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Abstract

Biliodigestive anastomosis between the extrahepatic bile duct and the intestine for bile
duct disease is a gastrointestinal reconstruction that abolishes duodenal papilla function
and frequently causes retrograde cholangitis. This chronic inflammation can cause liver
dysfunction, liver abscess, and even bile duct cancer. Although research has been
conducted for over 100 years to directly repair bile duct defects with alternatives, no
bile duct substitute (BDS) has been developed. This narrative review confirms our
understanding of why bile duct alternatives have not been developed and explains the
clinical applicability of BDSs in the near future. We searched the PubMed electronic
database to identify studies conducted to develop BDSs until December 2021 and
identified studies in English. Two independent reviewers reviewed studies on large
animals with 8 or more cases. Four types of BDSs prevail: Autologous tissue, non-
bioabsorbable material, bioabsorbable material, and others (decellularized tissue, 3D-
printed structures, efc.). In most studies, BDSs failed due to obstruction of the lumen or
stenosis of the anastomosis with the native bile duct. BDS has not been developed
primarily because control of bile duct wound healing and regeneration has not been
elucidated. A BDS expected to be clinically applied in the near future incorporates a

bioabsorbable material that allows for regeneration of the bile duct outside the BDS.
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Core Tip: The bile duct-intestinal anastomosis eliminating the function of the papilla of
Vater causes chronic inflammation due to the reflux of bile and is not an ideal

reconstruction method. Bile duct alternatives for bile duct defects have not been
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developed for over 100 years. In the present situation where the wound healing of the
bile duct defect cannot be controlled, only the use of a bioabsorbable material, such as a
scaffold, and the regeneration of the bile duct outside the scaffold can be expected as a

bile duct substitute.

INTRODUCTION

The treatment of gastrointestinal diseases in the 21st century involves robotic and
endoscopic surgeries, which aim to minimize potential risks and side effectsl-3l.
Minimally invasive endoscopic treatments have been developed to facilitate functional
preservationl*®l. For diseases of the biliary system, the use of laparoscopic
cholecystectomy as a treatment for cholelithiasis has become widespread, and
minimally invasive approaches have been pursuedl®l. In contrast, the incidence of
severe iatrogenic extrahepatic bile duct injury due to laparoscopic cholecystectomy has
increased significantly worldwide compared to that due to laparotomy surgeryl”l. With
regard to bile duct injuries, there is currently no bile duct substitute (BDS) for partially
defective or damaged parts of the bile duct. Reconstruction by anastomosis of the
hepatic bile duct and intestine is typically performed!8l.

Bile duct-intestinal anastomosis is a biliary tract reconstruction procedure that was
first performed by von Winiwater in 1880[°. However, liver abscess, cirrhosis, and liver
dysfunction were often observed in patients who underwent this anastomosis. In the
early 20t century, retrograde cholangitis tended to cause chronic inflammation if
duodenal papilla function was not preserved!'®'l. The suboptimal nature of this
approach resulted in attempts to preserve papilla function and to develop alternatives
for addressing bile duct defects and injury. Chronic inflammation caused by abnormal
pancreatic-bile duct junctions, intrahepatic stones(!213], and exposure to organic solvents
from the printing industry is considered a high-risk factor for cholangiocarcinomal!4l.
Therefore, the development of BDS has emerged as a critical, unmet need. To date,
various alternatives, including autologous tissuel'015-26], non-bioabsorbablel%2734],

bioabsorbable materialsP>#l, and decellularized tissuel*#l, have been investigated.
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Nevertheless, BDSs with widespread clinical applications have not yet been developed.
In this review, we discuss potential factors underpinning the failure to develop
clinically usable products despite efforts to develop BDSs for more than a century.
Furthermore, we highlight the types of BDSs that may be clinically applied in the near

future.

MATERIALS AND METHODS

We searched the PubMed electronic database to identify studies conducted to develop
bile duct alternatives until December 2021 and identified studies in English. The
following search items for the data relevant to “why has a product that can replace bile
ducts not been developed?” were included: “bile duct alternative”, “bile duct
substitute”, “bile duct regeneration”, “biliary alternative”, “extrahepatic bile duct”,
“biliary regeneration”, and “bile duct reconstruction”. Studies using large animals such
as dogs, pigs, and goats were included, whereas studies using small animals such as
rats and mice were excluded. To evaluate the efficacy of the BDS, the “type of
substitute”, “shape and length of substitute”, “method of reconstruction of the bile duct
by substitute”, and “observation period” were included as search terms. The items to be
examined were “presence or absence of regeneration process”, “localization of
regenerated bile duct to substitute”, “number of large animals that could be sacrificed
and killed intentionally”, and “cause of narrowing of substitute”.

For studies in which the items could be determined from the abstract or text, the
number of experimental large animals used was eight or more. The full text was
reviewed by two researchers (Miyazawa M, Takashima J). In each of these studies, the
cases in which BDS transplantation was successful were as follows: These cases were
sacrificed as planned before BDS transplantation, no stenosis was observed at the

anastomotic site between the BDS transplantation site and the natural bile duct, and

there was no liver dysfunction after BDS transplantation.

Animal type
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In small animals, such as rats, jaundice is unlikely to occur even if the extrahepatic bile
duct is narrowed, and liver dysfunction may be difficult to evaluate. As such, BDS
transplantation may be difficultl®l. Accordingly, only large-animal studies were

considered.

Size of BDS

If the length of the BDS implantation segment was less than 1 cm, tissues such as the
omentum may migrate around it after inserting the T-tube into the defective bile duct
segment(?’l. Therefore, BDSs < 1 cm and > 1 cm in length were considered separately.
For the same reason, patch-like or circular implantation of the BDS was examined
separately. Regarding the implantation method, the site of BDS implantation (between
the common bile duct or between the common bile duct and intestine) was examined

separately because it affects the patency of the BDS lumen.

Observation period after BDS implantation

Early after BDS transplantation, stenosis of the BDS may not occur in the event of
retrograde cholangitis or severe inflammation at the alternative transplant site. After
chronic inflammation, the bile duct becomes narrowed due to the gradual hyperplasia
of connective tissue around the substitutel*]. After stent insertion into the BDS, bile may
flow through the stent and a bile plug may not be formed in the BDS in the early stage
of BDS transplantation[*l. As anastomotic stenosis was considered less likely to occur
when a stent was inserted, the observation period after BDS transplantation was

included in the examination items.

Bile duct regeneration

After the formation of connective tissue in the shape of the bile duct, the BDS lumen
does not become completely stenotic early after BDS transplantation, even if bile duct
regeneration does not occur and bile remains in the lumen. However, stenosis tends to

occur after a prolonged period50l. Tissue regeneration in the defective bile duct area
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occurs due to wound healing/®l. The mature bile duct takes time (3 mo or more) to
regenerate from bile duct stem cellsB65.52 (Figure 1). Therefore, to examine the
effectiveness of BDS for inducing bile duct regeneration, histological images of bile duct
regeneration at the BDS transplantation site were included in the examination. If the
study did not report neo-bile duct regeneration and the histology was similar to that of
the native bile duct, the tissue was excluded from evaluation. The histology of the
anastomotic site between the BDS and native bile duct was examined because the bile
duct epithelium is continuous at the anastomotic site if stenosis of the anastomotic site

does not occurl3l,

Localization of bile duct regeneration with respect to BDS implants

We did not identify any reports of bile duct regeneration on the inner surface of the T-
tube when it was placed in the injured part of the bile duct. This suggests that the bile
duct does not regenerate on the inner surface of non-bioabsorbable BDSs. However, it is
important from the viewpoint of wound healing whether the localization of the
regenerated bile duct is the outer surface of the BDS, the part of the BDS itself, or the
inner surface of the BDS (only the bile passage surface). For these reasons, the site
where the regenerated bile duct regenerates was included in the examination items for
the BDS transplantation site. When the localization of bile duct regeneration was not

specified, it was judged from the BDS implantation site and bile passage position in the

paper.

Causes of stenosis

Narrowing of the anastomotic site between the BDS and the native bile duct or the BDS
lumen was evaluated as a separate cause of wound healing. We also examined the
stenotic tissue type. For BDS lumen and anastomotic site stenosis, scar contraction was
considered to occur over a prolonged period if granulation or connective tissue growth

was reported[505455],
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BDS REPORTED TO DATE

The literature search enabled the classification of BDSs into four categories: Autologous
tissuesl10.15-26]  non-bioabsorbable materialsl19.27-34], bioabsorbable materialsl35-43], and

others (decellularized tissues!*%, structures made with 3D printersl®], efc.).

BDS using autologous tissue

Tissues with a similar morphology to that of the extrahepatic bile duct and lumen have
been investigated as BDSs. In practice, arteries(?5], veins[101517-20], uretersl?4, skin(2¢l, and
jejunum*®l have been used as grafts. Due to the thickness of the extrahepatic bile duct
and wall, the femoral vein was often used. In BDSs using these autologous tissues,
necrosis of the substitute in the early stage of transplantation and obstruction due to
attachment of the bile plug to the substitute in the middle stage of transplantation were
commonl1017182021] In the long term, scar contraction occurs due to the growth of
connective tissue around the substitute and at the anastomotic sitel!%17-21l. To address
these issues, attempts have been made to wrap the omentum around the substitute to
supply blood flow or to use stents and cuffs to prevent obstruction of the BDS lumen
and anastomotic sitel'722231, As the BDS did not regenerate to the extent of the native
bile duct, few BDSs were successful, and no clinically usable product was
developed(222l. The localization of neo-bile ducts to the BDS, which attempted to
promote bile duct regeneration, formed a part of the autologous tissue itself.

The most commonly used species in these studies was dog. Pearce et alll0
investigated autologous alternative veins as a BDS and concluded that 1 in 32 successful
cases over 3 mo was insufficient for the use of autologous tissue as a BDS. A study by
Dunphy and Stephens(”l using large animals (44 sheep and 8 pigs) evaluated
autologous arteries, veins, and homozygous arteries. Only sheep that received
autologous arteries as a BDS survived for 6 mo or more, but bile duct dilation on the
liver side was observed. Myers et all'® conducted a circular transplantation experiment

using autologous bile ducts, arteries, veins, and genomic grafts to treat bile duct defects
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in 28 dogs. All homografts were rejected, and the dogs that received transplants died
within 13 d.

Even in transplantations using autologous tissue, histological assessment revealed
that the bile duct epithelium did not regenerate on the epithelial surface, fibrous
connective tissue was increased on the epithelial surface, and the BDS transplantation
site became stenotic. The authors concluded that self-organization is not possible in
BDS. In 2009, Palmes et all2l reported a high success rate of transplantation of the
external jugular vein and a bioabsorbable stent as a BDS in pigs. However, histological
changes in the bile ducts of autologous veins have not been reported (Table 1).

Due to the lack of blood supply in autologous tissue BDSs, the tissue becomes
necrotic, and the anastomotic site is scar-contracted. A BDS capable of allowing bile to
flow freely into the duodenum over a prolonged period has not yet been developed. It
is unlikely that autologous tissue will resemble the native bile duct in the context of
wound healing[55585]. Stenting through the anastomotic site was effective in preventing
narrowing(1722231. High success rates have been reported when bioabsorbable stents are
placed in the venous lumen; however, it is unclear how autologous venous tissue is
induced for good bile duct regeneration. These findings suggested that autologous

tissue cannot be used as a BDS.

BDS using non-bioabsorbable material

Since the 1930s, polyvinyl spongel?’], polytetrafluorethylenel2?01, Teflon[1%31l, Dacron!3],
and polyethylenel3>*] have been used as non-bioabsorbable BDS materials. These
alternatives were used experimentally as patches or rings, but most studies reported
high rejection rates early in transplantation and varying degrees of cholangitis,
narrowing of the alternative lumen, and stenosis of the anastomotic site with the native
bile duct[1927.28]. Although partial success has been reported, the bile duct epithelium
failed to regenerate on either the medial side (bile passage surface) or lateral side of
these alternatives/2?3l. As a result, the perimeter of these BDSs was covered with

fibrous connective tissue, and the luminal surface was clogged with bile plugs!1%272°l,
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This resulted in stenosis of the anastomosis with the native bile duct, which prevented
bile passage. As such, research on cyclic BDS made solely from non-bioabsorbable
materials has ceased.

Sherman et all28] transplanted a BDS made from acrylamide into dogs. In the stented
group, 7 of the 33 cases were successful over 3 mo. However, bile duct regeneration has
not been reported. Bergan et al?’l attached blood vessels to a BDS composed of
polyvinyl sponge in dogs. Of the 12 dogs examined, 4 survived for more than 60 d, but
the transplant was ultimately unsuccessful due to the formation of bile plugs inside the
substitute. Dunphy and Stephensl[!®l examined Teflon as a BDS in four dogs and four
sheep, but all failed because of severe rejection early in the transplantation. Recently,
Gomez et all®! investigated Gore-Tex as a BDS in 12 dogs and reported that 11 cases
were successful. However, BDS was surrounded by strong fibrotic tissue and exhibited
narrowing, indicating that it was not clinically usable in the long term (Table 2).

Currently, cyclic non-absorbable materials, such as polytetrafluoroethylene, are used
clinically as artificial blood vessels. Anticoagulants are used to prevent blood from
coagulating in artificial blood vessels when the blood vessel diameter is smalll®?,
Compared to blood, bile is more viscous and has a slower flow velocity. The bile duct
diameter is similar to that of small blood vesselsl®'l. As such, this material may be
unsuitable because the BDS lumen may be blocked by a bile plugl®?. In addition, the
epithelium does not regenerate continuously at the anastomotic site between the BDS
and native bile duct, scar contraction occurs in the long term after transplantation/®l. A
bile plug may form if a tubular stent is inserted to secure bile passage, even when using
non-bioabsorbable materials. This phenomenon is similar to current endoscopic

stenting for bile duct stenosisl6263],

BDS using bioabsorbable material
Due to the failure to develop clinically applicable BDSs made from autologous tissue or
non-bioabsorbable materials, increasing focus has been placed on bioabsorbable

materials as BDSs. This concept is based on the technique of tissue engineering
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proposed by Langer and Vacantil® in 1993 for bile duct regeneration. The complex
formed by the bioabsorbable material and cells attached to the material is absorbed in
the body while the bioabsorbable material acts as a scaffold to maintain the
environment and shape of the organl®6l. Concurrently, the cells attached to the
scaffold regenerate the target organ. Natural polymers (particularly collagen(35383] and
engineered synthetic polymers(3-27404143] have been investigated as BDSs based on

bioabsorbable materials.

BDS using natural polymers

Alternative natural polymers to collagen have been investigated, such as the small
intestinal submucosa (SIS) using porcine submucosa. Using this SIS, Rosen et all®]
reported that 9 cases of patch-like transplantation and 6 cases of circular transplantation
were performed as BDS, and 13 of them were successful. However, bile duct
regeneration was not observed as a pathological finding. On the other hand, in another
study using SIS as a BDS, scar contraction was highl®l. As such, this material has not
been clinically applied as a BDS (Table 3).

Nakashima et allé7l reported the successful use of collagen as a BDS in consideration of
cell adhesion. However, collagen was attached to a non-bioabsorbable material
(polypropylene) to maintain the hardness of this BDS; therefore, it may not be a strictly
bioabsorbable BDS. The BDS scaffold was sutured to the native bile duct. As bile passes
through the lumen, the scaffold must maintain an annular shape and therefore a degree
of hardness. Collagen tends to lose its shape when immersed in water!®78]. Collagen-
based BDSs require hardness in other substances to maintain the scaffold hardness,
resulting in an absorption period longer than several months. For this reason, SIS uses
collagen and submucosal tissue to maintain hardness[351.

To promote bile duct regeneration within the bioabsorbable material itself, the period
of in vivo absorption of the bioabsorbable material is important for suppressing scar
contraction. In the case of artificial skin using collagen for skin regeneration, it has been

reported that the half-life of the bioabsorbable material, which most strongly suppresses
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scar contraction, is approximately 14 dIl. If a BDS made of a bioabsorbable material has
a half-life of 3-4 wk or more, scar contraction may be high. When bioabsorbable
materials other than the skin are used as alternatives for bile duct regeneration, the
absorption period of such materials must also be considered, but this is not the case for
SISI351,

In collagen-based BDSs, the density of the material ligand is important for cell
adhesion to promote bile duct regenerationl¢l. However, there is a paucity of research
in this area. If attempts are made for bile duct regeneration within the bioabsorbable
material itself, scar contraction of the BDS part cannot be suppressed after

transplantation unless these points are taken into consideration.

BDS using synthetic polymers
BDSs based on synthetic polymers are predominantly composed of polyglycolic acid
(PGA)I¥l and polycaprolactonel®40, BDSs produced using PGA fibers may fail to
maintain their radial shape. In many studies, the major axis of the bile duct has been
replaced by approximately 1 cm. The absorption period of PGA is approximately 3 mo;
as such, chronic inflammation occurs, and bile duct regeneration occurs at the
implanted site. As such, attempts to regenerate the bile duct epithelium on the inner
surface (bile passage surface) of this BDS eventually cause scar contraction similar to
that of non-bioabsorbable BDS, and previous efforts have been unsuccessfull3.65],
Studies employing polycaprolactone-based BDSs have reported good bile duct
regeneration outside the BDS implant. The material in these studies comprised a 50:50
copolymer of lactic acid and caprolactone, which was reinforced with latticed PGA
fibers to facilitate suturingl®l. Generally, the absorption period is 6-8 wk, and the
material becomes vulnerable in vivo for approximately 3 wk. After the BDS becomes
fragile and sheds into the duodenum, a bile duct thicker than the outer circumference of
the BDS regenerates outside the BDS. Cells migrating to the BDS as a foreign body
reaction may promote bile duct regeneration¢l. Previous studies have reported good

results, including BDS experiments in infectious reservoirs/™l. The occurrence of bile
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duct regeneration on the outside of the BDS resembles bile duct regeneration after
insertion of a T-tube into a defective bile duct followed by T-tube removal (Table 3).

As BDSs using synthetic polymers can be engineered, the period of absorption in the
body can be adjusted!”!l. However, if the BDS is hard to maintain the shape of the bile
duct, the absorption period may be prolonged. As BDS results in longer chronic
inflammation due to a foreign body reaction, the results are likely to be similar to those
of non-bioabsorbable materials. In contrast, if the absorption period is too short, the
BDS transplantation site becomes fragile and is destroyed after transplantation. Bile
may flow out of the BDS transplantation site, making this material unsuitable for BDS.
With regard to cell adhesion, the scaffold itself (for example, PGA only) has lower cell
adhesion compared to collagen-based scaffolds owing to the lack of receptors for cell
adhesionl3l. Therefore, to regenerate the scaffold itself within the bile duct, materials in
which receptors are added to the scaffold have been investigated8l. Failure of the bile
duct to regenerate in the scaffold part while being absorbed prevents clinical

application as a BDS; hence, these materials remain in the development stage.

BDS made of other materials

In recent years, attempts have been made to utilize decellularized tissues as BDSs
because of the lack of an immune reaction when transplanted into a living
organisml/445l. The use of decellularized tissues as scaffolds for liver regeneration has
been investigated. The bile was reported to drain into the duodenum as a tube for a
prolonged period and functioned while the stent was inserted. However, reports of
long-term bile duct regeneration and function after stent removal are lacking.

Scaffolds of the same shape as that of the extrahepatic bile duct have been produced
using 3D printingl57]. The extrahepatic bile duct has been reported to regenerate in a
ring shape, but no studies to date have examined bile duct regeneration using these
BDSs. Furthermore, there have been efforts to develop an actual bile duct as an

organoid in vifro for transplantationl”2l. However, it has not been possible to produce
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organoids of a certain length in the longitudinal direction for clinical use and with a

length that can be sutured.

FACTORS TO CONSIDER FOR BDS DEVELOPMENT

Below, we discuss the factors that should be considered in the development of clinically

applicable BDSs.

Bile duct wound healing

Bile duct regeneration must occur concurrently with wound healing[55585°], Notably, the
natural course of wound healing involves scar contraction. Therefore, if the BDS does
not reduce scar contraction, the migrating cell mass results in scar contraction and
lumen narrowing after removal of the BDS or decomposition and absorption!®l. For
the BDS to promote bile duct regeneration, the BDS implant must be guided into the
regeneration process while maintaining the shape of the bile duct rather than increasing
scarring of the cell mass/55l. As such, which allows the cell mass that regenerates the bile
duct to maintain the shape of the bile duct when the BDS is absorbed or removed.

A BDS made of a non-bioabsorbable material that has been present in the body for a
prolonged period retains its shape until the BDS is removed, but the lumen is prone to
clogging by bile plugsP21. Further, the anastomotic site with the native bile duct will
be narrowed due to connective tissue growthl®®5°. Current bile duct regeneration
methods using BDSs suggest that after the cell mass gathers around the foreign body
and the BDS forms the shape of the bile duct, the cell mass regenerates as a bile duct
after BDS removal3l. If the BDS cannot maintain the shape of the bile duct, a stent may
be used instead.

Studies have demonstrated that bone marrow-derived and adipose-derived cells are
effective in suppressing scar contraction”374l. In addition, it has been reported that
fibrosis is suppressed by controlling the function of macrophages that have migrated to
the injured region during the remodeling period of wound healingl559. However,

methods for reliably suppressing scar contraction have yet to be developed!(7374]. For bile
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duct regeneration and retention of normal tissue structure, it is necessary for the
dynamics and function of multiple types of cells that have migrated around the BDS to

be tightly regulated and to reduce scar contraction.

Bile properties

Compared to blood, bile is more viscous and has a slower velocityl®l. If a BDS is not
absorbed in the body, a bile plug may adhere to the BDS at the anastomosis site with
the lumen or native bile duct. This results in impaired bile flow and narrowing of the
lumen. In studies using Teflon (a non-bioabsorbable material) as a BDS, anticoagulants
are often used even for blood. Therefore, further measures are required to prevent bile
plug formation. This resembles the insertion of metal or tube stents for the treatment of

bile duct stenosis, which often clogs the stent with a bile pluglt263l.

Bile duct regeneration

The extrahepatic bile duct is a component of the digestive tract, and the mature bile
duct is regenerated vin a regeneration process similar to that of the stomach and
intestinel5.7576] In pigs, it takes approximately 6 mo for bile duct stem/progenitor cells
to undergo regeneration to form a mature bile duct similar to the native bile duct.
Furthermore, the bile duct epithelium is covered with a layer of cubic columnar
epithelial cells*! (Figures 1 and 2). Therefore, it is controversial in studies that do not
show the process of bile duct regeneration, even if BDS transplantation is reported to be
successful. For example, in the subsequent regeneration of the T-tube insertion site, the
portion of the hole with the T-tube inserted reproduced well without any narrowing.
This suggests that small partial bile duct regeneration often occurs without stenosis
even if a patch of omentum or blood vessel is applied externallyl”l. However, if bile
duct defects are extensive and the BDS is placed between the native bile ducts, the cell
mass must undergo substantial regeneration from the early stage of bile duct
regeneration to regenerate the bile duct without stenosis. Studies have demonstrated

that cells attached to the bioabsorbable material regenerate the bile ducts, but the
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mechanisms by which these cells undergo bile duct regeneration in the presence of the
bioabsorbable material remain unclear[35l.

Immature cells attached to the scaffold migrate using the scaffold of the BDS as a
foreign substancel®58l. These cell masses first form an assembly of the peribiliary
gland(37576]. When good bile duct regeneration is achieved approximately 2 mo after
the initial stage of regeneration, a tall papillary shape is formed on the inner surface
through which bile passes. In pigs, after approximately 3 mo of bile duct regeneration,
these peribiliary glands fuse and the epithelial cells become shorter; within
approximately 6 mo, these structures mature into bile ducts that are similar to native
bile ducts (Figures 1 and 2)P3l.

With regard to the mechanisms of bile duct regeneration in the injured part of the bile
duct, activated bile duct cells mobilize immune cells, vascular cells, and mesenchymal
cells to the inflamed region as a ductular reaction during bile duct ligation and
inflammation(”8l. This process is involved in regeneration of the inflamed area.
Inflammation-activated bile duct cells secrete chemokines, cytokines, and angiogenic
factors, which are involved in wound healing??585%, Furthermore, reactive ductal cells
generated via complex mechanisms depend on the nature and intensity of bile duct
injuryP®585%. However, further investigations of bile duct regeneration mechanisms in
various bile duct injuries, such as circular transplantation of BDS, are required to

develop effective BDSs.

Regeneration of anastomotic site

When the anastomosis between a BDS and the native bile duct is narrowed, the flow of
bile into the duodenum is obstructed, which limits the clinical application of the BDS. In
a normal gastrointestinal anastomosis, a large anastomotic hole and fixed shape that
does not experience deformation are prerequisites to prevent narrowing of the
anastomosis/”l. Therefore, in surgical practice, a stent is inserted when the anastomotic
hole is smalll”!. For BDSs made from non-bioabsorbable materials, the extrahepatic bile

duct is thin; hence, the anastomotic site with the native bile duct is likely to be
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narrowed by connective tissue in the absence of stent insertion. To prevent anastomotic
stenosis between the BDS and the native bile duct, it may be necessary to insert a stent
through the anastomotic site to maintain its shape. Even for BDSs made from
bioabsorbable materials, it may be difficult to maintain the shape of the anastomotic site

and stent insertion is recommended to prevent stenosis.

Localization of bile duct regeneration to BDS

Three regenerative localizations of the neo-bile duct with respect to the BDS have been
identified: Outside the BDS, within part of the BDS itself, and inside the BDS (bile
passage surface). If the BDS is present for a prolonged period, chronic inflammation
will persisti359. As such, it is unlikely that the cell mass that has migrated due to
detection of the BDS as a foreign substance will regenerate into a structure similar to the
native bile duct at the site of the BDS in the context of wound healing[27-2959].

If the BDS is present for a prolonged period, the bile duct does not regenerate outside
the BDS or as part of the BDS itself. Bile duct stem cells do not appear to adhere to the
luminal surface of non-living non-absorbable materials, such as T-tubes. Given that the
bile duct does not tend to narrow after T-tube removal, a cell mass that has migrated
outside the BDS is formed. In the absence of BDS, the cell mass is exposed to fresh bile
and regenerates as a bile duct, which may promote good bile duct regeneration at the
BDS transplant sitel®! (Figures 3 and 4).

The use of decellularized tissue as a BDS is thought to promote bile duct regeneration
by cell adhesion to the luminal surface or inside the scaffold*%°l. For BDSs made of
bioabsorbable materials with a short absorption period, cell clusters contributing to bile
duct regeneration migrate to the outside of the BDS and regenerate the bile duct. This
bioabsorbable material may become fragile in approximately 3 wk and shed to the
duodenal side, after which the cells surrounding the BDS regenerate the bile duct(3]
(Figures 3 and 4). Although further research is needed, the extant literature suggests
that the cell mass forms a ring-shaped structure more rapidly than during chronic

inflammation and subsequently disappears from the site. Collectively, these findings
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suggest that bioabsorbable materials that induce good bile duct regeneration may be

harnessed as effective BDSs.

RESEARCH LIMITATIONS

One study reported that when a stent was placed in the BDS, bile flowed through the
stent for a certain period, resulting in a successful BDS. However, the study did not
demonstrate bile duct regeneration. This process is similar to that of stent insertion
during the treatment of benign bile duct stenosis. Nevertheless, the alternative portion
eventually becomes stenotic and clinically unusable over a prolonged period. Our
analysis was unable to identify these issues accurately. Although numerous studies
using various BDSs have been conducted, the lack of success highlights the limitations
of the field. Moreover, we did not analyze successful cases in small animals or studies

using a small number of large animals.

FUTURE PERSPECTIVES

Extant research has provided novel insights into the mechanisms of repair after tissue
damagel”!. If the injured area does not undergo normal repair, a high degree of fibrosis
will occur in the injured area, resulting in scar formation at the site. For bile duct
injuries, the injured area or the BDS implant may become stenotic. For the regeneration
of a bile duct similar to the native bile duct at the injury site, cells that have migrated to
the bile duct injury site must suppress scar contraction, similar to the regeneration of
other organs. In this regard, it is necessary to create a niche for bile duct regeneration
similar to that of the native bile ductl47¢l. In addition, chronic inflammation is
associated with prolonged and severe fibrosis, resulting in scar formation. Therefore, a
BDS should not remain at the transplantation site for a prolonged period.

Based on these caveats, two methods can be considered for regenerating a bile duct
similar to the native bile duct at the BDS transplantation site. The first involves the use
of a short-term absorption type of bioabsorbable BDS, in which cells that have migrated

to repair bile duct injury (BDS transplantation site) form the shape of the bile duct via a
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foreign body reaction. Ultimately, the BDS will no longer be present at that site and
chronic inflammation does not occur (i.e., the bile duct regenerates outside the BDS)I3¢]
(Figure 4). The second method involves bile duct stem/progenitor cells adhering to part
of the BDS itself, and wound healing is regulated such that bile duct regeneration
progresses well while the BDS is being absorbed. Therefore, it is necessary to develop a
method to control wound healing so that the scaffold portion of the decellularized
tissue and adhering cells do not cause scar contraction. In summary, bioabsorbable
BDSs for bile duct regeneration outside the bile duct constitute a promising

development that will be clinically useful in the future.

CONCLUSION

To date, successful BDSs have not been developed. This is predominantly due to poor
mechanistic understanding and lack of methods for regulating bile duct wound healing
and bile duct regeneration. As an alternative to the extrahepatic bile duct, bioabsorbable
materials can be used to form the shape of the bile duct, and the cell mass forming the
shape of the bile duct can migrate to the external surface of this structure. Once the cell
mass was able to maintain the shape of the bile duct, the BDS acting as a scaffold was
removed. The development of BDSs that enable this process will permit the treatment of

a wide range of bile duct defects.
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