum MMP-7 
in Japanese patients with BA.

Together with other important markers related with liver injury and cholestasis, bile acids have been inves-
tigated in screening for or discriminating among cholestatic liver disorders including  BA8,14. However, which 
specific bile acids are important as potential diagnostic markers of BA is not clear. We focused on oxysterols, 
which are 27-carbon cholesterol derivatives that can result from either enzymatic reactions or oxidation by free 
 radicals15. Oxysterols are important as bile acid precursors and also as readily transportable forms of cholesterol. 
An example is 27-hydroxycholesterol, which is important as a chenodeoxycholic acid precursor in the acidic path-
way of bile acid  synthesis16. Oxysterols have been suspected to participate in the pathogenesis of some diseases 
including liver  disease17–19. Few reports have considered oxysterols in children. Meng et al. reported that severe 
cholestatic liver disease in children may accelerate output of 24(S)-hydroxycholesterol from the brain, which 
can be detected in serum and urine. 24(S)-Hydroxycholesterol therefore may be clinically useful to measure in 
children with cholestatic liver  disease20. So far we know of no prior studies considering oxysterols as potentially 
useful markers for BA. Recently, we reported that urinary oxysterols follow a developmental pattern in healthy 
children; deviations might suggest pediatric liver  disease21. We hypothesized that urinary oxysterol determina-
tions could help in distinguishing BA from other causes of neonatal cholestasis such as NICCD and Alagille 
syndrome, and examined the utility of oxysterol measurements in this prospective multicenter Japanese study.

Results
Study population. We enrolled 24 patients including 14 with BA and 10 with cholestasis from other causes 
(non-BA), along with 10 healthy controls (HC). Non-BA diagnoses included NICCD in 3 patients, Alagille 
syndrome in 2, unknown in 2, neonatal leukemia in 1, Dubin-Johnson syndrome in 1, and hypothyroidism in 
1. Two subjects with BA and 3 with non-BA were also enrolled in our previous  study21, as were 3 HC. Charac-
teristics of BA and non-BA patients are shown in Table 1. Serum GGT was significantly greater in BA than in 
non-BA, while gender, age, serum alanine aminotransferase, total and direct bilirubin, total bile acids, and total 
cholesterol showed no significant differences (Table 1). Ages among BA (median 68 days; range 26–170), non-
BA (59; 14–162), and HC (57; 25–120) subjects showed no significant differences.

Qualitative and quantitative urinary oxysterol analysis. First, we compared urinary total oxyster-
ols among BA, non-BA, and HC subjects. Urinary total oxysterols were significantly greater in BA (median 
153.0 μmol/mol creatinine; range 24.1–486.7; P < 0.001) and non-BA (36.2; 5.8–411.3; P < 0.05) than in HC (2.7; 
0.8–7.6), while no significant difference was evident between BA and non-BA (P = 0.42; Fig. 1).

Next, we compared 7 urinary oxysterols between BA and non-BA. In patients with BA, 22(R)-hydroxycho-
lesterol (median 36.22 μmol/mol creatinine; range, 6.12–155.0; P < 0.05), 25-hydroxycholesterol (0.56; 0–5.49; 
P < 0.01) and 27-hydroxycholesterol (3.61; 0.42–11.09; P < 0.01) were significantly greater than in non-BA (12.91; 
2.7–75.87, 0; 0–0.46, and 0.71; 0–5.62, respectively; Fig. 2A–C). Urinary 4β-hydroxycholesterol and 24(S)-hydrox-
ycholesterol showed no significant differences between the 2 groups (Supplementary Fig. 1A,B), while 20(S)-
hydroxycholesterol and 22(S)-hydroxycholesterol were not detected in either group.

ROC analysis. To assess diagnostic accuracy for BA, we performed receiver operating characteristic (ROC) 
analysis for urinary 22(R)-hydroxycholesterol, 25-hydroxycholesterol, and 27-hydroxycholesterol. In ROC anal-
ysis for distinguishing BA from non-BA, areas under ROC curves (AUC) for urinary 22(R)-hydroxycholesterol, 
25-hydroxycholesterol, and 27-hydroxycholesterol were 0.75 (95% confidence interval 0.54–0.96), 0.81 (0.64–
0.99), and 0.83 (0.66–1.00), respectively (Fig. 3A–C).

Table 1.  Patient characteristics in BA and non-BA. BA biliary atresia, non-BA non-biliary atresia cholestatic 
controls. a BA and non-BA include 10 and 7 samples, respectively. b BA and non-BA include 12 and 8 samples, 
respectively.

BA
Median (range)

Non-BA
Median (range) P value

Number of subjects 14 10

Gender (male/female) 6/8 6/4 0.68

Age, days 68 (26–170) 59 (14–162) 0.98

Alanine aminotransferase, U/L 101 (17–238) 69 (26–208) 0.36

γ-Glutamyltranspeptidase, U/L 620 (329–1175) 158 (47–279) < 0.001

Total bilirubin, mg/dL 7.8 (4.6–13.1) 6.8 (3.3–22.7) 0.60

Direct bilirubin, mg/dL 5.2 (2.7–8.9) 3.7 (1.7–16.5) 0.33

Total bile acids, μmol/La 109 (54–142) 182 (52–343) 0.31

Total cholesterol, mg/dLb 194 (109–313) 173 (120–224) 0.58
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Figure 1.  Urinary total oxysterols among BA, non-BA, and HC. Urinary total oxysterols are shown for subjects 
with biliary atresia (BA) and non-biliary atresia cholestatic controls (non-BA), as well as healthy controls (HC). 
Units are μmol/mol creatinine. Horizontal lines in the middle of boxes indicate medians, while tops and bottoms 
of boxes represent 75th and 25th percentiles, respectively. Whiskers above and below boxes represent maximum 
and minimum, respectively. *P < 0.05; ***P < 0.001.

Figure 2.  Urinary 22(R)-hydroxycholesterol, 25-hydroxycholesterol, and 27-hydroxycholesterol: BA vs. 
non-BA. Urinary 22(R)-hydroxycholesterol (A), 25-hydroxycholesterol (B), and 27-hydroxycholesterol (C) 
are shown for biliary atresia (BA) and non-biliary atresia cholestatic controls (non-BA). Units are μmol/mol 
creatinine. Horizontal lines in the middle of boxes indicate medians, while tops and bottoms of boxes represent 
75th and 25th percentiles, respectively. Whiskers above and below boxes represent maximum and minimum, 
respectively. *P < 0.05; **P < 0.01.

Figure 3.  ROC curves for urinary 22(R)-hydroxycholesterol, 25-hydroxycholesterol, and 
27-hydroxycholesterol. Receiver operating characteristic (ROC) curves for urinary 22(R)-hydroxycholesterol 
(A), 25-hydroxycholesterol (B) and 27-hydroxycholesterol (C) were obtained by plotting sensitivity against 
1-specificity. Sensitivity and specificity were calculated using the results from 14 patients with biliary atresia 
and 10 with non-biliary atresia cholestatic controls. Areas under ROC curves are shown with 95% confidence 
intervals.
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Diagnostic accuracy of urinary 27‑hydroxycholesterol in BA. In the ROC analysis for distinguish-
ing BA from non-BA patients, an optimal cut‐off value of 2.17 μmol/mol creatinine of urinary 27-hydroxycho-
lesterol demonstrated sensitivity, specificity, and positive and negative predictive values of 79%, 90%, and 92% 
and 75%, respectively.

Analysis of factors affecting urinary 27‑hydroxycholesterol in patients with BA. Seeking fac-
tors that might affect urinary 27-hydroxycholesterol in patients with BA, we performed Spearman’s rank correla-
tion test concerning urinary 27-hydroxycholesterol for patient age and various blood test results. No correlation 
with 27-hydroxycholesterol was found in BA patients for age (days after birth), serum alanine aminotransferase, 
γ-glutamyltransferase (GGT), total or direct bilirubin, total bile acids, or total cholesterol (Fig. 4; Supplementary 
Fig. 2A–F).

Urinary bile acid analysis concerning the acidic pathway in BA and non‑BA cholestasis. In 
patients with BA, 3β-hydroxy-5-cholenoic acids (Δ5-3β-ols; median, 6.29 mmol/mol creatinine; range, 1.01–
7.82; P = 0.09) and 3β,7α-dihydroxy-5-cholenoic acids (Δ5-3β,7α-diols; 0.75; 0.12–1.10; P = 0.06) were greater 
than in non-BA (4.51; 0.40–6.33 and 0.51; 0.06–1.26, respectively; Supplementary Fig. 3A,B).

Discussion
Our prospective multicenter study of Japanese infants indicated that urinary 27-hydroxycholesterol may be a 
useful marker for distinguishing BA from other causes of neonatal cholestasis.

Many previous studies concerning bile acids have suggested potential diagnostic or screening markers for BA. 
Being nonspecific, however, these markers have been unable to distinguish BA from other cholestasis. As an alter-
native we focused on oxysterols, which are bile acid precursors. We examined urinary oxysterols in BA, non-BA, 
and HC subjects in order to assess oxysterols as diagnostic markers for BA. Urinary 22(R)-hydroxycholesterol, 
25-hydroxycholesterol, and 27-hydroxycholesterol in BA were significantly greater than in non-BA. Urinary 
22(R)-hydroxycholesterol and 27-hydroxycholesterol were detected in all BA patients, while 25-hydroxycho-
lesterol was not detected in some. The relative paucity of 25-hydroxycholesterol in  humans22 makes urinary 
25-hydroxycholesterol harder to detect than 27-hydroxycholesterol. Further, ROC analysis assigned urinary 
27-hydroxycholesterol a more favorable AUC value than 22(R)-hydroxycholesterol and 25-hydroxycholesterol. 
Urinary 27-hydroxycholesterol thus is likely to be a better diagnostic marker for BA than 22(R)-hydroxycholes-
terol or 25-hydroxycholesterol.

27-Hydroxycholesterol is produced upon hydroxylation of cholesterol by the enzyme sterol 27-hydroxylase 
(CYP27A1)23. Hepatic CYP27A1 catalyzes the first step of the acidic pathway of bile acid synthesis as well as an 
intermediate step in the classical  pathway16. The acidic pathway originates in the vascular endothelium, fibro-
blasts, and macrophages, with side chain 27-hydroxylation of cholesterol catalyzed by the mitochondrial sterol 
 CYP27A124. Mechanisms regulating CYP27A1 are unclear; a feedback mechanism similar to that for sterol 
7-hydroxylase has not been detected in  humans25. Measuring rates of plasma appearance of infused deuterated 
oxysterols in patients with chronic liver disease, Crosignani et al. concluded that the classical pathway is impaired 
while the acidic one is  preserved24. In particular, severe liver fibrosis is associated with classical pathway suppres-
sion and acidic pathway  enhancement26. Increased production of 27-hydroxycholesterol, which reflects the latter 
pathway, is suggestive of  fibrosis26,27. In children with BA, fibrosis progresses more rapidly than other cholestatic 
liver  diseases1,28, so highly elevated urinary 27-hydroxycholesterol should be a particularly useful diagnostic 
marker for BA. We also suspect that 27-hydroxycholesterol may have adverse biologic effects, considering that 
they are cholesterol oxidation products excreted in the urine as unusual bile  acids29,30.

Since 27-hydroxycholesterol is a precursor of bile acids in the acidic  pathway16, we specifically evaluated 
bile acids synthesized only via that pathway, comparing the urinary Δ5-3β-ol and the Δ5-3β,7α-diol groups 
between patients with BA and those with non-BA. In patients with BA, Δ5-3β-ols and Δ5-3β,7α-diols were 

Figure 4.  Correlation between urinary 27-hydroxycholesterol and age. Correlation is shown between urinary 
27-hydroxycholesterol and age (days after birth) in patients with biliary atresia. Rs, Spearman’s rank correlation 
coefficient.
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greater than in non-BA patients. This data supports the view that 27-hydroxycholesterol is increased in BA 
because of acidic pathway upregulation. Unfortunately, we could not evaluate oxysterols in the classical pathway 
such as 7α-hydroxycholesterol, 7β-hydroxycholesterol, and 7-oxo-cholesterol because of previously reported 
oxidation  effects21,31. 7α-Hydroxy-4-choesten-3-one, which reflects the condition of classical pathway, also was 
not  examined32. We did measure cholic acid and 3β,7α,12α-trihydroxy-5-cholenoic acid, which are biosynthe-
sized only by the classical pathway; no significant differences were evident between patient groups (data not 
shown). We plan to develop a method for evaluating the classical pathway by measuring 7α-hydroxycholesterol, 
7β-hydroxycholesterol, 7-oxo-cholesterol and 7α-hydroxy-4-choesten-3-one in similar patient groups in the 
future.

We also investigated possible associations in BA patients between urinary 27-hydroxycholesterol and various 
factors including age and blood test results. No correlation was found between 27-hydroxycholesterol and age 
and or blood test results. Yang et al. reported that MMP-7 correlates positively with age and GGT 10. Since early 
diagnosis is important in BA, by 60 days of age if possible, urinary 27-hydroxycholesterol appears superior to 
MMP-7 in this respect because it is not influenced by age or GGT. However, in previous reports, MMP-7 showed 
more favorable AUC values in distinguishing BA from non-BA than urinary 27-hydroxycholesterol did in this 
 study10–13. In this study, BA subjects under 60 days of age included only 5 patients. Proving that 27-hydroxy-
cholesterol is a better marker than serum MMP-7 in early diagnosis of BA ultimately will require study of more 
infants less than 60 days old with BA. Combining urinary 27-hydroxycholesterol with other useful markers such 
as serum MMP-7 and GGT might be the best approach to early and accurate diagnosis of BA.

We favor urinary 27-hydroxycholesterol as a noninvasive marker for distinguishing BA from other causes of 
neonatal cholestasis, because urine samples are easy to obtain from children. Additionally, urinary 27-hydroxy-
cholesterol might be predictive of prognosis and need for liver transplantation after Kasai portoenterostomy 
because urinary 27-hydroxycholesterol appears linked to severe liver fibrosis in BA. In the future, we would like 
to specifically evaluate oxysterols such as urinary 27-hydroxycholesterol as a marker of need for liver transplanta-
tion following Kasai portoenterostomy in BA.

Even though our present research offers the strength of a prospective multicenter study, a number of limita-
tions are evident. First, relatively small numbers of BA and non-BA subjects were enrolled. In particular, only 
5 BA patients under 60 days of age were enrolled. Second, our samples included only Japanese subjects, so our 
findings should not be generalized to other Asian countries or different ethnic groups. Similar investigations in 
various other patient populations and ethnic groups are needed.

Conclusions
To our knowledge, this is the first report of oxysterol analysis in patients with BA. We found that urinary 
27-hydroxycholesterol may contribute importantly to distinguish BA from other causes of neonatal cholestasis.

Materials and methods
Study design and ethical considerations. This prospective multicenter observational study was con-
ducted within the framework of the Investigation of Oxysterol and Bile Acid Analyses for Pediatric Patients with 
Liver Disease and Healthy Children in Japan, which includes 7 collaborating Japanese pediatric centers caring 
for patients with BA, together with the Junshin Clinic Bile Acid Institute, which has expertise in and resources 
for oxysterol and bile acid analyses in human specimens. The study protocol complied with the ethical guidelines 
of the Declaration of Helsinki (2013 revision) and was approved by the Ethics Committee at Kurume University 
and all participating centers. Written informed consent was obtained from enrolled subjects’ parents.

Study subjects, definitions, and criteria. Subjects prospectively enrolled between November 2016 and 
August 2019 included patients under 6 months old from the 7 pediatric centers who had cholestasis, as well as 
HC without liver disease. Patients with cholestasis were divided into groups representing BA and non-BA. Urine 
samples from all enrolled subjects were analyzed. BA was diagnosed from the presence of fibrotic obstruction of 
extrahepatic biliary remnants in tissues excised after surgical cholangiography. Non-BA cholestasis was defined 
by (1) cholestatic liver diseases diagnosed by clinical findings and/or genetic analysis (including cholestasis of 
unknown cause), plus (2) serum direct bilirubin exceeding 1.5 mg/dL at sample collection. Patient samples were 
collected at the time of clinical diagnosis of BA or an alternative disease, prior to surgical cholangiography, Kasai 
portoenterostomy, or biliary drainage. Patient characteristics and serum laboratory results in BA and non-BA 
groups were obtained from medical records and clinical interviews. Demographic, clinical, and laboratory fea-
tures considered included age, gender, and routine blood test results. Samples were stored under – 20 °C until 
oxysterol analysis.

Urinary oxysterol analysis by LC/ESI–MS/MS. We quantitatively analyzed 7 types of oxysterols includ-
ing 4β-hydroxycholesterol (cholest-5-en-3β,4β-diol), 20(S)-hydroxycholesterol (cholest-5-en-3β,20S-diol), 
22(S)-hydroxycholesterol (cholest-5-en-3β,22S-diol), 22(R)-hydroxycholesterol (cholest-5-en-3β,22R-diol), 
24(S)-hydroxycholesterol (cholest-5-en-3β,24S-diol), 25-hydroxycholesterol (cholest-5-en-3β,25-diol), and 
27-hydroxycholesterol (cholest-5-en-3β,26-diol) using liquid chromatography/electrospray ionization-tandem 
mass spectrometry (LC/ESI–MS/MS) according to a previously reported  method21,31. Urinary concentrations of 
individual oxysterols were corrected for creatinine concentration and are expressed as micromoles per moles of 
 creatinine21,31.

Our quantitative analysis of urinary bile acids by LC/ESI–MS/MS is described in the Supplementary Methods.
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Oxysterol sample preparation. Urine samples were prepared by enzymatic hydrolysis of oxysterol con-
jugates according to a reported  method20,21,33,34. Forty microliters of reagent A and ten microliters of reagent B 
from the Glufatase set were added to 200 µL of sample. The mixture was vortex-agitated for 10 s and allowed to 
stand for 5 min. After centrifugation for 5 min at 1500 rpm, 200 µL of supernatant was transferred to a 2-mL 
glass test tube along with 1 pmol of  d6-25-hydroxycholesterol. Twenty microliters of acetate buffer from the Glu-
fatase set were added, followed by 5 µL of glufatase enzyme from the Glufatase set and 5 µL of sulfatase type H-2. 
Derivatization to the nicotinyl ester was performed according to a previously reported  method35 with minor 
modifications. Briefly, sterols were added to 100 µL of derivitization reagent (80 mg of nicotinic acid, 30 mg 
of N,N-dimethyl-4-aminopyridine, and 100 mg of 1-[3-dimethylaminopropyl]-3-ethylcarbodiimide hydrochlo-
ride in 1 mL of N,N-dimethylformamide). Samples were heated at 60 °C for 1 h, followed by addition of 1 mL 
of distilled water and 1 mL of hexane. After vortex-agitation of the mixture for approximately 2 min, nicotinyl 
ester derivatives were obtained by centrifugation for 5  min at 1000  rpm. The hexane layer was subjected to 
evaporation and reconstituted with 200 µL of acetonitrile. Aliquots of 10 µL were injected into the LC/ESI–MS/
MS system.

Chemicals and reagents, preparation of standard solutions, and the LC/ESI–MS/MS analysis required for this 
oxysterol analysis are detailed in our previous  report21.

Laboratory tests. In BA and non-BA groups, serum alanine aminotransferase, GGT, total and direct bili-
rubin, and total cholesterol were examined. Serum total bile acids were determined in these patients using the 
3α-hydroxysteroid dehydrogenase enzymatic method.

Urinary bile acid analysis by LC/ESI–MS/MS concerning the acidic pathway. We specifically 
evaluated urinary bile acids synthesized only via the acidic pathway, comparing urinary Δ5-3β-ols and Δ5-3β,7α-
diols between patients with BA and those with non-BA cholestasis. Detailed methods of urinary bile acid analy-
sis for detecting Δ5-3β-ols and Δ5-3β,7α-diols are given in the Supplementary Methods36.

Statistical analysis. Continuous variables are given as the median followed by the minimum and the maxi-
mum, while categorical variables are stated as the number of subjects demonstrating the variable. Fisher’s exact 
test, the Mann–Whitney U test, the Kruskal–Wallis test, Dunn’s multiple comparison test, or Spearman’s rank 
correlation test was applied where appropriate. Diagnostic accuracy of an assay was evaluated by ROC analysis. 
Statistical analyses were carried out with GraphPad Prism (version 6.05; GraphPad Software, San Diego, CA, 
USA), which also was used to produce related figures. Significance tests were two-sided, and a P value below 0.05 
was accepted as evidence of statistical  significance21.

Data availability
The data that support the findings of this study are available on request from the corresponding author.

Received: 26 July 2020; Accepted: 19 January 2021

References
 1. Hartley, J. L., Davenport, M. & Kelly, D. A. Biliary atresia. Lancet 374, 1704–1713 (2009).
 2. Bezerra, J. A. et al. Biliary atresia: Clinical and research challenges for the 21(st) century. Hepatology (2018).
 3. Sundaram, S. S., Mack, C. L., Feldman, A. G. & Sokol, R. J. Biliary atresia: Indications and timing of liver transplantation and 

optimization of pretransplant care. Liver Transpl. 23, 96–109 (2017).
 4. Serinet, M. O. et al. Impact of age at Kasai operation on its results in late childhood and adolescence: A rational basis for biliary 

atresia screening. Pediatrics 123, 1280–1286 (2009).
 5. Ukarapol, N., Wongsawasdi, L., Ong-Chai, S., Riddhiputra, P. & Kongtawelert, P. Hyaluronic acid: Additional biochemical marker 

in the diagnosis of biliary atresia. Pediatr. Int. 49, 608–611 (2007).
 6. Song, Z., Dong, R., Fan, Y. & Zheng, S. Identification of serum protein biomarkers in biliary atresia by mass spectrometry and 

enzyme-linked immunosorbent assay. J. Pediatr. Gastroenterol. Nutr. 55, 370–375 (2012).
 7. Zhao, D., Han, L., He, Z., Zhang, J. & Zhang, Y. Identification of the plasma metabolomics as early diagnostic markers between 

biliary atresia and neonatal hepatitis syndrome. PLoS ONE 9, e85694 (2014).
 8. Suzuki, M. et al. Urinary sulfated bile acid analysis for the early detection of biliary atresia in infants. Pediatr. Int. 53, 497–500 

(2011).
 9. Golden, J. et al. Liquid chromatography-mass spectroscopy in the diagnosis of biliary atresia in children with hyperbilirubinemia. 

J. Surg. Res. 228, 228–237 (2018).
 10. Yang, L. et al. Diagnostic accuracy of serum matrix metalloproteinase-7 for biliary atresia. Hepatology 68, 2069–2077 (2018).
 11. Jiang, J. et al. Serum MMP-7 in the diagnosis of biliary atresia. Pediatrics 144, e20190902 (2019).
 12. Lertudomphonwanit, C. et al. Large-scale proteomics identifies MMP-7 as a sentinel of epithelial injury and of biliary atresia. Sci. 

Transl. Med. 9, eaan8462 (2017).
 13. Wu, J. F. et al. Quantification of serum matrix metallopeptide 7 levels may assist in the diagnosis and predict the outcome for 

patients with biliary atresia. J. Pediatr. 208, 30-37.e31 (2019).
 14. Zhou, K. et al. Distinct plasma bile acid profiles of biliary atresia and neonatal hepatitis syndrome. J. Proteome Res. 14, 4844–4850 

(2015).
 15. Brown, A. J. & Jessup, W. Oxysterols: Sources, cellular storage and metabolism, and new insights into their roles in cholesterol 

homeostasis. Mol. Aspects Med. 30, 111–122 (2009).
 16. Reiss, A. B. et al. Sterol 27-hydroxylase: Expression in human arterial endothelium. J. Lipid Res. 38, 1254–1260 (1997).
 17. Leoni, V. & Caccia, C. Potential diagnostic applications of side chain oxysterols analysis in plasma and cerebrospinal fluid. Biochem. 

Pharmacol. 86, 26–36 (2013).
 18. Alkazemi, D., Egeland, G., Vaya, J., Meltzer, S. & Kubow, S. Oxysterol as a marker of atherogenic dyslipidemia in adolescence. J. 

Clin. Endocrinol. Metab. 93, 4282–4289 (2008).



7

Vol.:(0123456789)

Scientific Reports |         (2021) 11:4986  | https://doi.org/10.1038/s41598-021-84445-w

www.nature.com/scientificreports/

 19. Ikegami, T. et al. Increased serum oxysterol concentrations in patients with chronic hepatitis C virus infection. Biochem. Biophys. 
Res. Commun. 446, 736–740 (2014).

 20. Meng, L. J., Griffiths, W. J., Nazer, H., Yang, Y. & Sjovall, J. High levels of (24S)-24-hydroxycholesterol 3-sulfate, 24-glucuronide 
in the serum and urine of children with severe cholestatic liver disease. J. Lipid Res. 38, 926–934 (1997).

 21. Takaki, Y. et al. Urinary and serum oxysterols in children: Developmental pattern and potential biomarker for pediatric liver 
disease. Sci. Rep. 10, 6752 (2020).

 22. Patel, R. P., Diczfalusy, U., Dzeletovic, S., Wilson, M. T. & Darley-Usmar, V. M. Formation of oxysterols during oxidation of low 
density lipoprotein by peroxynitrite, myoglobin, and copper. J. Lipid Res. 37, 2361–2371 (1996).

 23. Babiker, A. et al. Elimination of cholesterol in macrophages and endothelial cells by the sterol 27-hydroxylase mechanism. Com-
parison with high density lipoprotein-mediated reverse cholesterol transport. J. Biol. Chem. 272, 26253–26261 (1997).

 24. Crosignani, A. et al. Changes in classic and alternative pathways of bile acid synthesis in chronic liver disease. Clin. Chim. Acta 
382, 82–88 (2007).

 25. Bjorkhem, I. et al. Differences in the regulation of the classical and the alternative pathway for bile acid synthesis in human liver. 
No coordinate regulation of CYP7A1 and CYP27A1. J. Biol. Chem. 277, 26804–26807 (2002).

 26. Del Puppo, M., Kienle, M. G., Petroni, M. L., Crosignani, A. & Podda, M. Serum 27-hydroxycholesterol in patients with primary 
biliary cirrhosis suggests alteration of cholesterol catabolism to bile acids via the acidic pathway. J. Lipid Res. 39, 2477–2482 (1998).

 27. Crosignani, A., Zuin, M., Allocca, M. & Del Puppo, M. Oxysterols in bile acid metabolism. Clin. Chim. Acta 412, 2037–2045 (2011).
 28. Russo, P. et al. Key histopathologic features of liver biopsies that distinguish biliary atresia from other causes of infantile cholestasis 

and their correlation with outcome: A multicenter study. Am. J. Surg. Pathol. 40, 1601–1615 (2016).
 29. Kimura, A. et al. Urinary 7alpha-hydroxy-3-oxochol-4-en-24-oic and 3-oxochola-4,6-dien-24-oic acids in infants with cholestasis. 

J. Hepatol. 28, 270–279 (1998).
 30. Lee, C. S. et al. Prognostic roles of tetrahydroxy bile acids in infantile intrahepatic cholestasis. J. Lipid Res. 58, 607–614 (2017).
 31. Helmschrodt, C., Becker, S., Thiery, J. & Ceglarek, U. Preanalytical standardization for reactive oxygen species derived oxysterol 

analysis in human plasma by liquid chromatography-tandem mass spectrometry. Biochem. Biophys. Res. Commun. 446, 726–730 
(2014).

 32. Gälman, C., Arvidsson, I., Angelin, B. & Rudling, M. Monitoring hepatic cholesterol 7alpha-hydroxylase activity by assay of the 
stable bile acid intermediate 7alpha-hydroxy-4-cholesten-3-one in peripheral blood. J. Lipid Res. 44, 859–866 (2003).

 33. Tsukada, T., Isoe, M. & Yoshino, M. Hydrolysis of conjugated steroids by beta-glucuronidase from Ampullaria and application to 
the determination of urinary 17-hydroxycorticosteroids. Clin. Chim. Acta 160, 245–253 (1986).

 34. Griffiths, W. J. et al. Analytical strategies for characterization of oxysterol lipidomes: Liver X receptor ligands in plasma. Free Radic. 
Biol. Med. 59, 69–84 (2013).

 35. Sidhu, R. et al. A validated LC-MS/MS assay for quantification of 24(S)-hydroxycholesterol in plasma and cerebrospinal fluid. J. 
Lipid Res. 56, 1222–1233 (2015).

 36. Muto, A. et al. Detection of Δ4–3-oxo-steroid 5β-reductase deficiency by LC-ESI-MS/MS measurement of urinary bile acids. J. 
Chromatogr. B Anal. Technol. Biomed. Life Sci. 900, 24–31 (2012).

Acknowledgements
The authors thank all participating patients and their families for collaborating in gathering data. We also thank 
all physicians and surgeons who participated in data collection. This work was supported by the Japan Agency 
for Medical Research and Development (AMED; 19ek0109258h0003) to Masaki Nio, Grants-in-Aid for Scientific 
Research from the Japan Society for the Promotion of Science (20K16941) to Ryosuke Yasuda, and Grants-in-Aid 
for Scientific Research from the Japan Society for the Promotion of Science (15K09704 and 18K07833) and the 
Ishibashi Foundation to Tatsuki Mizuochi.

Author contributions
K.K., T.Miz., and A.K. contributed to the concept and design of the study; K.K. and T.Miz., to analysis and inter-
pretation of data; K.K., T.Miz., R.Y., H.Sak., J.I., Y.T., M.K., N.H., S.F., H.Sho., G.M., K.Y., T.Mat., Y.S., T.T., H.U., 
Y.K., H.Tan., H.Sas., J.F., Y.Y., and M.N., to acquisition of samples and data; H.Tak., T.Mur., and H.N., to analysis 
of oxysterols and bile acids using LC/ESI–MS/MS; H.Sas., J.F., Y.Y., and M.N., to supervision of the study; K.K., 
T.Miz., and H.Tak., to writing the manuscript draft; H.N. and A.K., to reviewing and revising the manuscript; 
all authors, to reviewing the final version of the manuscript. Thus, all authors contributed to the manuscript.

Funding
This work was supported by the Japan Agency for Medical Research and Development (AMED; 
19ek0109258h0003) to Masaki Nio, Grants-in-Aid for Scientific Research from the Japan Society for the Promo-
tion of Science (20K16941) to Ryosuke Yasuda, and Grants-in-Aid for Scientific Research from the Japan Society 
for the Promotion of Science (15K09704 and 18K07833) and the Ishibashi Foundation to Tatsuki Mizuochi.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https ://doi.
org/10.1038/s4159 8-021-84445 -w.

Correspondence and requests for materials should be addressed to T.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1038/s41598-021-84445-w
https://doi.org/10.1038/s41598-021-84445-w
www.nature.com/reprints


8

Vol:.(1234567890)

Scientific Reports |         (2021) 11:4986  | https://doi.org/10.1038/s41598-021-84445-w

www.nature.com/scientificreports/

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2021

http://creativecommons.org/licenses/by/4.0/

	A Japanese prospective multicenter study of urinary oxysterols in biliary atresia
	Results
	Study population. 
	Qualitative and quantitative urinary oxysterol analysis. 
	ROC analysis. 
	Diagnostic accuracy of urinary 27-hydroxycholesterol in BA. 
	Analysis of factors affecting urinary 27-hydroxycholesterol in patients with BA. 
	Urinary bile acid analysis concerning the acidic pathway in BA and non-BA cholestasis. 

	Discussion
	Conclusions
	Materials and methods
	Study design and ethical considerations. 
	Study subjects, definitions, and criteria. 
	Urinary oxysterol analysis by LCESI–MSMS. 
	Oxysterol sample preparation. 
	Laboratory tests. 
	Urinary bile acid analysis by LCESI–MSMS concerning the acidic pathway. 
	Statistical analysis. 

	References
	Acknowledgements


