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1 |  INTRODUCTION

Obstructive cholangiopathies remain a leading indication 
for pediatric and adult liver transplantation and represent an 
unmet need for the development of new therapeutic strategies. 

There are few effective medical therapies for primary biliary 
cholangitis (PBC) that slow disease progression and there are 
no effective medical therapies for primary sclerosing chol-
angitis (PSC). This is in part due to a lack of pathophysio-
logic murine models to evaluate the interplay of immune, bile 
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Abstract
There are limited murine models of cholestatic liver diseases characterized by 
chronic biliary obstruction and resumption of bile flow. While murine bile duct liga-
tion (BDL) is a well-established model of obstructive cholestasis, current models of 
BDL reversal (BDLR) alter biliary anatomy. We aimed to develop a more physi-
ologic model of BDLR to evaluate the time course and mechanism for resolution of 
hepatic injury after biliary obstruction. In the present study, we restored bile flow 
into the duodenum without disruption of the gall bladder after murine BDL using 
biocompatible PE-50 tubing. After establishing the technique, overall survival for 
BDLR at 7 or 14 days after BDL was 88%. Sham laparotomy was performed in con-
trol mice. Laboratory data, liver histology, and hepatic gene expression were com-
pared among BDL, BDLR, and controls. Laboratory evidence of cholestatic liver 
injury was observed at day 7 after BDL and rapid improvement occurred within 
48 hr of BDLR. After BDLR there was also enhanced gene expression for the bile 
acid transporter Abcb11, however, bile duct proliferation persisted. Assessment of 
the immune response showed increased gene and protein expression for the general 
immune cell marker Cd45 in BDLR versus BDL mice suggesting a reparative im-
mune response after BDLR. In summary, we have established a novel murine model 
of BDLR that allows for the investigation into bile acid and immune pathways re-
sponsible for hepatic repair following obstructive cholestasis. Future studies with our 
model may identify targets for new therapies to improve outcome in pediatric and 
adult cholestatic liver disease.
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transport, bile metabolism, and fibrotic pathways in response 
to biliary obstruction and recovery. Murine bile duct ligation 
(BDL) is an established model of obstructive cholestasis in 
which there is complete cessation of bile flow. Rupture of 
the apical membrane of hepatocytes in murine BDL has been 
shown as a trigger for immune cell infiltration within the first 
3 days after murine BDL (Ghallab et al., 2019) and chemo-
kine (C-C motif) ligand 2 (CCL2)-mediated cell recruitment 
contributes to hepatic injury in this model (Cai et al., 2017). 
In addition, other studies demonstrate impaired chemokine 
expression in the setting of infection in murine BDL that may 
contribute to increase susceptibility to infections in cholesta-
sis (Rattay et al., 2018).

Further models to evaluate the time course of obstructive 
cholestasis and reversal will help address the challenges in 
maintaining a balanced pro- and anti-inflammatory immune 
response. Additionally, current murine models of BDL do not 
replicate the ongoing reparative response that occurs along-
side hepatic injury in human diseases in which bile flow is 
not completely obstructed as can occur in PSC, PBC, and 
biliary atresia (BA) after Kasai Portoenterostomy. While rat 
models of partial BDL (Jiang, Li, Wei, Jiang, & Miao, 2016) 
and reversal after BDL (BDLR) (Huang et al., 2017; Popov 
et al., 2010) have been established to evaluate the reparative 
processes in obstructive jaundice, limited models of BDL 
reversal have been established in mice. To overcome this 
limitation, murine models of BDL and BDLR have been 
established, however, prior models have used a cholecysto-
jejunostomy to restore bile flow (Yang et al., 2014). These 
models alter normal physiology which can affect the dynam-
ics regulating bile acid pool composition similar to has been 
observed in pediatric patients with progressive familial in-
trahepatic cholestasis that receive a partial external biliary 
diversion (Jericho et al., 2015).

In the current study, we establish a novel model of BDLR 
that recapitulates early changes in histology, bile acid path-
ways, and the immune response after physiologic restoration 
of bile flow between the common bile duct and small intes-
tine. This novel model will advance the understanding of spe-
cific pathways in hepatic repair after obstructive cholestatic 
injury and ultimately may help define new target for medical 
therapies in cholestatic disorders.

2 |  MATERIALS AND METHODS

2.1 | Murine model of reversible BDL

This study was carried out in strict accordance with the recom-
mendations in the Guide for the Care and Use of Laboratory 
Animals of the National Institutes of Health. The protocol 
was approved by the Northwestern University Institutional 
Animal Care and Use Committee Office. All surgery was 

performed under combined ketamine and xylazine anesthe-
sia, and all efforts were made to minimize suffering. BDL 
was performed on C57BL/6 adult (10–12 weeks) male mice 
using surgical ligation to induce biliary obstruction as pre-
viously established (Tag, Sauer-Lehnen, et  al.,  2015; Tag, 
Weiskirchen, et  al.,  2015). Briefly, a midline incision was 
made in the abdominal area and the peritoneal cavity was 
exposed. The intestines were moved toward the lower part of 
the body with a moistened cotton swab to expose the com-
mon bile duct. The bile duct was then separated from the por-
tal vein and hepatic artery. An 8-0 nylon suture was placed 
underneath the bile duct and secured with two surgical knots. 
The abdominal cavity was then closed in two layers.

BDLR was achieved at 7 and 14  days after BDL using 
biocompatible IntramedicTM Polyethylene Tubing (PE50 
by Becton, Dickinson and Company) to restore bile flow 
between the bile duct and the duodenum while keeping the 
gallbladder intact (Figure  1a and b). A small incision was 
made close to the ligated knots from previous BDL surgery. 
The PE-50 tubing was inserted into the enlarged bile duct 
and secured by a 6-0 silk suture. The distal end of the tubing 
was inserted into the duodenum and secured with 10-0 nylon 
suture. Finally, the peritoneal cavity was rinsed with sterile 
saline. Sham surgery was performed on control groups for 
each of BDL and BDLR experimental groups and included 
an abdominal incision and closure without manipulation of 
the biliary system. BDL sham surgery was performed at day 
0, BDLR sham mice received a sham surgery both at day 0 
and at day 7.

2.2 | Evaluation of liver injury: biochemical 
evaluation and immunohistochemistry

Laboratory data were collected at 2, 5, and 7  days after 
BDL and BDLR including serum alanine aminotransferase 
(ALT), alkaline phosphatase (ALP), total bilirubin, serum 
bile acids, and cholesterol values. Liver tissue for histol-
ogy was obtained from 4 mice at 7 days after surgery for 
each of BDL, BDLR, and the respective sham groups. 
Paraffin-embedded tissue was stained using Hematoxylin 
and Eosin (H&E), Picro-Sirius Red, anti-CD45 (Abcam, 
ab10558), anticytokeratin 19 (CK19) (Developmental 
Studies Hybridoma Bank, TROMA-III), anti-Ki67 (Abcam, 
ab16667), anti-CD68 (Abcam, ab125212), anti-F4/80 
(Cell Signaling, 70076), and anti-Ly6g (BD Biosciences, 
551459). Comparison in staining between groups was 
made by determining percent area of positive stain (CK19 
and Picro-Sirius Red) and cell counts (Ki67, CD45, CD68, 
F4/80, and Ly6g). Quantification was performed on five 
representative 20× fields centered on a portal tract for each 
of the 4 mice per experimental group for all stains. Mean 
values per mouse were compared as described in statistical 
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methods. ImageJ Color Deconvolution tool was used to 
optimize the Ki67 stain. Cell counts were performed with 
the ImageJ function Analyze Particles and percent area was 
determined for the CK19 and Sirius Red stains using the 
Measure function.

To characterize differences in the severity of inflamma-
tory liver injury, two blinded investigators (RG and AK) 
scored the H&E slide for each of the 4 mice per experimental 
group by the Ishak scoring system (Goodman, 2007). Each 
slide was evaluated at 10× magnification and a score was as-
signed for periportal or periseptal interface hepatitis (0–4), 
confluent necrosis (0–6), focal lytic necrosis (0–4), and por-
tal inflammation (0–4) (Goodman, 2007). The average of the 
two reviewer scores for each category were calculated and 
summed to generate the cumulative Ishak grade (0–18) for 
statistical comparison between groups.

2.3 | Characterization of changes in 
inflammatory, bile acid, and fibrotic pathways 
by RT-PCR

We analyzed gene expression for four mice within each ex-
perimental and control group at day 7 after BDL, BDLR, 
or respective sham surgery/surgeries. Quantitative reverse 
transcription polymerase chain reaction (RT-PCR) was per-
formed on whole liver RNA as previously described (Liu 
et  al.,  2015). Quantitative real-time PCR (qPCR) was per-
formed with specific primers for genes involved in inflam-
mation (Cd45, Cd68, Emr1, Ly6g, Ccl2, Tnf-α, Il1b, Ifng, 
Il33, and Il6), bile acid metabolism (Abcb11, Ntcp, Cyp7a1, 
and Mrp2), and fibrosis (Acta2, Col1a1, and Tgfb1) (Table 

S1). Fold change (2ΔCt) of our samples was calculated rela-
tive to the BDL sham samples and normalized to the house-
keeping gene Gapdh.

2.4 | Statistical analysis

Serum liver chemistry values are presented as mean with 
standard deviation (SD). Statistical comparisons between 
laboratory data were performed using unpaired students T 
test at specific time points. ANOVA with the Bonferroni 
post hoc test for multiple comparisons was used to evalu-
ate differences between mean gene expression and histology 
data between groups. Comparison groups included each ex-
perimental group and their respective control, the two experi-
mental groups, and the two control groups. Significance is 
reported for p values <.05 (*), p < .01 (**), p < .001 (***), 
and p < .0001 (****).

3 |  RESULTS

3.1 | Surgical outcomes

BDLR was performed on a total of 34 mice receiving BDL. 
After establishing the technique, BDLR was performed with 
an overall survival of 88% (Figure  1c). More specifically, 
BDLR at 7 days achieved 93% survival (n = 15) and BDLR 
at 14 days achieved 78% survival (n = 9). Poor surgical out-
comes occurred in a total of 9 mice, of which 67% (n = 6) oc-
curred during the first 10 surgeries. Complications included 
anesthesia-related effects, biliary leak, and portal vein tear.

F I G U R E  1  Experimental murine model of reversible bile duct ligation (BDL). (a) BDL surgery was performed by placing two knots on the 
common bile duct. Reversal was achieved by using a PE-50 biocompatible tubing to connect the bile duct to the small intestine. (b) Experimental 
groups included BDL and BDLR mice with sham surgeries performed in parallel with each surgery in the experimental groups (B—bile duct 
ligation surgery, R—reperfusion surgery, X—sham laparotomy). (c) After establishing the technique of BDLR, overall survival after 7-day and 
14-day for BDLR surgery reached 88%
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3.2 | Rapid improvement in biochemical 
markers of hepatocyte injury after BDLR

We initially evaluated the timeframe of hepatic recovery 
using serum laboratory markers for cholestatic liver in-
jury after BDL and BDL reversal. Significant improve-
ment in ALT, ALP, total bilirubin, serum bile acids, 
and cholesterol occurred at day 2 after reversal as com-
pared to day 7 after BDL, p  <  .01 for all (Figure  2). 
Comparison of 7-day laboratory data demonstrated im-
provement of ALT from 576 ± 203  IU/L (n = 5) 7 days 
after BDL to 116 ± 161 IU/L (n = 27) at 7 days after re-
versal (p = 3.9 × 10–6) (Figure 2a). Mean ALP also signifi-
cantly improved over this timeframe from 538 ± 251 IU/L 
(n = 14) to 81 ± 36 IU/L (n = 27) at day 7 after reversal 
(p = 1.6 × 10–11) (Figure 2b). Total bilirubin was elevated 
to 23.3 ± 5.0 mg/dl (n = 14) at 7 days after BDL and im-
proved to 0.55 ± 0.54 mg/dl (n = 27) 7 days after reversal 
(p < 1.0 × 10–15) (Figure 2c). Mean bile acid level at day 7 
after BDL was 203 ± 59 μmol/L (n = 7) which decreased to 
a mean of 7.9 ± 17 μmol/L (n = 26) at 7 days after reversal 
(p < 1.0 × 10–15) (Figure 2d). Mean cholesterol levels also 
significantly improved from 512 ± 164 mg/dl (n = 11) at 
7 days after BDL to 111 ± 23 mg/dl (n = 27) at 7 days after 
reversal (p = 8.0 × 10–15, data not shown). Mean biochemi-
cal markers of liver injury were all below the upper limit of 
normal in mice after sham surgery except serum bile acids 
due to variability among a small sample size (Figure  2). 

Overall, our data support the ability for significant recov-
ery of bile acid transport after BDL reversal with a reduc-
tion in hepatocellular damage.

3.3 | Hepatic histologic changes after 
BDL and BDLR

Scoring of H&E slides from liver tissue of all experimen-
tal groups demonstrated significant inflammatory injury by 
Ishak scoring criteria after BDL for 7 days (Figure 3). This 
was significantly improved in BDLR mice to near normal 
values (Figure  3). Imaging of H&E slides demonstrated 
hepatocyte injury after BDL with portal expansion, inflam-
matory cell infiltrate, hepatocyte ballooning, and lobular 
disarray (Figure  4). As expected before 21–28  days after 
BDL (Tag, Weiskirchen, et al., 2015), minimal portal fibro-
sis by Sirius red staining was present across groups without 
a significant difference in quantification (Figures  4a and 
6a). Staining with anti-CK19 demonstrated an increase in 
bile duct proliferation in portal tracts of BDL mice versus 
controls (Figure 4a). Quantification of the percent of CK19-
positive area using ImageJ confirmed significantly increased 
CK19-positive staining only in BDL mice at 7  days com-
pared to sham controls (p = .0123) (Figure 6a). There was a 
low number of Ki67-positive cells without any difference in 
quantification across groups (Figures 4 and 6b). Interestingly, 
despite portal damage and increased inflammation on H&E 

F I G U R E  2  Serum liver chemistries after BDL and BDLR. (a and b) Serum alanine aminotransferase (ALT) and alkaline phosphatase 
(ALP) values rapidly improved following BDLR in mice. (c and d) Total serum bilirubin and bile acid levels also quickly normalized. Serum 
bilirubin levels increased between day 2 (D2) and day 7 (D7) with p < .001. All serum liver chemistries were significantly improved at reversal 
day 2 (R-D2) and 7 (R-D7) compared to D7. Mean laboratory values after sham surgery were normal for all values except serum bile acids. 
Upper limit of normal is depicted by a dotted line for each biochemical test (ALT = 77 IU/L, ALP = 96 IU/L, total bilirubin = 0.9 mg/dl, and bile 
acid < 1 μmol/L). +Indicates comparison to D2; *indicates comparison to D7. **p < .01, ***p < .001, ****p < .0001; +++p < .001
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in BDL mice (Figure 4), the number of CD45-positive cells 
was only significantly increased in BDLR mice as compared 
to BDL mice (p = .0264) (Figures 5 and 6b). Although low 
in number overall, increased numbers of Ly6g-positive cells 
were present in BDLR versus their sham controls (p = .0212) 
(Figures 5 and 6b). There were no differences in number of 
CD68 or F4/80-positive cells between groups (Figures 5 and 
6b).

3.4 | Increased expression of 
proinflammatory genes persists after BDLR

We next evaluated the gene expression for immune cell mark-
ers and inflammatory pathways that may contribute to the 
histologic changes between groups. Notably, qPCR of liver 
homogenate demonstrated that gene expression for Cd45 
encoding the leukocyte common antigen was significantly 

F I G U R E  3  Improvement in acute histologic changes after BDLR. (a) Total Ishak score for H&E slides across all groups demonstrated 
significantly worse inflammatory liver injury in BDL mice as compared to both their sham controls and BDLR mice. (b) Individual scores for 
portal inflammation, focal lytic necrosis, confluent necrosis, and periportal inflammation were all significantly worse in BDL mice compared to 
BDLR. **p < .01, ***p < .001

F I G U R E  4  Histologic changes after 
BDL and BDLR. (a) Hematoxylin & Eosin 
(H&E) and immunohistochemistry of livers 
in BDL mice demonstrated hepatocyte 
injury with a portal infiltrate and increased 
numbers of CK19-positive bile ducts. (b) In 
contrast, BDLR mice demonstrated minimal 
hepatocyte injury, portal infiltrate, and bile 
duct proliferation. Overall, Ki67 staining 
for cell proliferation was sparse across 
all groups and Sirius red staining showed 
minimal fibrosis in all mice
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increased in BDLR mice versus both BDL mice and BDLR 
sham controls (Figure 7a). Ly6g gene expression was also in-
creased in BDLR mice (Figure 7a). Emr1 (F4/80) showed no 
difference between groups, whereas Cd68 gene expression 
was significantly increased in both BDL and BDLR mice 
compared to their sham controls in contrast to protein expres-
sion on histology (Figure 7). Gene expression for Ccl2, Tnfa, 
and Il33 was significantly increased in BD mice compared 
to their sham controls, whereas there was no difference in 
Il6 between groups (Figure 7b). While levels for Ccl2, Tnfa, 
and Il33 were significantly decreased in BDLR mice, Ccl2 
and Tnfa remained higher than their controls (Figure 7b). In 
contrast, gene expression for Ifng was increased in BDLR 

versus BDL mice suggesting an alternate inflammatory path-
way than the other cytokines (Figure 7b).

3.5 | Hepatocyte adaptation in bile acid 
metabolism and fibrotic pathways

We characterized regulation of specific hepatic transport-
ers to define the pathways that improve after BDLR, poten-
tially reducing the toxic effect from bile acid accumulation. 
Relative quantification of bile acid transporter gene expres-
sion showed a significant decrease in gene expression for 
the bile acid synthesis gene Cyp7a1 and the liver transporter 

F I G U R E  5  Characterization 
of immune cell infiltrate by 
immunohistochemistry. (a) Prominent 
staining for CD45-positive immune cells 
and macrophages (α-CD68 and α-F4/80) 
was observed in the portal tracts in BDL 
mice rather than the parenchyma as seen in 
sham controls. (b) The portal infiltration of 
immune cells appeared reduced in BDLR 
mice. Ly6g-positive neutrophils were sparse 
across all samples, although increased in 
BDLR mice compared to sham (a and b)

F I G U R E  6  Increased numbers of CD45-positive cells in BDLR mice. (a) Quantification of the percent area of CK19-positive stain was 
significantly increased in BDL mice versus sham controls. There was no difference in percent of positive Sirius Red stain between groups. (b) Cell 
quantification demonstrated increased numbers of CD45-positive cells in BDLR mice compared to BDL. Ly6g-positive cells were increased only in 
BDLR mice versus their sham controls. *p < .05
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Mrp2 (Abcc2) in BDL mice compared to their sham con-
trols, however, expression of Abcc2 was also significantly 
different between sham controls (Figure 8a). None of these 
changes persisted in BDLR mice (Figure 8a). Interestingly, 
gene expression of the bile acid export pump Abcb11 was 
significantly increased in BDLR mice compared to both their 
sham controls and BDL mice (Figure 8a).

Lastly, while we did not find increased fibrosis histolog-
ically at 7 days after BDL in line with prior reports (Tag, 
Weiskirchen, et  al.,  2015), we evaluated the expression of 
genes involved in fibrosis that encode alpha-smooth muscle 
actin (Acta2), collagen 1 (Col1a1), and TGF-beta (Tgfb1). 
Acta2 was significantly increased in BDL mice as com-
pared to sham controls, whereas Tgfb1 showed no differ-
ence between groups (Figure 8b). In contrast, while Col1a1 
remained significantly elevated in both BDL and BDLR 
mice versus their sham controls, BDLR mice had signifi-
cantly reduced expression for Col1a1 as compared to BDL 
mice (Figure  8b). This finding suggests that upregulation 
of profibrotic genes occurs early before histologic changes 
and that there may be rapid reduction in expression of these 
genes after alleviation of biliary obstruction. Further studies 
using our model of reversal at longer time intervals from 

BDL surgery will more fully evaluate the changes in fibrotic 
pathways.

4 |  DISCUSSION

We have developed a novel murine model that represents 
more physiologic restoration of bile flow after obstruction 
than prior models using a cholecystojejunostomy (Yang 
et al., 2014). Prior work using the cholecystojejunostomy 
murine model of BDL reversal explored mechanisms of 
fibrosis after BDL for 14  days (Yang et  al.,  2014). Our 
murine model of the acute phase of hepatic injury after 
BDL for 7 days shows a rapid improvement in cholestatic 
inflammatory liver injury after restoration of bile flow that 
has not previously been demonstrated. Scoring by Ishak cri-
teria strongly supports the efficacy of our model to induce 
the severe inflammatory damage known to occur within 
1 week after BDL (Tag, Weiskirchen, et al., 2015). Notably, 
serum aminotransferases, total bilirubin, and bile acids all 
significantly improved by 2 days after BDLR thereby dem-
onstrating the capacity for rapid improvement of hepatic 
immune and bile transport pathways after alleviation of 

F I G U R E  7  Changes in inflammatory gene expression. (a) CD45 and Ly6g gene expression were significantly increased in BDLR mice 
compared to BDL and sham controls. However, Cd68 was increased in both BDL and BDLR mice compared to their controls, respectively, 
whereas Emr1 gene expression was not different between groups. (b) The proinflammatory genes Ccl2, Tnf-α, and Il33 were significantly increased 
in BDL mice, whereas Ifn-γ was increased in BDLR mice. *p < .05, **p < .01, ***p < .001, ****p < .0001

F I G U R E  8  Gene expression of bile acid metabolism genes and mediators of fibrosis. (a) BDL mice had significantly decreased gene 
expression for Cyp7a1 and Abcc2 compared to their sham controls. In contrast, Abcb11 was significantly increased after BDLR versus BDL. (b) 
Increased gene expression for Collagen 1 (Col1a1) was present in BDL mice compared to both their sham controls and BDLR mice. Increased 
expression of Acta2 was observed only in BDL mice. *p < .05, **p < .01, ***p < .001, ****p < .0001
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biliary obstruction. As fibrosis after BDL takes 3–4 weeks 
to develop (Tag, Weiskirchen, et  al.,  2015), we demon-
strate no significant increase in fibrosis by histology in 
BDL mice at 7 days. However, our gene expression data 
support that stimulation of specific profibrotic pathways 
may occur prior to histologic findings. Further studies 
using our model at additional time points will better define 
the interrelated molecular pathways in response to biliary 
obstruction and may identify therapeutic targets to promote 
hepatic recovery.

While prior work has described the inflammatory changes 
in BDL, we provide important insight into the immune re-
sponse after restoration of bile flow that may have significant 
application to human disease. Recent studies in murine BDL 
have shown that the influx of CD45+ immune cells near the 
site of bile infarcts occurs early, along the same timeframe 
as liver enzyme elevation, hepatocyte death, and release of 
damage-associated molecular patterns (Ghallab et al., 2019). 
While the present study does not evaluate the microscopic 
changes in immune cell infiltration, our global assessment 
by histology and gene expression provides insight into the 
importance of similarly tracking temporal changes after res-
toration of bile flow. Interestingly, despite recruitment of im-
mune cells at the level of the canaliculi after BDL (Ghallab 
et al., 2019), we demonstrate increased protein and gene ex-
pression for CD45 in BDLR mice as compared to BDL. In 
contrast, gene expression for the proinflammatory cytokines 
Ccl2, Tnfa, and Il33 was significantly reduced in BDLR ver-
sus BDL mice thereby suggesting a prorestorative role for 
CD45-positive immune cell subsets after resolution of bil-
iary obstruction. Interestingly, gene expression for interfer-
on-gamma (IFN-γ) was increased in BDLR mice compared 
to their sham controls and BDL mice, thereby suggesting 
a more immune regulatory role for IFN-γ in hepatic re-
covery than the commonly accepted proinflammatory role 
(Zhang, 2007). While there were no significant differences 
in either macrophage marker CD68 or F4/80, macrophages 
recruited by Ccl2 are highly heterogeneous and have sub-
set-specific roles in response to specific environmental cues 
that may not be identified in the current study (Brempelis 
& Crispe, 2016; Ju & Tacke, 2016; Lavin et al., 2014; Scott 
et al., 2016). Further work is thus needed to more precisely 
define the immune cell subsets responsible for hepatic injury 
and repair over the time course of BDL and BDL reversal.

Similar to previous studies demonstrating adaptation of 
bile acid transporters after BDL (Donner & Keppler, 2001; 
Gartung et al., 1996; Trauner et al., 1997; Zhang et al., 2012), 
we show that rapid regulation of bile acid transporters also 
occurs in a short timeframe after restoration of bile flow. 
Decreased gene expression for Cyp7a1, the rate-limiting 
protein in bile acid synthesis after BDL is consistent with 
the known compensatory mechanism to attempt to decrease 
the bile acid pool and hepatic bile acid concentration in the 

setting of biliary obstruction regulated by Farnesoid X re-
ceptor (FXR) bile acid signaling. While there is no change 
in Abcb11 gene expression encoding for the bile salt export 
pump (BSEP) after BDL, Abcb11 levels significantly in-
creased in BDLR mice suggesting hepatic BSEP may be an 
important adaptive bile acid transporter to restore bile flow. 
This finding contrasts with previous studies in which BSEP-
deficient mice do not develop significant cholestatic liver in-
jury in the setting of bile duct ligation (Fuchs et al., 2017) 
suggesting BSEP is not central to maintaining a nontoxic mu-
rine bile acid pool in this genetically modified mouse model. 
The phenotype of murine BSEP deficiency markedly differs 
from human BSEP deficiency since children lacking hepatic 
BSEP have Progressive Familial Intrahepatic Cholestasis 
Type 2 (PFIC2) which can lead to cirrhosis and liver failure 
at a young age. Our BDLR model provides an opportunity for 
translational studies examining the significance of the adap-
tive role for BSEP after restoration of bile flow.

While our study develops a novel model of biliary ob-
struction to investigate the hepatic and immune response 
after restoration of bile flow, our findings need to be ex-
panded to include additional time intervals to more fully 
define mechanistic changes in bile duct ligation followed 
by reversal. In line with prior studies demonstrating time 
intervals of 3–4 weeks after BDL for evaluation of fibrosis 
(Tag, Weiskirchen, et al., 2015), there was a lack of signif-
icant fibrosis on Sirius red staining after BDL for 7  days. 
Despite this, we found significant changes in fibrogenic gene 
expression at 7 days both before and after reversal, thereby 
demonstrating the important role for this model may serve 
at later time points to increase our understanding of hepatic 
fibrosis. Lastly, future studies isolating specific immune cell 
populations will identify the cell subsets responsible for the 
inflammatory response.

We demonstrate a novel murine model of bile duct liga-
tion followed by reversal of obstruction which demonstrated 
evidence of rapid improvement in hepatocyte injury and in-
flammation. However, despite normalization of serum liver 
chemistries of cholestasis and hepatic injury, histologic evi-
dence of biliary obstruction persists for at least 7 days. This 
supports the need for such models of the reparative hepatic 
response to identify targets that may hasten hepatic recov-
ery. Further research using this model will further define the 
specific cells regulating changes in the bile acid, immune, 
and fibrotic pathways to ultimately identify new cell-specific 
therapeutic targets for pediatric and adult cholestatic liver 
disease.

ACKNOWLEDGMENTS
The authors acknowledge the funding support for the cur-
rent study as well as the Northwestern University Mouse 
Histology and Phenotyping Laboratory for their support in 
preparation and staining of histology samples.



   | 9 of 9TAYLOR eT AL.

CONFLICT OF INTEREST
The authors report no conflicts of interest.

AUTHOR CONTRIBUTIONS
Study concept and design (SAT, RMG, ZJZ); acquisition of 
data (SAT, XY, JW, KDG, AK, RMG, ZJZ); analysis and 
interpretation of data (SAT, XY, JW, KDG, AK, RMG, ZJZ); 
drafting of the manuscript (SAT); critical revision of the 
manuscript for important intellectual content (SAT, XYY, 
JJW, KDG, AK, RMG, ZJZ).

ORCID
Sarah A. Taylor   https://orcid.org/0000-0002-3575-8386 

REFERENCES
Brempelis, K. J., & Crispe, I. N. (2016). Infiltrating monocytes in liver 

injury and repair. Clinical & Translational Immunology, 5, e113. 
https://doi.org/10.1038/cti.2016.62

Cai, S. Y., Ouyang, X., Chen, Y., Soroka, C. J., Wang, J., Mennone, 
A., … Boyer, J. L. (2017). Bile acids initiate cholestatic liver in-
jury by triggering a hepatocyte-specific inflammatory response. JCI 
Insight, 2, e90780. https://doi.org/10.1172/jci.insig ht.90780

Donner, M. G., & Keppler, D. (2001). Up-regulation of basolat-
eral multidrug resistance protein 3 (Mrp3) in cholestatic rat liver. 
Hepatology, 34, 351–359. https://doi.org/10.1053/jhep.2001.26213

Fuchs, C. D., Paumgartner, G., Wahlstrom, A., Schwabl, P., Reiberger, T., 
Leditznig, N., … Trauner, M. (2017). Metabolic preconditioning pro-
tects BSEP/ABCB11(-/-) mice against cholestatic liver injury. Journal 
of Hepatology, 66, 95–101. https://doi.org/10.1016/j.jhep.2016.08.017

Gartung, C., Ananthanarayanan, M., Rahman, M. A., Schuele, S., 
Nundy, S., Soroka, C. J., … Boyer, J. L. (1996). Down-regulation of 
expression and function of the rat liver Na+/bile acid cotransporter 
in extrahepatic cholestasis. Gastroenterology, 110, 199–209. https://
doi.org/10.1053/gast.1996.v110.pm853 6857

Ghallab, A., Hofmann, U., Sezgin, S., Vartak, N., Hassan, R., Zaza, A., … 
Reif, R. (2019). Bile microinfarcts in cholestasis are initiated by rupture 
of the apical hepatocyte membrane and cause shunting of bile to sinusoi-
dal blood. Hepatology, 69, 666–683. https://doi.org/10.1002/hep.30213

Goodman, Z. D. (2007). Grading and staging systems for inflammation 
and fibrosis in chronic liver diseases. Journal of Hepatology, 47, 
598–607. https://doi.org/10.1016/j.jhep.2007.07.006

Huang, X., Li, C. H., Zhang, A. Q., Kong, Z., Gu, W. Q., & Dong, J. H. 
(2017). A simple rat model of in situ reversible obstructive jaundice 
in situ reversible obstructive jaundice model. Annals of Surgical 
Treatment and Research, 92, 389–395.

Jericho, H. S., Kaurs, E., Boverhof, R., Knisely, A., Shneider, B. L., 
Verkade, H. J., & Whitington, P. F. (2015). Bile acid pool dynamics 
in progressive familial intrahepatic cholestasis with partial external 
bile diversion. Journal of Pediatric Gastroenterology and Nutrition, 
60(3), 368–374. https://doi.org/10.1097/MPG.00000 00000 000630

Jiang, J., Li, D., Wei, J., Jiang, K., & Miao, Y. (2016). Partial ligation of the 
common bile duct results in reversible cholestasis in rats. International 
Surgery, 101, 249–256. https://doi.org/10.9738/INTSU RG-D-15-00164.1

Ju, C., & Tacke, F. (2016). Hepatic macrophages in homeostasis and 
liver diseases: From pathogenesis to novel therapeutic strategies. 
Cellular & Molecular Immunology, 13, 316–327.

Lavin, Y., Winter, D., Blecher-Gonen, R., David, E., Keren-Shaul, 
H., Merad, M., … Amit, I. (2014). Tissue-resident macrophage 

enhancer landscapes are shaped by the local microenvironment. 
Cell, 159, 1312–1326. https://doi.org/10.1016/j.cell.2014.11.018

Liu, X., Henkel, A. S., LeCuyer, B. E., Schipma, M. J., Anderson, K. A., & 
Green, R. M. (2015). Hepatocyte X-box binding protein 1 deficiency 
increases liver injury in mice fed a high-fat/sugar diet. American 
Journal of Physiology-Gastrointestinal and Liver Physiology, 
309(12), G965–G974. https://doi.org/10.1152/ajpgi.00132.2015

Popov, Y., Sverdlov, D. Y., Bhaskar, K. R., Sharma, A. K., Millonig, 
G., Patsenker, E., … Schuppan, D. (2010). Macrophage-mediated 
phagocytosis of apoptotic cholangiocytes contributes to reversal 
of experimental biliary fibrosis. American Journal of Physiology-
Gastrointestinal and Liver Physiology, 298(3), G323–G334. https://
doi.org/10.1152/ajpgi.00394.2009

Rattay, S., Graf, D., Kislat, A., Homey, B., Herebian, D., Haussinger, 
D., … Schupp, A. K. (2018). Anti-inflammatory consequences of 
bile acid accumulation in virus-infected bile duct ligated mice. PLoS 
ONE, 13, e0199863. https://doi.org/10.1371/journ al.pone.0199863

Scott, C. L., Zheng, F., De Baetselier, P., Martens, L., Saeys, Y., De Prijck, 
S., … Guilliams, M. (2016). Bone marrow-derived monocytes give 
rise to self-renewing and fully differentiated Kupffer cells. Nature 
Communications, 7(1), https://doi.org/10.1038/ncomm s10321

Tag, C. G., Sauer-Lehnen, S., Weiskirchen, S., Borkham-Kamphorst, 
E., Tolba, R. H., Tacke, F., & Weiskirchen, R. (2015). Bile duct li-
gation in mice: Induction of inflammatory liver injury and fibrosis 
by obstructive cholestasis. Journal of Visualized Experiments, 96, 
e52438. https://doi.org/10.3791/52438

Tag, C. G., Weiskirchen, S., Hittatiya, K., Tacke, F., Tolba, R. H., & 
Weiskirchen, R. (2015). Induction of experimental obstructive 
cholestasis in mice. Laboratory Animals, 49, 70–80. https://doi.
org/10.1177/00236 77214 567748

Trauner, M., Arrese, M., Soroka, C. J., Ananthanarayanan, M., Koeppel, 
T. A., Schlosser, S. F., … Boyer, J. L. (1997). The rat canalicular 
conjugate export pump (Mrp2) is down-regulated in intrahepatic and 
obstructive cholestasis. Gastroenterology, 113, 255–264. https://doi.
org/10.1016/S0016 -5085(97)70103 -3

Yang, L., Kwon, J., Popov, Y., Gajdos, G. B., Ordog, T., Brekken, R. 
A., … Shah, V. H. (2014). Vascular endothelial growth factor pro-
motes fibrosis resolution and repair in mice. Gastroenterology 146: 
1339–1350 e1331. https://doi.org/10.1053/j.gastro.2014.01.061

Zhang, J. (2007). Yin and yang interplay of IFN-gamma in inflamma-
tion and autoimmune disease. Journal of Clinical Investigation, 117, 
871–873.

Zhang, Y., Hong, J. Y., Rockwell, C. E., Copple, B. L., Jaeschke, H., & 
Klaassen, C. D. (2012). Effect of bile duct ligation on bile acid com-
position in mouse serum and liver. Liver International, 32, 58–69. 
https://doi.org/10.1111/j.1478-3231.2011.02662.x

SUPPORTING INFORMATION
Additional supporting information may be found online in 
the Supporting Information section.

How to cite this article: Taylor SA, Yeap X-Y, Wang 
J-J, et al. A novel murine model of reversible bile duct 
obstruction demonstrates rapid improvement of 
cholestatic liver injury. Physiol Rep. 2020;8:e14446. 
https://doi.org/10.14814/ phy2.14446

https://orcid.org/0000-0002-3575-8386
https://orcid.org/0000-0002-3575-8386
https://doi.org/10.1038/cti.2016.62
https://doi.org/10.1172/jci.insight.90780
https://doi.org/10.1053/jhep.2001.26213
https://doi.org/10.1016/j.jhep.2016.08.017
https://doi.org/10.1053/gast.1996.v110.pm8536857
https://doi.org/10.1053/gast.1996.v110.pm8536857
https://doi.org/10.1002/hep.30213
https://doi.org/10.1016/j.jhep.2007.07.006
https://doi.org/10.1097/MPG.0000000000000630
https://doi.org/10.9738/INTSURG-D-15-00164.1
https://doi.org/10.1016/j.cell.2014.11.018
https://doi.org/10.1152/ajpgi.00132.2015
https://doi.org/10.1152/ajpgi.00394.2009
https://doi.org/10.1152/ajpgi.00394.2009
https://doi.org/10.1371/journal.pone.0199863
https://doi.org/10.1038/ncomms10321
https://doi.org/10.3791/52438
https://doi.org/10.1177/0023677214567748
https://doi.org/10.1177/0023677214567748
https://doi.org/10.1016/S0016-5085(97)70103-3
https://doi.org/10.1016/S0016-5085(97)70103-3
https://doi.org/10.1053/j.gastro.2014.01.061
https://doi.org/10.1111/j.1478-3231.2011.02662.x
https://doi.org/10.14814/phy2.14446

