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Bile Microinfarcts in Cholestasis Are 
Initiated by Rupture of the Apical 
Hepatocyte Membrane and Cause 
Shunting of Bile to Sinusoidal Blood
Ahmed Ghallab ,1,2 Ute Hofmann,3 Selahaddin Sezgin,4 Nachiket Vartak,1 Reham Hassan,1,2 Ayham Zaza,1,5 Patricio Godoy,1 
Kai Markus Schneider,6 Georgia Guenther,1 Yasser A. Ahmed,7 Aya A. Abbas,2 Verena Keitel,8 Lars Kuepfer,9 Steven Dooley,10  
Frank Lammert,11 Christian Trautwein,6 Michael Spiteller,4 Dirk Drasdo,1,5 Alan F. Hofmann,12 Peter L.M. Jansen,13*  
Jan G. Hengstler,1* and Raymond Reif1*

Bile duct ligation (BDL) is an experimental procedure that mimics obstructive cholestatic disease. One of the early 
consequences of BDL in rodents is the appearance of so-called bile infarcts that correspond to Charcot-Gombault 
necrosis in human cholestasis. The mechanisms causing bile infarcts and their pathophysiological relevance are un-
clear. Therefore, intravital two photon–based imaging of BDL mice was performed with f luorescent bile salts (BS) 
and non-BS organic anion analogues. Key findings were followed up by matrix-assisted laser desorption ionization 
imaging, clinical chemistry, immunostaining, and gene expression analyses. In the acute phase, 1-3 days after BDL, 
BS concentrations in bile increased and single-cell bile microinfarcts occurred in dispersed hepatocytes throughout 
the liver caused by the rupture of the apical hepatocyte membrane. This rupture occurred after loss of mitochondrial 
membrane potential, followed by entry of bile, cell death, and a “domino effect” of further death events of neighbor-
ing hepatocytes. Bile infarcts provided a trans-epithelial shunt between bile canaliculi and sinusoids by which bile 
constituents leaked into blood. In the chronic phase, ≥21 days after BDL, uptake of BS tracers at the sinusoidal 
hepatocyte membrane was reduced. This contributes to elevated concentrations of BS in blood and decreased con-
centrations in the biliary tract. Conclusion: Bile microinfarcts occur in the acute phase after BDL in a limited num-
ber of dispersed hepatocytes followed by larger infarcts involving neighboring hepatocytes, and they allow leakage of 
bile from the BS-overloaded biliary tract into blood, thereby protecting the liver from BS toxicity; in the chronic 
phase after BDL, reduced sinusoidal BS uptake is a dominant protective factor, and the kidney contributes to the 
elimination of BS until cholemic nephropathy sets in. (Hepatology 2019;69:666-683).
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Recently, the concept of an ascending patho-
physiology of cholestatic liver disease has 
been proposed, whereby lesions start in large 

or small bile ducts followed by the involvement of 
upstream structures, such as the bile canalicular 
network and liver parenchyma.(1) Our knowledge of 
the responses of the biliary tree to cholestasis stems 
mainly from studies in rodents after bile duct ligation 
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(BDL). BDL in mice or rats cannot fully recapitu-
late human cholestatic liver diseases, such as primary 
biliary cholangitis (PBC) or primary sclerosing chol-
angitis (PSC).(1,2) A major difference is the total dis-
ruption of biliary f lux after BDL, which is not the 
case in PBC or PSC. Nevertheless, BDL in rodents 
shows numerous key features of human obstructive 
cholestatic disease, such as periportal fibrosis and 
increased concentrations of bile salts (BS) in blood. In 
rodents and humans BS and bilirubin concentrations 
decrease upon chronic cholestasis.(1,3) In humans this 
phenomenon is known as “white” (colorless) bile after 
prolonged bile duct obstruction.

The biliary tree can be differentiated into three 
domains that respond differently to BDL. Large bile 
ducts predominantly respond with increased diame-
ters, which enhances their capacity to accommodate 
biliary fluids.(1) Further upstream, interlobular bile 
ducts undergo extensive remodeling, characterized 
by corrugation of their inner surface, branching, and 
rejoining, whereby a sparse mesh of bile ducts is trans-
formed to a denser mesh.(4) In contrast to the large 

bile ducts, no major changes in the diameter of inter-
lobular bile ducts are observed.(4) The adaptation of 
the interlobular bile ducts serves to maximize their 
inner surface, thus increasing their absorptive capacity. 
The most upstream domain of the biliary tree is the 
canalicular network, which shows no major topologi-
cal changes but responds with an increase in the aver-
age diameter.(1) A further consequence of BDL is the 
formation of lesions termed “bile infarcts,”(5) which 
are aggravated when ursodeoxycholic acid is fed to 
BDL mice.(6) The term “bile infarct” indicates fields 
of necrotic hepatocytes in a cholestatic liver probably 
caused by a breach of the bile-to-blood barrier. It was 
first described in 1887 by Jean-Martin Charcot and 
Albert Gombault, also known as Charcot-Gombault 
necrosis as a complication of cholestasis.(7) In con-
trast to other organs, where infarcts define a localized 
area of dead or dying tissue that has been deprived of 
its blood supply, bile infarcts of the liver are necrotic 
because of bile leakage.

Currently, the causal relationship between the 
aforementioned observations remains unclear. Do 
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widened bile canaliculi predispose to bile leakage and 
infarct formation at the hepatocyte level? Why do bile 
infarcts only occur in the acute phase of cholestasis 
and disappear later? And, finally, why do BS concen-
trations decrease in the biliary tract despite a complete 
interruption of bile flux by BDL? In the present study, 
a recently established two photon–based imaging 
technique employing fluorescent BS tracers(8) revealed 
that widening of bile canaliculi precedes rupturing in 
the acute phase after BDL, followed by the release of 
canalicular bile into hepatocytes and into the sinu-
soidal blood. This decreases the initially strongly 
elevated BS concentrations in bile canaliculi. In the 
chronic phase, the net BS uptake by hepatocytes from 
sinusoidal blood is strongly decreased, which contrib-
utes to low BS concentrations in the biliary tract and 
increased concentrations in blood.

Materials and Methods
MICe, bDl, bIle FloW 
MeaSUReMeNt, SaMple 
ColleCtIoN, aND HIStology

A detailed description including graphical mate-
rial is given in the Supporting Information. Male 
C57BL/6N mice, 8-10 weeks old, and 18-week-
old multidrug resistance gene 2 knockout (Mdr2–/–) 
mice as well as age-matched controls were used. All 
experiments were approved by the local animal pro-
tection agency. BDL was performed in C57BL/6N 
mice according to the method of Tag et al.(9) Sample 
collection, histopathology, immunostaining, and bile 
flow measurement are described in the Supporting 
Information.

INtRaVItal tWo pHotoN–
baSeD IMagINg

Intravital imaging of mouse livers was performed 
under anesthesia using a custom-modified inverted 
LSM MP7 according to the method of Reif et al.,(8) 
as described in the Supporting Information. The 
mice received tail vein bolus injections of the follow-
ing fluorescent dyes: Hoechst 33258, tetramethyl-
rhodamine ethylester (TMRE), and propidium iodide 
(PI). In addition, tail vein catheters were applied and 
used for intravenous injection of cholyl-lysyl-fluo-
rescein (CLF), 5-chloromethylfluorescein diacetate 

(CMFDA), or amidofluorescein coupled to cheno-
deoxycholic acid (CDCA) through an amide linkage 
(chenodeoxycholylfluorescin). Leukocytes were visu-
alized by tail vein injection of phycoerythrin-coupled 
anti–cluster of differentiation 45 (CD45) antibody 
and neutrophils by anti–lymphocyte antigen 6 com-
plex locus G (Ly6G). For all experimental scenarios 
shown in the figures at least three mice were analyzed. 
While the main text shows only still photographs 
taken from one representative video, all available vid-
eos have been compiled under https://image.ifado.de/. 
Image analysis of two-photon videos is described in 
detail in the Supporting Information.

MatRIX-aSSISteD laSeR 
DeSoRptIoN IoNIZatIoN–MaSS 
SpeCtRoMetRy IMagINg oF 
MoUSe lIVeR

Frozen mouse liver tissue samples from the median 
lobe were fixed with an optimal cutting tempera-
ture-freezing medium. Two adjacent 3- to 5-µm-thick 
liver tissue sections were prepared, one for matrix-as-
sisted laser desorption ionization (MALDI) imaging 
and the other for cytokeratin-19 (CK-19) immunos-
taining. The MALDI images were superimposed with 
the CK-19-stained images. Details of MALDI–mass 
spectrometry imaging are given in the Supporting 
Information.

RNa eXpReSSIoN aND 
bIoCHeMICal aNalySeS

Whole-genome analysis of gene expression in 
mouse liver after BDL or sham operation was per-
formed with Affymetrix gene arrays as described in the 
Supporting Information. Quantitative RT-PCR anal-
ysis was performed using custom-designed TaqMan 
assays. A detailed description of measurement of ala-
nine aminotransferase (ALT), aspartate aminotrans-
ferase (AST), and alkaline phosphatase (AP) activities 
as well as BS, urea, and creatinine concentrations is 
given in the Supporting Information.

StatIStICal aNalySIS
Statistical analysis was performed using SPSS ver-

sion 24 software. An independent samples t test was 
used. P < 0.05 was considered statistically significant.

https://image.ifado.de/
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Results
bIle INFaRCtS aND  
ReDUCeD SINUSoIDal bS 
UptaKe

A prominent acute consequence of BDL in liver 
tissue was the formation of bile infarcts (Fig. 1A). 
Tracking of the appearance of these bile infarcts up 
to 21 days after BDL showed that they first appeared 
on day 1 as dead cell areas of varying sizes (Fig. 1A). 
The infarct size was maximal on day 3 and almost 
absent by day 21 (Fig. 1A, hematoxylin and eosin). 
On day 21 post-BDL leukocyte infiltration around 
bile ducts was seen (CD45 in Fig. 1A), together with 
bile duct proliferation, branching, and corrugation, as 
well as fibrosis, as evidenced by CK-19 and sirius red 
staining, respectively (Fig. 1A; Supporting Fig. S2 and 
Video S1A,B).

Because bile infarcts have been reported to result 
from BS accumulation in hepatocytes or hepatic 
stroma, we injected the green fluorescent CLF into 
anesthetized mice on day 3 after BDL and analyzed 
liver tissue by two-photon microscopy (Fig. 1B). CLF-
enriching hepatocytes were observed within a few 
minutes after CLF injection, which occurred as either 
single dispersed cells, small groups of cells, sheets of 
hepatocytes along sinusoids, or clusters of dead cells 
with degraded nuclei (Fig. 1B).

To understand the mechanisms responsible for 
BS accumulation, we studied CLF transport in BDL 
and control mice. CLF was injected into the tail 
vein, and the fluorescence intensity was quantified in 
the recorded time-lapse intravital videos. The stills  
(Fig. 2A, sham control) and video (Supporting Video 
S2A) show the inflow of CLF into the sinusoids within 
20 seconds after bolus injection, followed by appear-
ance in the Disse space and transport into hepatocytes 
and finally into bile canaliculi. Quantification of fluo-
rescence intensity in the four compartments in sham 
control mice illustrated the rapid clearance of CLF 
from blood and rapid translocation to the Disse space 
and hepatocytes, while clearance from hepatocytes 
and canaliculi occurred at comparatively low rates 
(Fig. 2B). Next, kinetics of CLF in the four compart-
ments on days 3 and 21 after BDL were compared 
to the corresponding sham control mice (Fig. 2A,C; 
Supporting Video S2B,C). Hepatic uptake of CLF 
in BDL mice was reduced. This reduced uptake was 

detectable on day 3 after BDL, while CLF secretion 
proceeded at a normal rate (Fig. 2A,C). On day 21 
post-BDL the hepatic uptake of CLF was so strongly 
reduced that the CLF concentration in hepatocytes 
was only slightly above the detection limit and CLF 
clearance from the blood was much slower than on 
day 3 post-BDL (Fig. 2A,C).

To relate the results of two photon–based imaging 
to the expression of hepatic transporters, gene array 
analysis was performed at various time intervals after 
BDL to identify all expression alterations (Supporting 
Fig. S3). The identified candidates were validated by 
quantitative RT-PCR in an independent set of mice 
(Fig. 2D). Expression of the sinusoidal uptake carriers 
Na+-taurocholate cotransporting polypeptide (Ntcp; 
solute carrier family 10, member a1 [Slc10a1]) and 
organic ion transporting polypeptide 1b2 (Oatp1b2; 
Slc1b2) was significantly down-regulated after BDL, 
while the apical export carrier bile salt export pump 
(adenosine triphosphate [ATP]–binding cassette, 
subfamily B, member 11 [Abcb11]) was up-regu-
lated in the acute and down-regulated in the chronic 
phase after BDL. Expression of the apical transporter 
multidrug resistance–associated protein 2 (MRP2; 
Abcc2) did not show significant changes. In contrast, 
expression of the sinusoidal/basolateral export carri-
ers MRP3 (Abcc3) and MRP4 (Abcc4) was strongly 
up-regulated after BDL, particularly in the chronic 
phase.

Because CLF represents a synthetic BS surro-
gate, we performed a similar set of experiments with 
CDCA coupled to a fluorophore. With the amido-
fluorescein derivative of CDCA, similar results were 
obtained (Supporting Fig. S4 and Video S3A,B).

RUptURe oF tHe apICal 
HepatoCyte MeMbRaNe 
RepReSeNtS aN INItIatINg 
eVeNt oF bIle INFaRCtS

Strong CLF accumulation was observed in dis-
persed hepatocytes during days 1-3 after BDL. Two 
intravital markers were used to characterize these cells: 
TMRE as a red fluorescent marker of mitochondrial 
membrane potential and PI, which is taken up into 
severely damaged hepatocytes as soon as the integ-
rity of the cell membranes is compromised. The first 
observations after BDL were that individual dispersed 
hepatocytes lost TMRE-associated red fluorescence, 
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FIg. 1. Morphological alterations after BDL. (A) Gross pathology with “black” (days 1-3) and “white” (day 21) bile in the gallbladder; 
bile infarcts as pale regions in hematoxylin and eosin–stained slides (days 1-3); infiltration of CD45-positive leukocytes into bile 
infarcts and periportal fields; ductular response as evidenced by CK-19 immunostaining (days 3-21); periportal fibrosis visualized 
by sirius red (day 21). (B) Intravital imaging of mouse livers on day 3 after sham operation or BDL after intravenous injection of 
the green f luorescent bile salt analogue CLF; red indicates mitochondrial membrane potential visualized by TMRE; blue indicates 
nuclei (Hoechst 33258). Abbreviations: C, column of CLF-enriching hepatocytes; G, clusters of CLF-enriching hepatocytes; H&E, 
hematoxylin and eosin; S, single CLF-enriching hepatocyte.
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indicating mitochondrial damage after seconds to 
minutes, followed by PI uptake into their nuclei, indi-
cating imminent cell death. Analyzing CLF-enriching 
cells on day 3 after BDL showed that CLF accumula-
tion occurred exclusively in hepatocytes with compro-
mised mitochondrial membrane potential (Fig. 3A; 
Supporting Fig. S5A). Analyses of TMRE-negative, 
PI-negative hepatocytes revealed that CLF uptake 
occurred in two phases: an initial weak increase that 
coincided with uptake of CLF from the sinusoids, fol-
lowed by a much stronger enrichment that occurred 
simultaneously to the filling of the adjacent bile can-
aliculi (Fig. 3A,B; Supporting Fig. S5A and Video 
S4A,B). The first phase is likely due to hepatic uptake 
of the dye, while the second phase must be due to 
influx of CLF through the apical membrane from the 
canalicular space. This scenario suggests that leakiness 
of the apical hepatocyte membranes may be responsi-
ble for BS enrichment in these individual hepatocytes.

To further investigate this hypothesis, mice received 
bolus injections of CMFDA on day 3 post-BDL. 
CMFDA remains nonfluorescent until fluorescein 
(5-chloromethylfluorescein [CMF]) is released by 
intracellular esterases. CMF secretion in bile is medi-
ated by Mrp2.(10) Strong accumulation of CMF was 
only seen in TMRE-negative hepatocytes and only 
when CMF was also present in the canaliculi (Fig. 
3C; Supporting Fig. S5B and Video S4C,D). Again, 
this suggests that bile leaks from canaliculi through 
the apical membrane into the hepatocytes.

In the previous paragraph, we focused on CLF-
enriching, TMRE-negative and PI-negative hepato-
cytes. These hepatocytes start to take up PI within 
seconds to minutes after loss of TMRE-associated red 
fluorescence (Fig. 3D; Supporting Fig. S5C and Video 
S4E). In the PI-positive state, CLF was taken up 
from all sides, indicating loss of barrier function and 
overall increased permeability. Indeed, quantification 
of intravitally recorded videos demonstrated that all 

TMRE-negative/PI-positive hepatocytes (Fig. 3D-G; 
Supporting Video S4E,F) showed a major increase of 
green fluorescence, when the CLF bolus reaches the 
sinusoids, followed by only a minor further increase 
that coincides with the filling of the bile canaliculi 
(Fig. 3F,G). Thus, we identified two different patterns 
of CLF uptake: CLF coming from the canalicular 
space in TMRE-negative/PI-negative hepatocytes 
and CLF coming from all sides in TMRE-negative/
PI-positive damaged hepatocytes.

To follow these changes in CLF uptake kinetics, we 
focused on five TMRE-negative, initially PI-negative 
hepatocytes and performed a second CLF bolus 
injection into the tail vein approximately 50 minutes 
after the first CLF injection, when all hepatocytes 
had taken up PI (Fig. 3D,F; Supporting Fig. S5 and 
Video S4E). These same hepatocytes switched from 
a situation where CLF was taken up from the cana-
licular space to a situation where CLF was taken up 
from the blood as soon as it occurred in the sinusoids 
(Fig. 3D,F; Supporting Video S4E). Based on these 
results, we postulate that after BDL dispersed hepato-
cytes show mitochondrial damage followed by leaks in 
the apical membrane, allowing BS from the canalic-
ular space to enter and kill the cell. This could be the 
underlying scenario of “single-cell bile microinfarcts.”

DoMINo eFFeCt oF bIle 
leaKage aND SySteMIC 
CoNSeQUeNCeS

To gain insight into the mechanisms and con-
sequences of the development of bile infarcts, we 
performed intravital imaging of bile canaliculi with 
high magnification and fast recording sequences. 
These analyses showed that bile canaliculi on day 
1 post-BDL formed dilatations and protrusions 
into the neighboring hepatocytes (minutes 54.25-
56.75 in Fig. 4A; Supporting Video S5). These 

FIg. 2. Reduced hepatic uptake of CLF after BDL. (A) Mice at 3 and 21 days post-BDL as well as sham-operated controls received 
intravenous injections of CLF. Subsequently, CLF is seen in the sinusoids, liver sinusoidal endothelial cells/Disse space, cytoplasm 
of hepatocytes, and bile canaliculi of controls (upper panel). At day 3 post-BDL (middle panel) uptake of CLF through the sinusoidal 
membrane is strongly reduced, but export to the bile canaliculus is still active. At day 21 after BDL sinusoidal CLF uptake is blocked 
to such a degree that almost no increase of green f luorescence can be detected in hepatocytes and in bile canaliculi. (B) Quantification 
of mean CLF intensity in a control liver. (C) Mean CLF intensity 3 and 21 days post-BDL in sinusoids, hepatocytes, and bile canaliculi 
in comparison to sham-operated controls. (D-F) Expression changes of carriers of BS and CLF at different time intervals after BDL. 
(D) Basolateral uptake carriers. (E) Apical export carriers. (F) Basolateral export carriers. Data are mean values and standard errors of 
five mice per time point. *P < 0.5, **P < 0.01, ***P < 0.001 compared to controls. Abbreviation: LSEC, liver sinusoidal endothelial cell.
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protrusions suddenly ruptured with flooding of CLF 
into the hepatocyte (minutes 57.25-57.75 in Fig. 4A; 
Supporting Video S5). Subsequently, CLF-enriched 
hepatocytes released green fluorescent CLF into the 
sinusoids. To study the consequences of CLF enrich-
ment, long-term recordings up to 270 minutes were 
performed (Fig. 4B; Supporting Video S6A). The 
example in Fig. 4B shows a hepatocyte during the 
process of CLF enrichment (minutes 114.8-115.3; 
Supporting Video S6A). CLF enrichment seems to 
be associated with cell swelling (Fig. 4C). This might 
explain why the compromised hepatocyte was ini-
tially below the imaging plane and after CLF enrich-
ment, minutes 114-132, moved up into the focus of 
the recorded z-level. Interestingly, this green fluores-
cent hepatocyte intermittently released CLF into its 
adjacent sinusoid (Fig. 4B, arrows, and D; Supporting 
Video S6A). Quantifications of TMRE-associated 
and CLF-associated fluorescence demonstrated 
the following sequence of events: first, mitochon-
drial potential was lost in single hepatocytes, then 
CLF leaked into the TMRE-negative cells, subse-
quently CLF was released into the adjacent sinusoid 
(Supporting Fig. S6 and Video S6L), and finally 
nuclear fragmentation occurred (Fig. 4C; Supporting 
Video S6B). Under control conditions no reflux of 
CLF-associated green fluorescence to sinusoids was 
observed (e.g., red curve in Fig. 4D).

To study the relationship between apical membrane 
rupture and immune cell infiltration, intravital imag-
ing was performed after injection of fluorophore-cou-
pled anti-CD45 antibodies and CLF bolus injection 
(Supporting Video S6C,D). The analyses showed 
that immune cell infiltration did not occur before 
apical membrane rupture (Fig. 4E,F). After mem-
brane rupture, massive immune cell infiltration was 
seen coinciding with nuclear fragmentation (approx-
imately at minute 211 in Fig. 4C,F). To specifically 

visualize neutrophils, a two-photon intravital imaging 
technique was established based on fluorophore-cou-
pled anti-Ly6G. Imaging at days 1 and 2 after BDL 
confirmed the temporal sequence of mitochondrial 
potential loss in single dispersed hepatocytes, leakage 
of canalicular CLF into these cells, followed by infil-
tration of neutrophils (Supporting Figs. S7-S12 and 
Video S6E-J).

To control for artifacts caused by a possible choler-
etic effect of the CLF injection, bile flow was quanti-
fied before and after phosphate-buffered saline/CLF 
injection using a catheter fixed in the extrahepatic bile 
duct. Phosphate-buffered saline/CLF injection did 
not increase bile flow (Fig. 4G). Moreover, injection of 
CLF did not induce single-cell infarcts in sham-oper-
ated or in BDL mice at day 21.

The observation that CLF-enriched hepatocytes 
release CLF (and BS) to their immediate environ-
ment and neighboring cells leads to the hypothesis 
that these neighboring cells may also be damaged 
by exposure to high local BS concentrations. To 
study this, long-term intravital recordings of dis-
persed CLF-enriched hepatocytes on day 1 post-
BDL were performed (Fig. 4H; Supporting Video 
S6K). Interestingly, a “domino effect” was observed, 
wherein cells neighboring the CLF-enriched 
hepatocytes also accumulated CLF. Together these 
CLF-accumulating cells led to large areas of dead 
cells (infarcts). Compromised hepatocytes shunt 
CLF from the canaliculi into neighboring sinusoids. 
Often, this domino effect involved sheets of hepato-
cytes following the direction of sinusoidal blood flow. 
It should, however, be considered that the domino 
effect of bile infarct formation represents a highly 
stochastic process because some individual green 
hepatocytes did not involve their neighbors during 
the entire recording process, while others formed 
large infarct areas within minutes.

FIg. 3. Leakiness of the apical hepatocyte membrane. (A) Stills of two-photon videos of mouse livers on day 3 post-BDL after 
intravenous injection of CLF. The video focuses on a TMRE-negative hepatocyte that is still PI-negative. Only little CLF is taken 
up by the sinusoidal membrane of the TMRE-negative hepatocyte when CLF enters the sinusoids. As soon as CLF occurs in the bile 
canaliculi, the TMRE-negative hepatocyte massively takes up green f luorophore. (B) Quantification of the video shown in (A). (C) 
Quantification of green f luorescence after intravenous injection of CMFDA into control and day 3 post-BDL mice, from videos shown 
in Supporting Fig. S5B, showing that filling of TMRE-negative hepatocytes coincides with filling of bile canaliculi. (D) CLF uptake 
in TMRE-negative hepatocytes that are either PI-negative or PI-positive. While PI-positive cells take up CLF simultaneously with the 
sinusoids, PI-negative cells fill later, when canaliculi become positive. During the imaging period PI-negative cells become PI-positive 
with the consequence that CLF is taken up also by the sinusoidal side. (E) CLF uptake through the sinusoidal membrane of a TMRE-
negative, PI-positive hepatocyte. (F,G) Quantifications of the videos shown in (D) and (E).
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paReNCHyMal aND SySteMIC 
CoNSeQUeNCeS oF bIle 
obStRUCtIoN

To study the course of endogenous canalicu-
lar BS concentrations after BDL, MALDI imaging 
was performed to visualize and analyze concentra-
tions of taurocholate, the most abundant endogenous 
BS in the mouse, before as well as 6 hours and 1, 2, 
3, and 21 days after BDL (Fig. 5; Supporting Fig. 
S13). To identify the periportal regions, the MALDI 
images were aligned with adjacent liver tissue sections 
immunostained using antibodies against CK-19. In 
control livers, the taurocholate-associated signal was 
predominantly seen in the periportal fields. After 6 
hours and days 1-3 post-BDL, the taurocholate signal 
became more intensive and extended to the midzonal 
and pericentral regions (Fig. 5A,B). Interestingly, 
the highest taurocholate signal was detected in the 
infarct regions (Fig. 5A). On day 21 post-BDL the 
signal of taurocholate decreased to concentrations 
slightly above control levels (Fig. 5A,B). In conclu-
sion, MALDI imaging clearly demonstrates an initial 
increase of the endogenous BS taurocholate concen-
tration in liver lobules after BDL on days 1-3, with 
normalization on day 21.

To understand the results of functional two-photon 
and MALDI-based imaging in relation to systemic 
consequences, well-established clinical parameters 
were analyzed. ALT and AST, as markers of hepato-
cyte damage, increased strongly on days 1 and 2 post-
BDL (Fig. 6A). In contrast, the cholestasis marker 
AP increased only slightly in the acute (days 1-3) and 
strongly in the chronic (day 21) phase (Fig. 6A). In 
bile obtained from the gallbladder, total BS increased 
in the acute phase, reaching a peak on day 1 after 
BDL, but decreased significantly below control lev-
els in the chronic phase (Fig. 6B). In blood, a contin-
uous increase of BS was observed during the entire 

period (Fig. 6B). In control mice, the highest BS con-
centrations (approximately 70 µM) were detected in 
the portal vein blood, while in blood collected from 
the hepatic vein or the heart, the concentrations of 
BS were <1 µM. In contrast, following BDL the con-
centrations in blood taken from the portal vein, the 
hepatic vein, or the heart were about equal. Total BS 
in urine increased dramatically in the acute phase 
after BDL but decreased in the chronic phase to 
almost basal levels (Fig. 6B). The concentrations of 
15 individual BS were analyzed in bile, blood, and 
urine (Supporting Fig.S14 and Table S4). Most of 
these showed a similar trend as the total BS profile, 
except for the primary BS α-muricholate and the sec-
ondary BS glycoursodeoxycholate, deoxycholate, and 
taurodeoxycholate. They all decreased strongly in bile 
and blood after BDL. Total bilirubin showed similar 
trends in bile, blood, and urine as total BS (Fig. 6B).

Histological analysis of kidney tissue revealed cys-
tic dilatation of renal tubules on day 21 post-BDL 
(Supporting Fig. S15A), which was accompanied by 
urea as well as creatinine concentrations increased 
in blood and decreased in urine (Supporting Fig. 
S15B,C).

SIMIlaRItIeS aND DIFFeReNCeS 
IN MDR2–/– MICe CoMpaReD to 
bDl

Mdr2–/– (Abcc4–/–) mice (18 weeks old) were used 
to compare the observations in BDL mice to another 
model of cholestasis (Fig. 7). These knockout mice 
are deficient for the ATP-binding cassette transporter 
B4, which represents the hepatobiliary phosphatidyl-
choline translocase and is mutated in patients with 
progressive familial intrahepatic cholestasis (PFIC 
type 3). Like chronic BDL (day 21), Mdr2–/– mice 
showed a ductular reaction, periportal immune cell 
infiltration, and fibrosis (Fig. 7A). Single-cell bile 

FIg. 4. Rupture of the apical hepatocyte membrane in the acute phase after BDL. (A) Stills of intravital imaging of mouse liver on 
day 1 post-BDL after intravenous injection of CLF. Note the relatively short time between first signs of canalicular swelling (55.25 
minutes) and CLF inflow into the cytoplasm of hepatocytes (57.25 minutes). (B) Release of CLF into the sinusoid from a CLF-loaded 
hepatocyte. (C) Nuclear fragmentation illustrated by segmentation of the CLF-enriching hepatocyte from (B). (D) Quantification 
of the video shown in (B), to illustrate increased CLF intensity in the sinusoid that is in contact with the CLF-overloaded cell. (E) 
Stills from processed videos with segmented CD45 and TMRE-positive immune cells at the moment of (115 minutes) and after 
(247 minutes) apical membrane rupture. (F) Time-resolved quantification of the number of immune cells in the imaged view field 
illustrating that massive immune cell infiltration occurs only after apical membrane rupture and coincides with nuclear fragmentation. 
(G) No influence of CLF injection on bile f low. (H) Domino effect of bile infarct formation starting from individual dispersed CLF-
loaded hepatocytes. Abbreviations: MovAVG, moving average; PBS, phosphate-buffered saline.



Hepatology, Vol. 69, No. 2, 2019 gHallab et al.

677

infarcts, as seen after BDL (Fig. 4A,B), were not 
observed in Mdr2–/– mice. Rather, individual dis-
persed hepatocytes transiently enriched CLF, leading 
to the impression of “blinking” hepatocytes (Fig. 7B,C; 
Supporting Fig. S16A-F and Video S7A). The clear-
ance of CLF from bile canaliculi in Mdr2–/– mice was 

slightly delayed compared to that in wild-type mice 
(Fig. 7D; Supporting Fig. S16G and Video S7B,C). 
In contrast to chronic BDL mice, no impairment of 
basolateral uptake was seen, probably because of the 
milder cholangiopathy in Mdr2–/– mice, reflected by 
lower total BS concentrations in blood (Fig. 7E). Bile 

FIg. 5. MALDI imaging of taurocholate in livers after BDL. (A) Transient increase of taurocholate after BDL. Superimposed 
MALDI images and CK-19 immunostaining are shown. In controls the taurocholate signal is limited to the bile ducts in periportal 
fields. It extends to almost the entire liver lobules until day 2 and returns to levels slightly above controls until day 21 post-BDL. The 
highest taurocholate signal can be seen in the infarct regions (*). (B) Quantifications of the taurocholate signal in (A). Data are mean 
values and standard errors of three mice per time point. *P < 0.05, **P < 0.01 compared to controls; ##P < 0.01 compared to day 21 post-
BDL. Abbreviation: AU, arbitrary units.
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canaliculi in Mdr2–/– mice formed spine-like pro-
trusions, whereas the massive dilatation as seen after 
BDL was not observed (Fig. 7F). Two-photon imag-
ing of liver tissue with visible interlobular bile ducts 
showed the ductular reaction both in Mdr2–/– mice 
and after chronic BDL (Fig. 7G; Supporting Video 
S7D-F). In chronic BDL (day 21), CLF from sinu-
soids does not enrich in bile canaliculi or interlobular 
bile ducts, whereas in Mdr2–/– mice CLF enrichment 
in bile canaliculi and ducts showed only minor differ-
ences compared to wild-type controls (Fig. 7G-J).

Discussion
BDL is a frequently applied experimental proce-

dure with the aim to mimic human cholestatic dis-
ease in experimental animals and to gain insight 

into disease mechanisms.(9) Intravital imaging of BS 
transport after BDL has not yet been performed. We 
describe here the application of a two-photon micros-
copy–based technique(8) to image BS transport in 
intact healthy and cholestatic livers of anesthetized 
mice. Recordings of fast sequences in the millisec-
ond range with a resolution close to the theoretical 
limit of 200 nm are possible. Analyses of mice up 
to 3 weeks after BDL led to the following concept 
(Fig. 8): In normal mice the total BS concentrations 
in the gallbladder (approximately 100 mM) and large 
bile ducts (approximately 20 mM) are higher than in 
bile canaliculi.(1) Ligation of the common bile duct 
initially leads to a strong increase of BS concentra-
tions in the upstream domains of the biliary tract, 
including the bile canaliculi. BS increases first in the 
periportal area (6 hours post-BDL) and later in the 
entire liver lobules (days 1-3 post-BDL) as evidenced 

FIg. 6. Clinical chemistry at several time periods after BDL. Data are mean values and standard errors of three to five mice per time 
point. *P < 0.05, **P < 0.01, ***P < 0.001 compared to controls; #P < 0.05, ##P < 0.01, ###P < 0.001 compared to day 21 post-BDL.
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by MALDI imaging. After BDL, biliary BS con-
centrations increase into the cytotoxic concentration 
range of 0.2-2 mM.(11-13) At 1-3 days after BDL we 
observed leakage of CLF from bile canaliculi into dis-
persed single hepatocytes. Rupture of the apical mem-
brane initially affecting single hepatocytes later also 
affected neighboring cells (Fig. 8A). Within minutes 

after apical membrane rupture the sinusoidal/baso-
lateral membranes of these same cells become leaky. 
This creates a physical shunt between the bile cana-
liculi and sinusoidal blood. Consequently, BS leak into 
the blood, and the BS concentration decreases in the 
biliary tract. Dead hepatocytes are to be replaced later 
when the critical phase immediately after BDL has 

FIg. 7. Comparison of bile f lux in Mdr2–/– and BDL mice. (A) Gross pathology, histology, ductular reaction (CK-19), immune 
cell infiltration (CD45), and fibrosis (sirius red) in 18-week-old Mdr2–/– mice and age-matched wild-type controls. (B) Transiently 
CLF-enriching individual hepatocytes in Mdr2–/– mice. (C) Quantification of CLF and TMRE-associated f luorescence in the 
hepatocyte indicated by a white circle in (B). (D) Quantification of CLF intensity in sinusoids, hepatocytes, and bile canaliculi after 
CLF bolus injection. (E) Total BS concentrations in blood of BDL and Mdr2–/– and corresponding wild-type mice of different ages. 
(F) Morphology of bile canaliculi in WT, Mdr2–/–, and day 3 post-BDL mice. (G-J) CLF intensities after bolus injection in sinusoids, 
hepatocytes, canaliculi, and interlobular bile ducts of wild-type, Mdr2–/–, and day 21 post-BDL mice. After BDL, TMRE (red) 
appears in the lumen of the interlobular bile ducts, a phenomenon that was not seen in Mdr2–/– or in wild-type mice. Abbreviations: 
BA, bile acid; H&E, hematoxylin and eosin; WT, wild type.

FIg. 8. Concept of bile infarcts. (A) Rupture of the apical hepatocyte membrane and (B) systemic consequences. Abbreviation: BR, 
bilirubin.
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subsided.(14) Our techniques would allow detection 
of CLF that leaks through tight junctions in between 
hepatocytes, but we did not observe this.

In chronic cholestasis, day 21 after BDL, a different 
scenario was observed (Fig. 8B): the concentrations of 
BS in bile decrease even below those of control ani-
mals. This in part may be the result of the reduced 
hepatic uptake of BS. The reduced hepatic uptake of 
CLF and fluorescein-conjugated CDCA corresponds 
to down-regulation of the uptake carriers Ntcp and 
Oatp (Slco1b2) and up-regulation of the basolateral 
export carriers Mrp3 and Mrp4.

In the kidney, we observed cystic dilatation of 
renal tubules.(15,16) Markers of decreased renal func-
tion, creatinine and urea increased in blood on day 21 
post-BDL. Likewise, BS and bilirubin decreased in 
urine. Therefore, compromised renal function is likely 
to contribute to the high blood concentrations of BS 
and bilirubin.

The so-called ductular reaction(4) represents an 
additional adaptive response, whereby intermedi-
ate-size bile ducts (bile ductules) increase their inner 
surface by branching and looping accompanied by 
surface corrugation. These morphological changes 
probably allow increased reabsorption of some bile 
constituents by the obstructed bile ducts. Of note is 
the behavior of serum AP. The highest levels of serum 
AP were observed 21 days after BDL, with interme-
diate elevations at days 1-3 after BDL. This suggests 
that early AP elevation is due to biliary leakage (days 
1-3), while during the later phase, at which the “duct-
ular reaction” occurs, plasma AP shows the highest 
elevation.

As mechanisms of BS-mediated hepatocyte cell 
death in cholestasis, both necrosis and apoptosis 
have been shown to play a role.(17) The present study 
demonstrates rupture of the canalicular membrane as 
a third mechanism of hepatocyte death, followed by 
retroflux of BS from the canaliculus into the cyto-
plasm. Bile canalicular rupture has two consequences. 
First, neighboring cells of BS-flooded hepatocytes 
have an increased risk of also becoming leaky, lead-
ing to a domino effect of bile infarcts. Second, bile 
infarcts create a transient shunt between bile cana-
liculi and sinusoids. A recently published landmark 
review about BS in hepatobiliary injury discussed that 
it is not yet clear why biliary BS levels may be reduced 
after biliary obstruction.(17) The two-photon videos 
and MALDI imaging of the present study support 

the hypothesis that the leakage through bile infarcts 
contributes to the decreased BS concentrations in the 
biliary tract.

Three mechanisms of BS loss from the obstructed 
biliary tract have been reported: cholehepatic shunt-
ing,(18,19) vesicular regurgitation of BS from bile can-
aliculi through intact hepatocytes to sinusoids, and 
leakage through tight junctions.(1,20,21) In addition, 
up-regulation of the basolateral BS export carriers 
MRP3 and MRP4 occurs with the reverse transport 
of BS from hepatocytes to blood.(18) Leakage of BS 
into and from bile infarcts may represent a plausible 
additional fourth mechanism.(17) Leakage through 
tight junctions was not observed in this study.

MALDI data show that BS concentrations in liver 
tissue increase at days 1-3 after BDL. This may lead to 
mitochondrial damage as indicated by loss of TMRE 
signal, followed by apical membrane rupture causing 
CLF entry from canaliculi into ruptured cells; death 
of affected cells as evidenced, e.g., by PI uptake and 
a subsequent domino effect of further death events; 
and immune cell infiltration. Resistance of the apical 
membrane toward BS depends on the asymmetrical 
distribution of phospholipids in the outer and inner 
membrane leaflet. This is an active ATP-dependent 
process involving phospholipid flippases. Thus, mito-
chondrial damage and ATP depletion could lead to 
loss of asymmetry, thereby increasing the vulnerability 
of the apical membrane.

The present study clearly demonstrates that BS 
from bile canaliculi leak into hepatocytes with com-
promised apical membranes and from there leak into 
the sinusoidal blood. The biliary tract (bile canaliculi 
and bile ducts) contributes ~10% of the total liver vol-
ume,(22) which corresponds to ~0.15 cm3 for a mouse 
liver of 1.5 cm3. The volume of bile infarcts can be 
up to 20% of the liver volume in the acute phase 
after BDL (Supporting Fig. S17) corresponding to 
~0.30 cm3. These numbers illustrate that the leakiness 
between bile canaliculi and infarct regions leads to an 
increase of ~3-fold in the distribution volume for BS. 
Thus, the leakiness of apical hepatocyte membranes 
in the acute phase after BDL will indeed cause a rele-
vant decrease in BS concentrations in the biliary tract.

Within 1-2 hours after apical membrane rupture, a 
strong increase in CD45 and Ly6G-positive immune 
cells was observed in the sinusoids. It has been 
reported that mitigating the inflammatory response 
can reduce the extent of necrosis after BDL.(23) This 
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may be due to enhancement of the initial damage by 
some infiltrating immune cells. However, time-re-
solved analysis clearly shows that apical membrane 
rupture and nuclear fragmentation occur prior to 
the massive infiltration of CD45-positive immune 
cells, which corresponds to descriptions that stressed 
hepatocytes release DNA fragments and cytokines 
that attract neutrophils.(24)

For comparison, we also studied 18-week-old 
Mdr2–/– mice that show milder cholangiopathy com-
pared to mice after BDL but represent the bona fide 
model of the human disease PFIC type 3. Intravital 
two-photon imaging in Mdr2–/– mice confirms the 
described spine-like alterations of bile canaliculi.(25) 
No single-cell bile infarcts occurred, but individ-
ual transient CLF-enriching (blinking) hepatocytes 
were consistently observed. CLF enrichment in these 
hepatocytes appeared when CLF had already been 
cleared from the sinusoids and was only present in 
bile canaliculi, indicating that CLF in the “blinking” 
hepatocytes originates from the canaliculi. The reason 
for the transient nature of this phenomenon was not 
elucidated in this study but may be due to efficient 
reverse export.

A limitation of the present study is the use of the 
synthetic BS analogue CLF for functional imaging. 
Uptake and export of CLF and BS by hepatocytes 
may not be entirely identical. For example, human BS 
carriers NTCP and ABCB11 are incapable of trans-
porting CLF.(26) In contrast, in humans OATP1B1, 
OATP1B3, and ABCC2 would be the candidate 
transporters for CLF uptake and secretion. In the 
mouse these are Oatp1b2 and Abcc2, respectively. 
Therefore, we repeated the CLF studies with fluores-
cently labeled CDCA. Also, with this agent reduced 
uptake after BDL was observed and leakage through 
apical membranes confirmed. For further confirma-
tion, CMFDA, a non–bile acid model compound for 
organic anion secretion, was used. After bolus injec-
tion of CMFDA at day 3 post-BDL, green fluores-
cent CMF was released in hepatocytes, followed by 
uptake in bile canaliculi, from where CMF leaked into 
TMRE-negative hepatocytes to further shunt into the 
adjacent sinusoid. In contrast to CLF, CMFDA was 
taken up from the sinusoids into hepatocytes even on 
day 21 post-BDL and shunted from hepatocytes back 
into sinusoids (Supporting Fig. S18). Thus, despite 
differences in transport properties, studies with three 
different tracers, CLF, CDCA, and CMFDA, support 

the concept of apical membrane rupture and the 
establishment of canalicular to sinusoidal shunting as 
presented in Fig. 8.

In conclusion, following biliary obstruction, bile 
infarcts occur by rupture of the apical membrane 
of hepatocytes. This causes a transient canalicu-
lus-to-blood shunt that reduces the BS concentrations 
in the biliary tract. A long-term consequence of BDL 
on biliary transport is a farnesoid X receptor (FXR)–
mediated reduced hepatic uptake of BS and enhanced 
reverse transport through up-regulated Mrp3 and 
Mrp4 in the basolateral membrane, protecting the 
liver parenchyma at the expense of increased blood BS 
concentrations and kidney damage.

Taken together these results form the background 
of a multiorgan “cholestatic syndrome” in which toxic 
effects mediated by high concentrations of bile salts 
are counterbalanced by protective mechanisms that 
are mediated in part by FXR but in part also by 
the creation of physical shunts releasing BS from 
high-concentration to low-concentration areas. Also, 
the kidney is involved in protecting the organism 
against the toxicity of BS during cholestasis.
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