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Abstract

Background and Aims: Outcomes after Kasai portoenterostomy (KPE) for

biliary atresia remain highly variable for unclear reasons. As reliable early

biomarkers predicting KPE outcomes are lacking, we studied the prognostic

value of FGF19.

Approach and Results: Serum and liver specimens, obtained from biliary

atresia patients (N= 87) at KPE or age-matched cholestatic controls (N= 26)

were included. Serum concentration of FGF19 and bile acids, liver mRNA

expression of FGF19, and key regulators of bile acid synthesis were related

to KPE outcomes and liver histopathology. Immunohistochemistry and in situ

hybridization were used for the localization of liver FGF19 expression.

Serum levels (223 vs. 61 pg/mL, p<0.001) and liver mRNA expression of

FGF19 were significantly increased in biliary atresia. Patients with unsuc-

cessful KPE (419 vs. 145 pg/mL, p= 0.047), and those subsequently

underwent liver transplantation (410 vs. 99 pg/mL, p= 0.007) had sig-

nificantly increased serum, but not liver, FGF19, which localized mainly in

hepatocytes. In Cox hazard modeling serum FGF19 <109 pg/mL predicted

native liver survival (HR: 4.31, p<0.001) also among patients operated

<60 days of age (HR: 8.77, p= 0.004) or after successful KPE (HR: 6.76,

p=0.01). Serum FGF19 correlated positively with increased serum primary
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bile acids (R=0.41, p= 0.004) and ductular reaction (R=0.39, p= 0.004).

Conclusions: Increased serum FGF19 at KPE predicted inferior long-term

native liver survival in biliary atresia and was associated with unsuccessful

KPE, elevated serum primary bile acids, and ductular reaction.

INTRODUCTION

Biliary atresia (BA) is a progressive cholestatic

disease of infancy and the leading cause for pediatric

liver transplantation (LT).[1,2] Fibroinflammatory oblit-

eration of extrahepatic and intrahepatic bile ducts

leads to severe cholestasis, biliary cirrhosis, and liver

failure within age 2 years if untreated.[1] The first-line

surgical treatment, Kasai portoenterostomy (KPE),

aims to reestablish the bile flow by the excision of

extrahepatic bile duct remnants and reconstruction

using a jejunal Roux loop.[3] Despite the postoperative

normalization of serum bilirubin in most cases, 70%–

80% of patients require LT by adulthood because of

ongoing liver fibrosis, recurrent cholangitis, and portal

hypertension, though the actual pathophysiology

remains unclear.[4–11] Although a younger age at

KPE is associated with improved native liver

survival,[12–14] there remains a need for accurate early

predictors of outcome to facilitate targeted medical

therapy and timing of LT.[15–18]

In BA, bile duct destruction results in obstruction of

secreted bile acids, which accumulate in damagingly

high concentrations in the liver and serum.[19–22] In

addition to exerting negative feedback on their own

synthesis in hepatocytes by downregulating the rate

limiting enzyme in bile acid synthesis cholesterol 7α-

hydroxylase (CYP7A1) through farnesoid X-receptor

(FXR) and small heterodimer partner, bile acids trigger

FXR-mediated fibroblast growth factor 19 (FGF19)

production in enterocytes.[23,24] After secretion to portal

circulation, FGF19 reaches hepatocytes and down-

regulates CYP7A1 by binding to FGF receptor 4

(FGFR4)-beta-Klotho (KLB) coreceptor.[23–26] FGF19 is

physiologically expressed by ileal enterocytes and

gallbladder epithelium, but also aberrantly in the liver

together with increased serum levels in various choles-

tatic conditions.[27–33] In primary biliary cholangitis and

alcoholic hepatitis high serum FGF19 levels associate

with disease severity.[28–30] Recent studies involving

small number of BA patients indicate that liver expres-

sion and serum levels of FGF19 are increased both at

the time of KPE and LT despite the diminished ileal

exposure to luminal bile acids because of the severe

cholestasis.[19,20,34] Induction of FGF19 may thus

represent another adaptative mechanism to cholestasis

and therefore may be associated with postsurgical

outcomes in BA.

The aim of this study was to explore serum FGF19 as

a prognostic biomarker for KPE outcomes and the

underlying pathophysiology in BA. To this end, we

assessed serum levels and liver expression of FGF19 in

relation to serum bile acids and biochemical markers of

liver injury at the time of KPE. Next, we addressed

FGF19 in relation to KPE outcomes, the extent of

ductular reaction and liver fibrosis, as well as mRNA

expression of key genes regulating synthesis and

transport of bile acids in hepatocytes.

PATIENTS AND METHODS

Ethics

The study was approved by Research Ethics Commit-

tee (345/13/03/03/2008) and review board (§70HUS/

284/2019) of Helsinki University Hospital, and by the

National Health Service Research Ethics Committee

in the UK (12/WA/0282 and 18/SC/0058). An informed

consent for use of samples in research was obtained

prospectively from patients’ legal guardians.

Patients

All BA patients (n= 87) with archived serum (n= 74)

and/or liver (n= 69) specimens obtained at KPE in

King’s College Hospital, UK, during 2005–2013 or in

Helsinki University Hospital, Finland, during 2012–2019

were enrolled (Table 1). All laboratory analyses of the

study samples were performed in the same batches in

Helsinki. Patient medical records were retrospectively

reviewed for clinical data.

Control patients

Serum samples (n=17) and liver biopsies (n=13)

collected from 26 patients with other neonatal cholestatic

disorders at median age 47 (38–62) days (p=0.09 vs. BA

patients) were used as age-matched disease controls

(Table 1, Supplemental Table 1, http://links.lww.com/HEP/

A73). Normal control liver specimens obtained at median

age 120 (120–239) days included commercially available

pediatric liver tissue homogenates (n=3; Sekisui
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XenoTech, Kansas City, MO) and biopsies obtained from

healthy liver parenchyma during local hepatoblastoma

(n=1) or mesenchymal hamartoma (n=1) resection.

Serum FGF19 and bile acid concentration

Serum samples were stored at −70 °C. FGF19

concentration was measured in duplicates using

ELISA kit (catalog number RD191107200R; BioVen-

dor, Brno, Czech Republic) following manufacturer’s

protocol. Samples exceeding the calibration range

were remeasured after 1:10 dilution. Serum total bile

acids including conjugated and unconjugated bile

acids were quantified by gas-liquid chromatography,

as described previously.[35]

Liver mRNA expression analyses

Liver biopsies were stored at −70 °C until analyzed.

Total RNA was isolated using RNeasy Mini Kit (74104;

Qiagen, Valencia, CA) and reverse transcripted to

cDNA with RT2 First Strand kit (330404; Qiagen).

RNA quality was assessed with RNA integrity number

analysis. mRNA expression was measured by quanti-

tative real-time PCR using Custom RT2 Profiler PCR

Array (CLAH29939E; Qiagen), RT2 SYBR Green qPCR

Mastermix (330502; Qiagen), and Bio-Rad CFX384

Real-Time PCR System (Bio-Rad, Hercules, CA).

Expression levels were calculated using ΔΔCt method

relative to mean of normal controls and normalized to

arithmetic mean of 4 housekeeping genes (GAPDH,

ACTB, B2M, and HPRT1), as well as keratin 19

(KRT19) (cholangiocytes) and HMGCR (hepatocytes).

Immunohistochemistry and assessment of
ductular reaction and fibrosis

Proportional cytokeratin 7 (CK7) and Sirius red stained

areas of liver biopsies were quantified by measuring

color intensity and shade avoiding liver capsule using

CaseViewer HistoQuant software (3DHISTECH, Buda-

pest, Hungary). In addition, CK7-stained proliferating

bile ducts and hepatocytes were scored, and histolog-

ical liver fibrosis was classified according to the Metavir

staging.[12,36] For further details of immunohistochemis-

try and antibodies, see Supplemental Methods and

Supplemental Table 2 (http://links.lww.com/HEP/A73).

mRNA in situ hybridization

For the RNAscope laboratory methods, see Supple-

mental Methods (http://links.lww.com/HEP/A73).

Statistical analysis

Data were analyzed using RStudio (R version 4.0.3)

utilizing tidyverse, survival, survminer, cutpointr, reshape2,

and boot packages. All continuous variables are

expressed as medians and interquartile ranges and

compared with nonparametric Mann-Whitney U and

Kruskal-Wallis tests. Native liver survival analyses were

performed with Kaplan-Meier curves and Cox proportional

hazards regression models with the primary outcome

event defined as LT or death during follow-up. Predictors

for native liver survival were assessed with univariable

TABLE 1 Clinical baseline patient and control characteristics

Variable BA patients

Cholestatic

controls

Number 87 26

Male, n (%) 38 (44) 19 (73)

Type 3 BA, n (%) 86 (99) —

Cystic disease, n (%) 12 (14) —

Splenic malformation,

n (%)

12 (14) —

Associated

anomalies, n (%)

20 (23) —

Age at KPE or

sample, d

56 (41–75) 47 (38–62)

Clearance of

jaundicea, n (%)

51 (59) —

Outcome, n (%) — —

Native liver survival 37 (43) —

Died with native

liver

4 (5) —

LT 45 (52) —

Died after LT 1 (1) —

Native liver

survival, y

2.4 (0.9–6.9) —

Age at liver

transplantation, y

1.2 (0.7–2.3) —

Liver biochemistry at KPE

Bilirubin, µmol/L 145 (124–182) 114 (83–165)

Conjugated

bilirubin, µmol/L

115 (93–143) 81 (44–128)

ALT, U/L 125 (65–209) 50 (38–91)

AST, U/L 200 (145–279) 124 (86–164)

GGT, U/L 535 (219–863) 161 (68–195)

APRI 0.91 (0.57–1.35) 0.51 (0.28–0.81)

Notes: Data are presented as median with interquartile range or frequencies.

Reference value for bilirubin <20 µmol/L, conjugated bilirubin 0–5 µmol/L, ALT

<40 U/L, AST <50 U/L, and GGT <50 U/L.
aDecrease of serum bilirubin concentration< 20 µmol/L after KPE.

Abbreviations: ALT, alanine transaminase; APRI, aspartate transaminase to pla-

telet ratio index; AST, aspartate transaminase; BA, biliary atresia; GGT, gamma-

glutamyl transferase; KPE, Kasai portoenterostomy; LT, liver transplantation.
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models. Variables for multivariable Cox regression models

were selected based on the literature and univariable

analyses.[15] Cox proportional HRs with 95% CI were

calculated using either logarithmically transformed serum

FGF19 as a continuous variable or dichotomic FGF19

cutoff, and the proportional hazards assumptions were

confirmed graphically. Wald and log-rank tests choosing

the least significant method were used for statistical

comparisons of the survival curves. Internal validations of

regression coefficients were performed with bootstrapping

method. Each cohort was randomly resampled with

replacement 1000 times. Optimal cutoff was chosen with

receiver operating characteristic analysis based on max-

imum sum of specificity and sensitivity. Multiple compar-

isons in mRNA expression analyses were corrected with

Benjamini-Hochberg method. p-values <0.05 were con-

sidered as significant.

RESULTS

Patient characteristics

Baseline patient data are depicted in Table 1 and

Supplemental Table 3 (http://links.lww.com/HEP/A73).

After KPE, 59% (n=51) of patients cleared their jaundice,

defined as decrease of serum bilirubin concentration

below 20 µmol/L. During median follow-up of 2.4 years,

43% (n=37) of patients survived with their native livers.

Serum FGF19 was increased in relation to
cholestatic controls

Median serum FGF19 concentration was 3.7-fold higher in

BA patients in relation to cholestatic age-matched controls

(Figure 1). Serum FGF19 was not associated with KPE

age (Figure 2), and there was no statistically significant

difference between patients with or without splenic

malformations [428 (357–621) vs. 157 (86–678) pg/mL,

p=0.26], cystic type of BA [83 (67–184) vs. 236

(103–697) pg/mL, p=0.06] and associated anomalies

[410 (120–702) vs. 156 (93–663) pg/mL, p=0.69],

between patients treated in London [235 (97–564) pg/

mL] or Helsinki [130 (71–627) pg/mL, p=0.34] or between

male and female patients (Supplemental Figure 1, http://

links.lww.com/HEP/A74). No diminution of serum concen-

tration over storage time was found (Supplemental

Figure 2, http://links.lww.com/HEP/A75).

Serum FGF19-predicted KPE outcomes

Patients with continued elevations of serum bilirubin

after KPE had significantly higher serum levels of

FGF19 at KPE compared with patients normalizing

their bilirubin (Figure 1). In addition, serum FGF19 was

increased in BA patients who underwent liver

transplantation during follow-up when compared with

native liver survivors (Figure 1). Serum FGF19 levels

were decreased at KPE among patients who were

surviving with their native livers at 5 years, but not

significantly so at 2 years (Figure 1).

In the univariable Cox model, high serum FGF19-

predicted inferior native liver survival [HR: 1.42 (95% CI,

1.14–1.78), p=0.002], and outperformed other impor-

tant preoperative variables including KPE age, pres-

ence of associated congenital anomalies, splenic

malformation, or cystic type of BA, aspartate trans-

aminase to platelet ratio index, conjugated bilirubin, and

bile acids (Supplemental Table 4, http://links.lww.com/

HEP/A73). Next, we applied receiver operating charac-

teristic analysis to define the optimal serum FGF19

cutoff for comparison of native liver survival curves and

calculating HRs (Supplemental Figure 1, http://links.

lww.com/HEP/A74). Serum FGF19 concentration

exceeding 109 pg/mL associated with markedly

decreased native liver survival (Figure 3), being a

highly significant risk factor [HR: 4.31 (95% CI,

1.90–9.74), p< 0.001] for LT or death during follow-up.

Notably, as shown in Figure 3, the prognostic ability of

serum FGF19≥ 109 pg/mL for decreased native liver

survival remained significant also in subcohorts

including only patients without associated congenital

anomalies [HR: 4.75 (95% CI, 1.96–11.5), p<0.001],

patients who underwent the operation before desirable

60 days of age [HR: 8.77 (95% CI, 2.03–37.9),

p= 0.004] or patients who had normalized their bilirubin

after KPE [HR: 6.76 (95% CI, 1.49–30.7), p= 0.01]. The

results of regression analyses were verified by internal

bootstrapping validation among all patients and in

different subcohorts (Supplemental Figure 3, http://

links.lww.com/HEP/A76 and Supplemental Table 5,

http://links.lww.com/HEP/A73). Finally, in multivariable

models including FGF19 with KPE age and aspartate

transaminase to platelet ratio index, established prog-

nosticators of native liver survival,[15] increased FGF19

alone maintained its significant predictive value for

inferior native liver survival among all patients, among

patients without associated congenital anomalies, and

who underwent the operation before 60 days age, or

normalized their bilirubin after KPE (Supplemental

Table 6, http://links.lww.com/HEP/A73).

Serum FGF19 levels associated with serum
primary bile acids and biochemical liver
injury

As expected, serum bile acids were markedly elevated,

especially primary bile acids by 34-fold, in BA patients

relative to normal controls (Figure 4, Supplemental

Table 7, http://links.lww.com/HEP/A73). Serum total bile

acids, total primary bile acids, and chenodeoxycholic
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and cholic acid individually, correlated positively with

serum FGF19 (Figure 4). Secondary bacterially

modified bile acids (R= 0.08, p= 0.57), lithocholic

(R=−0.03, p= 0.82), deoxycholic (R= 0.13, p= 0.39),

and ursodeoxycholic acid (R=0.11, p= 0.45), present

in considerably lower concentrations, were not

correlated with serum FGF19. Total or individual

serum bile acid concentrations were not predictive for

native liver survival (Supplemental Table 4, http://links.

lww.com/HEP/A73). Serum FGF19 correlated positively

with bilirubin, aspartate transaminase, and alanine

aminotransferase (Figure 2). No significant correlation

with conjugated bilirubin (R=0.20, p= 0.10), gamma-

glutamyl transferase (R= 0.07, p= 0.53), or aspartate

transaminase to platelet ratio index (R=0.17, p=0.16)

was observed.

Serum FGF19 associated with ductular
reaction but not with liver fibrosis

To understand the underlying pathophysiology, we

studied the relation of FGF19 levels to ductular reaction

and liver fibrosis. Image-quantified proportion of CK7-

stained area in liver biopsies correlated positively with

serum FGF19 concentration (Figure 5). In addition,

serum FGF19 positively associated with CK7-positive

periportal hepatocyte (Figure 5) and bile ductular

proliferation score (R=0.30, p=0.03). No significant

association with liver fibrosis as assessed by image-

quantified Sirius red staining or Metavir staging was

observed (Figure 6).

Liver FGF19 expression was increased in
relation to cholestatic controls

Liver FGF19 mRNA expression was higher in BA patients

than in cholestatic controls [12.0 (2.9–34.5) vs. 1.0

(0.3–3.5)] (Figure 7). The increased liver expression

was sustained also when FGF19 expression was

normalized to cholangiocyte (KRT19) and hepatocyte

(HMGCR) control genes (Supplemental Figure 4, http://

links.lww.com/HEP/A77). Although there was no signifi-

cant correlation between liver FGF19 expression and

serum FGF19 concentration among all patients

A B C

D E

F IGURE 1 Increased serum FGF19 concentration was higher in BA patients with inferior short-term and long-term outcomes after KPE. (A)

Serum FGF19 concentrations in BA patients at the time of KPE and age-matched cholestatic disease controls (DC). Serum FGF19 concentration

at the time of KPE according to COJ (B), liver transplantation (LT) (C) and native liver survival at 2-year (D) and 5-year follow-up (E). Violin plots’

display median, interquartile range, and individual data points. Abbreviations: BA, biliary atresia; COJ, clearance of jaundice; Ex, exitus; KPE,

Kasai portoenterostomy; LT, liver transplantation; NL, native liver.
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(R=−0.20, p=0.16), a negative correlation was found

between them among patients who remained cholestatic

after KPE (R=−0.44, p=0.03) and among patients with

isolated BA (R=−0.34, p=0.03). Liver FGF19 expres-

sion was not associated with the clearance of jaundice or

native liver survival (Figure 7), age at KPE, liver

biochemistry, or indexes of ductular proliferation or liver

fibrosis (data not shown). Although UK specimens

showed slightly higher FGF19 expression than Finnish

ones [17.2 (3.1–41.2) vs. 5.1 (1.3–13.2), p=0.03], RNA

integrity number values indicated comparably high RNA

quality of UK [8.3 (5.8–8.7)] and Finnish [8.7 (7.9–9.3)]

specimens, and no diminution of expression was

observed over sample storage time (Supplemental

Figure 2, http://links.lww.com/HEP/A75).

Regulation of bile acid metabolism

To interrogate the connection between increased FGF19

expression and serum primary bile acids, we measured

mRNA expressions of key regulators and transporters

involved in bile acid metabolism in relation to normal and

age-matched cholestatic controls (Figure 7, Supplemental

Figure 4, http://links.lww.com/HEP/A77). The negative feed-

back regulation on bile acid synthesis seemed activated as

BA

DC

F IGURE 2 Serum FGF19 associated with bilirubin and trans-

aminases. Spearman rank correlation of serum FGF19 and (A) age at

the time of KPE, (B) bilirubin (n= 74), (C) AST (n=73), and (D) ALT

(n=32) at the time of KPE. Abbreviations: ALT, alanine amino-

transferase; AST, aspartate transaminase; BA, biliary atresia; KPE,

Kasai portoenterostomy.

F IGURE 3 Increased serum FGF19 at KPE associated with decreased native liver survival in BA. Kaplan-Meier native liver survival curves

according to serum FGF19 above or below 109 pg/mL at the time of KPE for (A) all BA patients (p<0.001), (B) COJ patients (p= 0.01), (C)

patients without associated anomalies (p<0.001), and (D) patients <60 days of age at the time of KPE (p=0.004). The shaded areas represent

95% CI. Abbreviations: BA, biliary atresia; COJ, clearance of jaundice; KPE, Kasai portoenterostomy.
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FXR (nuclear receptor subfamily 1 group H member 4

(NR1H4)] and small heterodimer partner [nuclear receptor

subfamily 0 group B member 2 (NR0B2)] were upregulated

and CYP7A1 and CYP8B1 downregulated. Although

FGFR4 was overexpressed, beta-klotho (KLB) was down-

regulated in BA patients in relation to cholestatic controls.

CYP7A1 correlated negatively with liver mRNA expression

of FGF19 (R=−0.53, p<0.001), but not with FGF19 serum

levels (R=0.15, p=0.37).

A negatively regulated FXR target gene SLC10A1

encoding NTCP, responsible for portal bile acid uptake,

was decreased, while expression of the main canal-

icular bile acid exporter BSEP (ABCB11) was

unchanged (Supplemental Figure 5, http://links.lww.

com/HEP/A78). Expression of MRP2 [ATP-binding

cassette (ABCC2)], with canalicular transport activity

for sulfated bile acids and bilirubin was decreased. Of

the basolateral bile acid transporters OSTα (SLC51A)

was decreased, whereas MRP4 (ABCC4) expression

was increased in relation to cholestatic controls

(Supplemental Figure 5, http://links.lww.com/HEP/A78).

FGF19 localized mainly in hepatocytes

Immunostaining of liver FGF19 localized mainly in periportal

hepatocytes, some ductular cholangiocytes, and occasional

B

DC

FE

A

F IGURE 4 Increased serum primary bile acids correlated with

FGF19. Comparison of combined conjugated and unconjugated

serum bile acid concentrations (A), and proportions (%) (B) of total bile

acids between BA patients (n=50) and normal controls (NC; n=4)

with median age 83 (71–98) days who underwent a minor day surgery.

Violin plots display median, interquartile range, and individual data

points. *p< 0.05, **p<0.01. Spearman rank correlation of serum

FGF19 and serum total bile acids (C), total primary bile acids (D),

chenodeoxycholic acids (CDCA) (E), and cholic acids (CA) (F) at the

time of KPE. Abbreviations: BA, biliary atresia; DCA, deoxycholic acid;

LCA, lithocholic acid; NC, normal control; PBA, primary bile acids;

SBA, secondary bile acids; TBA, total bile acids; UDCA,

ursodeoxycholic acid.

F IGURE 5 Serum FGF19 associated with ductular reaction. (A)

Spearman rank correlation of serum FGF19 and image-quantified

CK7-positive liver area (n=53). (B) Serum FGF19 concentration

according to periportal CK7-positive hepatocyte score. Violin plots

display median, interquartile range, and individual data points. R and

p-values for Spearman rank correlation are displayed. (C–F) Repre-

sentative examples of CK7-positive periportal hepatocyte scores of

0–3 (for details, see Supplemental Methods, http://links.lww.com/HEP/

A73). Abbreviations: CK7, cytokeratin 7.
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unidentified parenchymal cells (Supplemental Figure 6,

http://links.lww.com/HEP/A79). Liver in situ hybridization

revealed that FGF19mRNA was expressed in hepatocytes

with hemopexin (HPX) and in parenchymal cells devoid of

actin alpha 2 (ACTA2) expression without coexpression with

cholangiocyte marker KRT19 (Supplemental Figure 6, http://

links.lww.com/HEP/A79).

DISCUSSION

The main new finding of this study suggests that high

serum FGF19 levels at the time of KPE are associated

with failure to resolve cholestasis and a diminution in

long-term native liver survival. In addition, serum FGF19

increased in parallel with serum primary acids and

coupled with ductular reaction providing a possible

explanation for the prognostic ability.

Previously, increased serum concentration and liver

expression of FGF19 have been shown in small

numbers of patients with BA both at the time of KPE

and at LT.[19,20] These studies were too small to be able

to evaluate its prognostic value but did show decrease

toward normal control values along with declining serum

chenodeoxycholic levels among 8 BA patients surviving

with their native livers for 2 years.[19] Our findings

regarding the ability of serum FGF19 to predict KPE

outcomes are also indirectly supported by previous

studies in adult cholestatic disorders: elevated serum

FGF19 levels reflect disease severity and predict

mortality in both alcoholic hepatitis and primary biliary

cholangitis.[27–30]

In adults, extrahepatic obstructive cholestasis accom-

panied with increased liver and serum expression of

FGF19 and reduced liver expression of CYP7A1, the rate

limiting step in bile acid synthesis.[33] Subsequent studies

in primary biliary cholangitis and alcoholic hepatitis-

associated cholestasis have corroborated these observa-

tions and, similarly to our findings in BA, also demonstrated

positive correlations between increased serum primary

bile acids and FGF19 with simultaneously decreased

surrogates of bile acid synthesis and CYP7A1.[27–30]

These clinical observations are in line with the ability

of chenodeoxycholic acid to induce FGF19 mRNA

expression and protein secretion and downregulation of

CYP7A1 through FXR activation in primary human

hepatocytes.[26,37] Nonetheless, FGF19 and bile acids

are independently able to downregulate hepatocyte

CYP7A1 expression.[25,37] In tune with the current findings,

previous studies have reported downregulation ofCYP7A1

in BA at the time of KPE in relation to noncholestatic

controls,[19,38] whereas unchanged expression was

reported by others.[22] As in our study, liver mRNA

expression of NR1H4 (FXR) and NR0B2 (small hetero-

dimer partner) was increased at the time of KPE in relation

to age-matched cholestatic controls,[39] supporting the

activation of negative feedback regulation of CYP7A1 by

bile acids through FXR. Chenodeoxycholic acid is a

natural high-affinity FXR ligand, which along with cholic

acid markedly accumulates in the liver and serum in their

conjugated forms in patients with BA.[19,22,39] Whether the

reciprocal alterations observed here in hepatic FGFR4 and

KLB expression impaired serum FGF19-mediated down-

regulation of bile acid synthesis remains unclear, although

liver expression of FGF19 and CYP7A1 correlated

negatively. Previous studies in BA and primary biliary

cholangitis, however, suggest that despite the increased

FGFR4 expression on hepatocyte membrane, FGF19

signaling had a limited role in suppressing CYP7A1 and

bile acid synthesis because of deficient FGFR4-mediated

extracellular signal-regulated kinase pathway.[20,29] Thus, it

remains possible that FGF19 produced by hepatocytes

acts through different signaling pathways than the

endocrine serum FGF19.

The exact source of excessive FGF19 production in

cholestasis remains controversial mainly because of

the scarcity of suitable animal models.[40] In addition to

our study, several recent studies in BA and primary

biliary cholangitis have localized liver FGF19 expres-

sion mainly to hepatocytes.[19,20,29] Previously, serum

concentration and liver mRNA expression of FGF19

C

E

D

F

A B

F IGURE 6 Serum FGF19 was not associated with liver fibrosis at

the time of KPE. (A) Spearman rank correlation of serum FGF19 and

image-quantified Sirius red stained liver area (n=59). (B) Serum

FGF19 concentration according to different Metavir fibrosis stages.

Violin plots display median, interquartile range, and individual data

points. R and p-values for Spearman rank correlation are displayed.

(C–F) Representative examples of different Metavir fibrosis stages in

Sirius red stained sections (for details, see Supplemental Methods,

http://links.lww.com/HEP/A73).
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correlated positively, whereas portal and peripheral

venous concentration of FGF19 were increased to

equally high levels at the time of KPE, indicating that

the increased serum FGF19 was of hepatic origin in

BA.[19] We introduce a positive correlation between

serum primary bile acids and FGF19 in a larger patient

cohort, linking activation of FXR-FGF19 axis with

increased circulating bile acids in BA for the first time.

Median serum FGF19 levels were remarkably similar

in both these BA studies, whereas unlike here, likely

administered UDCA, with FXR antagonist activity[29,41]

was the most predominant serum bile acid in the study

by Johansson et al., potentially contributing to the

missing correlation between bile acids and FGF19 in

their study.[19] Although biliary secretion of bile acids

into the intestine is negligible at the time of KPE

because of widespread destruction of the extrahepatic

bile ducts,[34] bile acids reach enterocytes also through

systemic circulation. Theoretically, it remains possible

that after escaping from the liver into the systemic

circulation in high concentrations,[22,39] bile acids may

also activate intestinal FXR-FGF19 from the baso-

lateral side of enterocytes,[42] thereby contributing to

the increased FGF19 serum levels. Testing this

hypothesis would require measurement of ileal

FGF19 expression but could enlighten the unparallel

increases of serum and liver FGF19, and why serum

levels, but not liver expression of FGF19 associated

with KPE outcomes.

Herein, serum FGF19 showed positive correlations

with immunohistochemical indexes of ductular reaction.

Accordingly, FGF19 has a direct ability to enhance

proliferation, dedifferentiation, and transformation of

cultured cholangiocytes.[43] The stimulation of ductular

reaction by FGF19 was supported by expression of both

FGF19 and CK7 in periportal hepatocytes, bordering

cholestatic bile ductules. The link between serum

FGF19 and ductular reaction may underpin the ability

of FGF19 to predict long-term native liver survival after

successful KPE when ductular reaction progresses

despite the normalization of bilirubin.[12] The reasons

why serum, but not liver, FGF19 correlated with ductular

reaction remains unclear and requires further research.

Neither serum nor liver FGF19 was associated with liver

fibrosis in BA, suggesting that FGF19 does not reflect

the current state of liver fibrosis at the time of KPE.

Although in animal fibrosis models FGF15/19 deficiency

protects from liver fibrosis,[44] serum FGF19 levels and

liver fibrosis were negatively correlated in alcoholic

hepatitis.[30]

Although serum FGF19 showed promising prognos-

tic value for native liver survival also in internal

validations, independent patient cohorts would be

needed to validate these findings and to establish

optimal thresholds. In addition to individualized patient

counseling and follow-up, reliable identification of

patients with a low serum FGF19 and favorable

prognosis at the time of KPE could be used to target

D

A B C

F IGURE 7 Increased liver FGF19 mRNA expression was not related to KPE outcomes and co-occurred with activated negative feedback

regulation of bile acid synthesis. (A) Liver FGF19 expression in BA at the time of KPE, age-matched cholestatic DCs, and NCs. (B) Liver FGF19

expression according to COJ and (C) LT. (D) Liver mRNA expression of FXR (NR1H4), SHP (NR0B2), FGFR4, KLB, CYP7A1, CYP8B1, and

CYP27A1. Violin plots display median, interquartile range, and individual data points. Expression levels were normalized to arithmetic mean of 4

housekeeping genes (GAPDH, ACTB, B2M, and HPRT1), and presented as fold-changes relative to NCs. p-values were corrected for multiple

comparisons with Benjamini-Hochberg method, *p<0.05, **p<0.01, ***p<0.001 (for details, see the Patients and methods section). Abbrevi-

ations: BA, biliary atresia; COJ, clearance of jaundice; DC, disease control; LT, liver transplantation; NC, normal control; KPE, Kasai

portoenterostomy.
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medical therapy in the current field of novel antichole-

static agents with variable modes of action on bile acid

metabolism.[10,16,26] The prognostic ability of FGF19 was

maintained among patients who normalized their serum

bilirubin postoperatively, had no associated malforma-

tions, or underwent KPE before age 60 days. Intrigu-

ingly, these are the patients who are likely to benefit the

most from anticholestatic therapy.[10]

Our limitations include the retrospective study design

and the use of archived serum and liver specimens

collected over a span of 14 years, predisposing to storage

related analytical inaccuracies. However, we did not find

evidence for sample degeneration over time and con-

firmed quality of included RNA specimens.[45] We were

able to address long-term prognosis in a relatively large

cohort of rare BA patients collected in 2 centers with

comparable surgical and medical approaches and

documented outcomes, which have remained largely

unchanged during the study inclusion period.[12,46]

Although bile acid conjugation status was not addressed

here, previous studies have confirmed that elevated

serum and liver bile acids are exclusively conjugated at

the time of KPE in BA.[19,22,41] Inclusion of age-matched

cholestatic controls also allowed for adjustment of

marked changes occurring in serum FGF19 levels and

bile acid metabolism during the first months of life.[47]

All in all, high serum FGF19 was associated with inferior

long-term native liver survival in BA. Establishment of the

optimal prognostic limits for serum FGF19 and further

understanding of the underlying pathophysiological mech-

anisms require prospective investigations in the future.
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