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Highlights: Impact and implications:
� Fibulin-3 regulates elastic fiber organization in extrahepatic
bile ducts, impacting their mechanical properties.

� Efemp1+/- mice show disrupted elastic fiber alignment,
highlighting the role of fibulin-3 in fiber organization.

� Pressure myography shows that neonatal EHBDs stretch
more and are softer than adult EHBDs.

� This work links genetic predisposition to biliary atresia to
mechanical dysfunction.
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The gene EFEMP1 was found via a genome-wide association
study to be a susceptibility gene for the neonatal disease biliary
atresia. EFEMP1 encodes the protein fibulin-3, which regulates
elastic fiber organization in the extrahepatic bile duct (EHBD),
the major site of disease in biliary atresia. We showed that
neonatal EHBDs as well as mice heterozygous for Efemp1 have
decreased numbers of elastic fibers, and that this alters EHBD
mechanics. This work is important for understanding the
mechanism of biliary atresia, in particular susceptibility
to obstruction.
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Biliary atresia susceptibility gene EFEMP1 regulates
extrahepatic bile duct elastic fiber formation and mechanics

Kapish Gupta1,2,†,#, Jessica Llewellyn1,2,†, Emilia Roberts3, Chengyang Liu4, Ali Naji4, Richard K. Assoian2,3,5, Rebecca G. Wells1,2,*

JHEP Reports 2025. vol. 7 j 1–10
Background & Aims: EGF-containing fibulin extracellular matrix protein 1 (EFEMP1, also called fibulin-3) is an extracellular matrix
protein linked in a genome-wide association study to biliary atresia, a fibrotic disease of the neonatal extrahepatic bile duct.
Fibulin-3 is deposited in most tissues and Efemp1 null mice have decreased elastic fibers in visceral fascia; however, fibulin-3
does not have a role in the development of large elastic fibers and its overall function in the extrahepatic bile ducts re-
mains unclear.

Methods: We used staining and histology to define the amount and organization of key extracellular matrix components in the
extrahepatic bile ducts. We also repurposed pressure myography, a technique heretofore applied to the vasculature, to determine
the contribution of elastin and fibulin-3 to extrahepatic bile duct mechanics. We examined extrahepatic bile duct structure and
mechanics in three models: neonatal vs. adult rat ducts (n = 6 each), elastase-treated adult rat ducts (n = 6-7 each), and Efemp1+/-

vs. wild-type mouse ducts (n = 6 each).

Results: We demonstrated that fibulin-3 is expressed in the submucosa of both neonatal and adult mouse, rat and human
extrahepatic bile ducts and that, in adult Efemp1+/- mouse ducts, elastin organization into fibers is decreased by approximately
half. Pressure myography showed that Efemp1+/- ducts have altered mechanics compared to control ducts, with Efemp1+/- ducts
displaying significant stretch compared to controls (p = 0.0376); these changes in stretch are similar to those observed in
elastase-treated vs. normal ducts (p <0.0001) and in neonatal ducts vs. adult ducts (p <0.0001).

Conclusion: Fibulin-3 has an important role in the formation of elastic fibers and the mechanical properties of the extrahepatic bile
duct. This provides functional relevance for the biliary atresia susceptibility gene EFEMP1.

© 2024 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
Biliary atresia (BA) is a rare and severe pediatric disease that
initially causes fibrosis, obstruction, and obliteration of the
extrahepatic bile ducts (EHBDs) but then rapidly leads to liver
fibrosis and end-stage liver disease. The pathogenesis of BA is
poorly understood although the inciting event appears to be
exposure to an environmental agent such as a toxin1–5 or virus6

during gestation of a fetus with developmental7 and ge-
netic susceptibility.8,9

We previously identified significant differences between the
neonatal and adult mouse EHBD in cholangiocyte glycocalyx
maturity and junctional permeability and in submucosal extra-
cellular matrix (ECM) composition and fibroblast behavior.10

Notably, neonatal EHBDs show decreased quantity and align-
ment of the key ECM fibrillar proteins elastin and collagen,
indicating an underdeveloped structural framework compared
to adults. However, the significance of these age-related dif-
ferences in ductular mechanics or BA is unclear.
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Genome-wide association studies (GWASs) have implicated
matrix proteins including EGF-containing fibulin extracellular
matrix protein 1 (EFEMP1) as susceptibility genes for BA.8

EFEMP1, also known as fibulin-3, belongs to the fibulin family
of proteins that contribute to ECM organization and stability.
Fibulin-3 is part of the short fibulins subgroup. Its function is
less well described than that of fibulins -4 and -5, which have
critical roles in large vessel elastic fiber formation. Although
fibulin-3 is expressed in tissues with large elastic fibers, such as
the lung and aorta, these organs appear normal in Efemp1-/-

mice.11,12 Instead, Efemp1-/- mice display a loss of fine elastic
fibers in the fascia with fascial herniation, early aging, and low
reproductive capacity. This suggests that the function of
fibulin-3 depends on the size of elastic fibers or on the tissue.13

Fibulin-3 exhibits a weak binding affinity for tropoelastin but
does not interact with fibrillin-1, the primary component of the
microfibril that surrounds elastin.11,14 Notably, electron micro-
scopy analysis of Efemp1-/- mouse skin showed fragmented
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Fibulin-3 (EFEMP1) regulates bile duct mechanics
elastin cores within elastic fibers.12 Given the changes in ECM
composition during EHBD development and the association
between EFEMP1 and BA, our goal was to define the role of
EFEMP1 in the matrix and mechanics of the EHBD.

Materials and methods

Human tissue

Anonymized fresh human EHBD was obtained as part of the
HPPAP (Human Pancreas Procurement and Analysis Program),
which was granted IRB exemption (protocol 826489). Samples
were taken after the unexpected deaths of otherwise healthy
individuals, with consent obtained from next of kin. The sam-
ples were formalin-fixed and embedded after receipt.

Mouse tissue

All work with mice was in accordance with protocol 804862,
approved by the University of Pennsylvania Institutional Animal
Care and Use Committee, and followed the guidelines of the
National Institutes of Health Guide for the Use and Care of Ani-
mals. For transparency, we have provided information following
theARRIVEguidelines 2.0. C57Bl/6jmicewere obtained from the
Jackson Laboratory (Bar Harbor, ME, USA). Three C57Bl/6j mice
per age group (total of 18) were used to determine postnatal
EFEMP1 expression. Efemp1+/- mice were a gift from Lihua
Marmorstein (University of Arizona).12Efemp1+/- pairswere bred;
however, although the nulls are reported to be viable, for unclear
reasons onlyEfemp1+/- andEfemp1+/+ offspringwere born in our
colony. In this study we compared Efemp1+/- mice to Efemp1+/+

control littermates. Micewere kept on a 12 h light/12 h dark cycle
with ad libitum access to standard chow andwater. EHBDswere
dissected frommice at different ages as noted in the figures and
were formalin-fixed (10%), paraffin-embedded and sectioned at
5 lm thickness. For pressure myography (detailed below),
EHBDs were isolated from adult (10–15-week-old) wild-type
(WT; Efemp1+/+) and Efemp1+/- mice.

Rat tissue

All rat experiments were conducted following National In-
stitutes of Health policy, and the study was approved by the
Institutional Animal Care and Use Committee at the University
of Pennsylvania under protocol 804031. EHBDs were isolated
from neonatal rats aged 7-10 days old and adult rats aged 3-6
months. We did not determine sex for individual animals given
that anogenital distance measurements in pups lack accuracy,
but our random selection typically yields a balanced male-
female distribution. A subset of adult EHBDs were incubated
with 1 U/ml elastase (Worthington Biochemical Corporation,
Lakewood, NJ) or Hank’s balanced salt solution (control) for
20 min at room temperature. Subsequently, the EHBDs were
mounted onto the Pressure Myograph System and analyzed in
accordance with the procedures detailed in under "Pressure
Myography". Following pressure myography, EHBDs were
formalin-fixed (10%), paraffin-embedded, sectioned at 5 lm
thickness and stained.

Matrix imaging

For immunofluorescence of mouse and human EHBDs, sam-
ples were dewaxed with xylene and rehydrated through a
JHEP Reports, --- 2
graded series of alcohols and distilled water. Heat-mediated
antigen retrieval with 10 mM citric acid pH 6.0 in a pressure
cooker for 2 h was used for staining with antibodies against
EFEMP1 (fibulin-3) (1:100, Thermo Fisher, Waltham, MA, #PA5-
29347), fibulin-4 (1:100, Abcam, Waltham, MA, #Ab1250730),
or fibulin-5 (1:200, Proteintech, Rosement, IL, #12188-1-AP).
0.5% hyaluronidase (Sigma, H3506 type I–S, St-Louis, MO)
treatment for 60 min at 37 �C was used for staining with anti-
bodies against elastin (1:100, Bioss, Woburn, MA, #bs-1756R).
Sections were blocked with StartingBlockTM T20/phosphate
buffered saline Blocking Buffer (Thermo Scientific, Waltham,
MA) before being incubated with primary antibodies (in 0.2%
Triton X-100, 3% serum, in phosphate buffered saline) at 4 �C
overnight. Sections were then incubated with Cy3-conjugated
anti-rabbit secondary antibody for 60 min (1:500, Vector Lab-
oratories, Burlington, CA) and DAPI for 10 min (4’, 6-Diamidino-
2-Phenylindole, Dihydrochloride) and were mounted. Stained
sections were imaged using a Zeiss Axio Observer 7 inverted
microscope and ZEN blue software. For elastic fiber staining,
paraffin sections were dewaxed and rehydrated and stained
using an Elastic Stain Kit (Millipore, HT25A, Burlington, MA) and
ELASTIN staining solution acc. to Weigert (Sigma) according to
the manufacturer’s protocol. Brightfield imaging was done on a
Nikon E600 microscope with Nikon NIS-Elements software and
a Leica Aperio Slide Scanner. For second harmonic generation
(SHG) imaging, paraffin sections were imaged using a Leica
SP8 confocal/multiphoton microscope and Coherent Chame-
leon Vision II Ti:Sapphire laser (Leica, Buffalo Grove, IL) tuned
to a wavelength of 910 nm.

Image analysis

Raw image files from immunofluorescence and SHG imaging
were processed using Fiji ImageJ software.15 Quantification of
the percent area stained was assessed using the threshold and
percent area functions. The number of elastic fibers per 50 lm2

was counted manually using the Count tool. The crimp wave-
length and depth were measured manually using the Line tool
as described in.16 For all analyses, 3-5 images per sample were
taken. The individual doing the crimp analysis was blinded to
the identity of the sample.

Slides stained with ELASTIN staining solution acc. to Wei-
gert were processed using QuPath v0.2.0 software. Elastin
signal was segmented from brightfield images using the default
color deconvolution method available in QuPath.17 Segmented
images were imported to Fiji ImageJ. Quantification of the
percent area stained was assessed using the threshold and
percent area functions.

Pressure myography

EHBDs were isolated and placed in Hank’s balanced salt so-
lution without calcium and magnesium at 37 �C. The cut ends
of the EHBDs were then carefully threaded onto two 385 lm
stainless steel cannulas on a DMT model 114P Pressure
Myograph (DMT-USA, Ann Arbor, MI) and tied into place with 6-
0 silk sutures (SUT-S 104, Braintree Scientific Inc., Braintree,
MA), creating a closed system. The system was fitted with a
Nikon Diaphot inverted microscope, enabling measurement of
the vessel length, wall thickness and outer diameter using
MYOVIEW software (DMT-USA, Ann Arbor, MI). The mounted
ducts were stretched until straight, the force transducer was
025. vol. 7 j 101215 2
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brought to zero, and then the ducts were stretched axially to
1 mN of force to standardize baseline axial conditions. The
system was pressurized using medical air (AI USP 300; Airgas
USA, Cherry Hill, NJ) and the EHBDs were preconditioned for
15 min at 40 mmHg before being pressurized in a stepwise
manner from 0-20 mmHg in 2 mmHg increments. This was
done 3 times on each EHBD and values were averaged for data
analysis. The pressure myography testing and data collection
were carried out blinded (the individual carrying out the mea-
surements was blinded to the genotype, and for the analysis
was blinded to the genotype and age of the sample) and the
sequence of testing for control vs. test ducts was done
randomly to avoid any confounding effects. Axial stretch
measurements were not performed as these are unlikely to be
forces experienced by the EHBD due to the low pressure of the
system. Real-time imaging and MYOVIEW software were used
for direct measurement of the loaded outer diameters (2ao).
From this, the unloaded inner radius (Ai) was calculated as
Ai=A0-H, where A0 is the unloaded outer radius and H is the
unloaded wall thickness. The duct volume (V) determined
based on unloaded diameter and wall thickness was used to

determine the loaded inner radius using ai ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a20 − ðV=nlÞ

q

where l is the length between the inner sutures, measured using
calipers. The loaded wall thickness (h) was calculated using
h=a0-ai. The circumferential stretch (kh) was calculated using
kh= (ai + h/2)/(AI+H/2) and circumferential stress using ph= (Pai)/
h where P is pressure. Because the EHBD shows a nonlinear
stress-stretch relationship, the tangent modulus (slope) was
calculated as a measure of EHBD stiffness. An exponential
curve was fitted to the stress-stretch curve using MATLAB
(R2021a, curve fitting tool) and the tangent modulus was ob-
tained by taking the derivative of the stress-stretch curves.

Statistical analysis

Statistical significance was calculated with Prism 10 (GraphPad
software, LaJolla, CA). The image analysis data were assessed
by unpaired t-test for data that were normally distributed. When
the data were not normally distributed, the Mann-Whitney test
was used. Statistical significance of the pressure myography
individual parameters (outer diameter, stretch and stress) was
assessed using a mixed-effects model with repeated measures
to assess the effect of age, elastase treatment or genotype. All
data are shown as mean ± SEM.

Results

Fibulin-3 regulates elastic fiber formation

To understand the contribution of fibulin-3 to the ECM of the
EHBD, we characterized key components of ECM found in the
submucosa of adult Efemp1+/- mice. We first found that
Efemp1+/- mice have a significant (>50%) reduction in submu-
cosal fibulin-3 expression, with levels of fibulin -4 and -5 un-
changed from controls (Fig. S1). The fibulin-3 that was present
was disproportionately found in the cholangiocyte (biliary
epithelial cell) cytoplasm rather than the submucosa (Fig. S1).
Previous studies have documented the presence of fibulins in
both cytoplasmic and extracellular compartments.18 It has
been reported using cultured cells that intracellular fibulin was
detected early after plating, but extracellular fibulin secretion
did not occur until after 4 h.19
JHEP Reports, --- 2
To assess the impact of fibulin-3 on ECM organization, we
compared the presence and organization of collagen, elastin, and
elastic fibers in EHBDs from Efemp1+/- and WT littermate mice.
The amount of elastin in the submucosa of the EHBD was com-
parable between WT and Efemp1+/- mice (Fig. 1A,B). In WTmice,
elastin was localized beneath the cholangiocyte monolayer.
However, in Efemp1+/- mice, the deposition of elastin was more
diffuse and its concentration under the cholangiocyte layer less
pronounced, suggesting that fibulin-3 has no effect on the depo-
sitionofelastinbutplaysan important role in itsorganization. In line
with this, the number of elastic fibers in the EHBDsubmucosawas
significantly reduced in Efemp1+/- mice compared to WT, sug-
gesting that fibulin-3 plays a role in elastic fiber formation without
impacting elastin expression (Fig. 1C,D andFig. S2). To determine
whether this disruption was unique to elastin, the amount and
hallmark crimp of collagen were also assessed. Collagen was
visualized using SHG imaging, which showed that both the
amount of collagen present (Fig. 1E,F) and the crimp pattern
(Fig. S3) were unaltered in Efemp1+/-mice compared to WTmice.
These data suggest a specific role for fibulin-3 in the organization
of ECM in the EHBD and in the formation of elastic fibers.

The structure of the EHBD differs between neonates
and adults

We then assessed the expression patterns of fibulin-3 during
postnatal development in both mouse and human EHBDs
(Fig. 2 and Figs S4,S5). In the neonatal (P2) mouse EHBD,
fibulin-3 was expressed in both cholangiocytes and fibroblasts.
However, in adult EHBDs, fibulin-3 primarily accumulated in the
EHBD submucosa, with limited intracellular expression (Fig. 2A
and Fig. S4). In human EHBDs, fibulin-3 also showed increased
expression in the submucosa with increasing age (Fig. S5). To
further investigate the potential role of fibulin-3 in elastic fiber
formation during postnatal development, we stained for both
elastin and elastic fibers in mice (Fig. 2B,C and Fig. S6). Elastin
deposition was first detectable at P5, while elastic fibers
became visible between P10 and P14 (Fig. 2B,C). In adult
EHBDs, fibulin-3, elastin, and elastic fibers were deposited
robustly under the cholangiocyte layer, although they were also
present throughout the EHBD submucosa (Fig. 2 and
Figs. S4–6); fibulin-3 was not visible in cholangiocytes at any
time point in humans, although we did not evaluate fetal human
EHBDs. The sequential presence and similar distribution are
consistent with a role for fibulin-3 in elastic fiber formation, as
shown in Efemp1+/- mice (Fig. 1).

The mechanics of the EHBD differ between neonates
and adults

We determined the functional relevance of fibulin-3 with pres-
sure myography. This method is often used to measure blood
vessel mechanical responses to pressure, specifically changes
in vessel dimensions and cross-sectional area,20–23 which
enable the calculation of circumferential wall stress and strain
under increasing pressure, where stress reflects the force
experienced by the vessel and strain represents relative
changes in vessel dimension. While stress and strain can be
used to quantify vessel stiffness, the stress-strain relationship
in tissue is typically nonlinear and an incremental (tangent)
elastic modulus is therefore obtained by fitting the stress-strain
curve to an exponential curve and determining the derivative.
025. vol. 7 j 101215 3
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Fig. 1. Elastic fibers are reduced in adult Efemp1+/- EHBDs but elastin expression is unchanged. (A) Representative staining of elastin in WT and Efemp1+/-

EHBDs. (B) Quantification of percent area of staining. (C) Representative elastic fiber staining of WT and Efemp1+/- EHBDs. Arrowheads show examples of elastic
fibers. Note organized fibers under the basement membrane in WT. Additional examples shown in Fig. S2. (D) Quantification of the number of elastic fibers per 50 lm2.
(E) Representative images of collagen by SHG imaging in WT and Efemp1+/- EHBDs. (F) Quantification of percent collagen area of SHG signal. Forward signal in red and
backward signal in green. Dotted lines and L denote lumens. 6-8 ducts were analyzed per genotype for all stains, with 3-5 images taken per duct. All scale bars 50 lm.
Data shown are mean ± SEM. Significance in B and D determined by unpaired t-test. Significance in F determined using the Mann-Whitney test since the data were not
normally distributed. EHBD, extrahepatic bile duct; SHG, second harmonic generation; WT, wild-type.

Fibulin-3 (EFEMP1) regulates bile duct mechanics
These measurements in blood vessels serve as a predictors for
cardiovascular events, offering insights into overall cardiovas-
cular health. We reasoned that the ductular structure of the
EHBD would be amenable to this technique as well and would
provide insight into the functional mechanics of the duct.

We first compared neonatal and adult EHBDs. Neonatal
mouse EHBDs are too small for pressure myography, so we
used rat EHBDs, first confirming that rat and mouse EHBDs
have similar developmental patterns of collagen and elastin
JHEP Reports, --- 2
deposition (Fig. S7). We found that with the application of
increasing luminal pressure to ducts, there was rapid elastic
expansion of the lumen up to 8 mmHg, after which expansion
slowed (Fig. 3B). Circumferential stretch and circumferential
stress were calculated using the changes in lumen diameter
and wall thickness with pressure (Fig. 3C,D), as described in the
Methods. Neonatal ducts experienced less stress (Fig. 3C) but
displayed more stretch (Fig. 3D). This increased stretch is most
evident in the initial pressurization of the lumen from an
025. vol. 7 j 101215 4
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unloaded state (0 mmHg) to a physiologically relevant pressure
(2 mmHg) (Fig. 3E). The stress and stretch curves show that
neonatal ducts have a different profile than adult ducts, with the
neonatal ducts experiencing more stretch at lower stress
compared to adults. The stress-stretch curve (Fig. 3F) was
used to determine the incremental tangent modulus, a metric
used to describe the “stiffness” of a tissue; this was lower in
neonates than adults (Fig. 3G).

Disruption of elastic fibers by elastase treatment leads to
altered mechanics

The differences in mechanical properties between neonatal and
adult EHBDs are likely due to differences in collagen and elastin
(Figs 2, 3B and Fig. S7). The literature suggests that, at least in
the vasculature, mechanics measured by pressure myography
are determined by these two structural proteins and the
response to filling occurs in two phases, the initial phase
determined by elastin and the second phase by collagen, as
illustrated in Fig. 3B.23 To determine whether elastic fibers play
a similar role in EHBD mechanics as in vascular mechanics, rat
EHBDs were treated with elastase to break down elastic fibers
before pressure myography. Concentration and length of
treatment were optimized to ensure that elastic fibers were
disrupted (Fig. 4A,B), but ducts remained structurally able to
withstand pressure myography testing. We observed that
elastase-treated EHBDs had a very different outer diameter
response profile than control ducts (Fig. 4C) and that elastase-
treated ducts experienced significantly higher stress and
stretch. Stretch plateaued at 2 mmHg (Fig. 4D-F), at which
point the inner radius of elastase-treated EHBDs showed a
JHEP Reports, --- 2
significant increase (180%) compared to a non-significant in-
crease in control EHBDs (Fig. 4F). This resulted in a marked
shift of the stress-stretch curve to the right and upwards, with a
significantly higher incremental tangent modulus (Fig. S8).
Given that the changes in the mechanics occurred due to
significant lumen expansion at low pressure, these results
suggest that the initial phase of lumen expansion in the EHBD
is regulated by elastin in a manner similar to blood vessels.

Efemp1+/- EHBDs show disrupted mechanics suggestive of
decreased elastic fibers

Having observed that EHBDs from Efemp1+/- mice have fewer
elastic fibers than their WT littermates, we compared the
response of adult Efemp1+/- and WT littermate EHBDs. The
outer diameter of Efemp1+/- ducts increased more than the
outer diameter of WT ducts at low pressure; however, the
overall outer diameter curves were not significantly different
(Fig. 5A). The stress experienced by WT and Efemp1+/- EHBDs
was also comparable (Fig. 5B). However, Efemp1+/- EHBDs
showed significantly higher stretch than WT EHBDs (Fig. 5C).
This is likely because the stretch is calculated using the inner
diameter. As the pressure increased, the outer diameter
increased and the wall thickness of the duct decreased, but this
occurred at different rates in the Efemp1+/- and WT ducts; the
change in inner diameter between 0 mmHg and 2 mmHg was
significantly higher in Efemp1+/- ducts (45% increase, p =
0.0106) than in WT (10% increase, not statistically significant)
(Fig. 5D). Given that the stretch profile was significantly altered
without a significant change in stress, the incremental tangent
modulus (stiffness) profile was higher in Efemp1+/- mice
025. vol. 7 j 101215 5
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Fibulin-3 (EFEMP1) regulates bile duct mechanics
(Fig. S9). These experiments demonstrate that fibulin-3, acting
via its effects on elastic fibers, has a functional role in EHBD
mechanics, in particular the circumferential stretch response to
physiological (1-2 mm Hg) filling pressures.
Discussion
We show here that fibulin-3, a protein implicated in ECM organi-
zation and encoded by the GWAS-identified BA susceptibility
geneEFEMP1,8 plays a significant role in elastic fiber organization
in the EHBD and thereby in the EHBD response to filling pressure.
Our work provides a plausible role for EFEMP1 in susceptibility to
BA, making it one of the few BA susceptibility genes to have un-
dergone some level of functional characterization.

Our study is notable in that we used pressure myography, a
technique previously applied exclusively to blood vessels, to
investigate the mechanical response of the EHBD to pressure
and to document changes with age, elastase treatment, and
heterozygous deletion of Efemp-1. The EHBD operates under
low pressure in vivo (3-5 mmHg in humans24,25) when compared
with arterial systems, as suggested by the absence of a thick
elastic lamella or a smooth muscle layer. We therefore used
significantly lower pressures for the EHBD than are typically used
for arteries, designating 0.1 and 2 mmHg as representative of
normal/physiological pressure and greater than 10 mmHg as
JHEP Reports, --- 2
indicative of obstructive pressure, consistent with physiological
pressures of 0.8 and obstructive pressures of 10mmHg reported
for mice and rats26,27 and 15-30 mmHg for humans.24,25

Although changes in duct pressure with age have not been
fully defined, it is likely that pressures are lower in neonates given
the progressive increase in bile secretion after birth.

Because neonatal mice, like Efemp1+/- mice, have fewer
elastic fibers than WT adults, we first used pressure myography
to determine the differences in mechanical responses between
neonates and adults. It was not possible to use Efemp1-/- mice
given that they were not viable in our colony; however, a
decrease as opposed to complete elimination of the protein
may better replicate the impact of the human polymorphism.
We observed that neonatal EHBDs experience higher stretch
even though they experience less stress, which results in
overall lower stiffness, with the most pronounced differences at
a physiological pressure (2 mmHg). Additionally, there was a
greater relative change in inner diameter of neonatal compared
with adult ducts. This is probably because neonates exhibit an
underdeveloped ECM characterized by sparse elastin and
collagen fibers, as evident from our staining data.

It is noteworthy that, despite the relatively low-pressure na-
ture of the EHBD, the degree of stretch experienced by EHBDs
falls within the same range as arteries (stretch less than 2-fold).
Furthermore, both EHBDs and arteries exhibit similar biphasic
025. vol. 7 j 101215 8
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stress-strain curves. In arterial systems, this initial phase is
attributed to elastin contribution, while the subsequent phase is
influenced by collagen.23,28 We showed that pre-treatment of
adult rat ducts with elastase led to stretch greater than 2 even at
a pressure as low as 2 mmHg, demonstrating that the initial
phase of the EHBD response, like that of arteries, is governed by
elastin. The stretch response for elastase-treated ducts pla-
teaued after reaching 2 mmHg, which resulted in the EHBDs
exhibiting a significantly higher incremental tangential stretch. A
similar increase in incremental tangential stiffness after elastase
treatment has also been observed in arteries.29

We modified the measurement approach reported for arteries
to be more suitable for EHBD, which is a low-rather than high-
pressure system. In pressure myography studies of arteries, a
pressure of �3-10 mmHg is used as the starting pressure, which
leads to significant differences in starting diameter between
elastase-treated and control vessels and results in an overall
leftward shift of the stress-stretch curve.29,30 For ducts, we used
the unloaded state as a starting point formeasurement so that the
starting diameters were similar in elastase-treated and control
groups; this led to a rightward shift in the stress-stretch curve
(Fig. S8A). The tangentmodulus is calculated for the points across
the entire curve.

We showed that, compared toWTmice, Efemp1+/- mice have
a defect in the organization of elastin into elastic fibers. As we
found for adult rat ducts treated with elastase, the difference in
stretch between ducts from Efemp1+/- vs. WT animals occurred
in the low-pressure phase, with a 45% increase in the luminal
inner radius found for Efemp1+/- in the loaded (2 mmHg) state
compared to the unloaded state. Comparative analysis of the
stress-stretch curves forWTandEfemp1+/- ducts showedaclear
difference in stretch (Fig. S9A), which we attribute to changes in
elastin fibers. The similar shifts in elastase-treated andEfemp1+/-

mice compared to untreated/WT controls highlights the role of
fibulin-3 in elastin organization. We also observed an increase in
stiffness, a hallmark of many diseases, in the Efemp1+/- ducts
(Fig. S9B). Although the role of stiffness in duct diseases is not
known, it is likely that increased stiffness could hinder bile flow at
higher pressures, particularly if there is partial obstruction.31

Overall, our findings suggest that fibulin-3 modulates EHBD re-
sponses to physiological levels of mechanical stress.
JHEP Reports, --- 2
The data suggest that the EHBD experiences significant
stretch even under physiological pressures, potentially impacting
both cholangiocytes and interstitial fibroblasts. Neonatal EHBD
cholangiocytes, in particular, have immature tight junctions10

such that heightened stretch, as observed in the context of
fibulin-3 abnormalities, could predispose them to the leakage of
toxicbile into the submucosa, thereby inducing injury.32 Increased
stretch could also affect submucosal fibroblasts, known for their
high mechanosensitivity.33,34 Additionally, elevated stretch could
influence the ability of cholangiocytes to counteract oxidative
stress. Emerging evidence suggests that an immature antioxidant
system in neonates, coupled with possible oxidative stress, plays
a crucial role in BA pathogenesis.1,3,31,35,36 Stretch-induced pro-
duction of reactive oxygen species at physiological pressures
might render cholangiocytes more susceptible to BA.

Multiple genes have been identified by GWAS as being BA
susceptibility genes, including several linked to “biliary devel-
opment and structure”, but the functional ramifications for
EHBD function are generally only vaguely understood.37 The
specific effects of EFEMP1 polymorphisms on fibulin-3
expression were not identified in the GWAS study that origi-
nally linked EFEMP1 to BA, and levels of fibulin-3 were not
measured in the EHBDs from controls or patients with BA. Our
work here (see especially Fig. 2) suggests that a detailed study
of fibulin-3 and elastic fiber organization in the EHBD submu-
cosa in early BA will be necessary to fully understand the
relationship between fibulin-3 and BA. We recently suggested
that EHBD obstruction, potentially related to a program of fetal
wound healing, is a critical step in the pathophysiology of
BA.7,31 In this context, the demonstration in this work that
fibulin-3 alters the EHBD response to pressures typical of
obstruction provides a reasonable explanation for EFEMP-1 as
a BA susceptibility gene.

In conclusion, we use a novel application of pressure
myography to provide a compelling mechanism explaining the
role of EFEMP1 as a BA susceptibility gene. Our data suggest
that decreased levels of fibulin-3 impair the ability of the EHBD
to respond to potential luminal narrowing, as can occur in
response to an injury. Future work will need to focus on the role
of obstruction in BA, particularly early, and on the potential
modifying effects of fibulin-3 in humans.
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