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Chronic cholestasis is associated with retention of
bile acids and profound cytoskeletal alterations in
hepatocytes including Mallory body (MB) formation.
The mechanisms responsible for MB formation in
cholestatic liver diseases are unclear. The aim of our
study was to determine the relevance of cholestasis
and bile acids for MB formation. For this purpose
mice received a 3,5-diethoxycarbonyl-1,4-dihydrocol-
lidine (DDC)-supplemented diet for 2.5 months to
induce MB formation. After recovery from DDC intox-
ication for 4 weeks followed by disappearance of
MBs, these drug-primed mice were subjected to DDC
refeeding, common bile duct ligation (CBDL), and
feeding of a cholic acid (CA)-supplemented diet for 7
days, respectively. Cytokeratin (CK) 8 and CK 18 ex-
pression was studied by competitive reverse tran-
scriptase-polymerase chain reaction and Western blot
analysis. Cytoskeletal alterations of hepatocytes and
MB formation were monitored by immunofluores-
cence microscopy and immunohistochemistry using
CK-, ubiquitin-, and MB-specific antibodies. Like DDC
refeeding, both CBDL and CA feeding of drug-primed
mice significantly increased CK 8 and CK 18 mRNA
and protein levels (with excess of CK 8) and resulted
in ubiquitination and abnormal phosphorylation of
CKs. Furthermore, CBDL and CA feeding resulted in
rapid neoformation of MBs in drug-primed mice. It is
concluded that MB formation in cholestatic liver dis-
eases may be triggered by the action of potentially
toxic bile acids. (Am J Pathol 2002, 161:2019–2026)

Cytokeratin (CK) intermediate filaments (IFs) are major
cytoskeletal components and are concentrated in the
perinuclear and submembraneous regions of epithelial
cells.1 The CK subfamily has more than 20 members
forming heteropolymers of type I and type II CKs.1 CK 8
and CK 18 are subunits of the IFs of hepatocytes and
were also identified as major components of Mallory bod-
ies (MBs) associated with certain human liver diseases
and related mouse models.2 MBs are characteristic cy-
toplasmic hyaline inclusions in hepatocytes reflecting a

peculiar morphological manifestation of chronic liver cell
injury.2,3 Their appearance is related to alterations of the
CK-IF cytoskeleton including overexpression and post-
translational modifications of CKs (eg, cross-linking, ab-
normal phosphorylation, ubiquitination).2,4–10 In humans,
MBs are typically associated with alcoholic and nonalco-
holic steatohepatitis, but are also found in chronic cho-
lestatic conditions such as primary biliary cirrhosis and
primary sclerosing cholangitis.2,8,11 A common denomi-
nator of these etiologically different liver diseases is their
association with cholestasis and elevated serum bile acid
levels. In mice, MBs can be induced by chronic griseo-
fulvin (GF) or 3,5-diethoxycarbonyl-1,4-dihydrocollidine
(DDC) intoxication.12–15 Administration of these porphy-
rinogenic agents also induces cholestasis in mice indi-
cated by elevated serum bile acid levels that may at least
partly result from the formation of protoporphyrin plugs
and stones obstructing the bile drainage system.16,17 MB
formation requires prolonged intoxication (�2.5 months)
with GF or DDC.2,4 Interestingly, after recovery from in-
toxication with disappearance of MBs, which takes �4
weeks (primed mouse liver), MBs are reinduced within
days by reintoxication with DDC or GF as well as appli-
cation of colchicine.4,18–21

We recently demonstrated that obstructive cholestasis
or cholic acid (CA) feeding leads to CK overexpression
accompanied by abnormal phosphorylation in the mouse
liver;22 nonetheless, the causal relationship between cho-
lestasis with retention of potentially toxic bile acids and
MB formation remained unclear. This study was designed
to clarify whether cholestasis and bile acids by them-
selves represent causative factors in MB formation. We
therefore assessed the influence of obstructive cholesta-
sis by common bile duct ligation (CBDL) and CA feeding
(to mimic retention of a major primary bile acid) on the IF
cytoskeleton and MB formation in a well-defined experi-
mental mouse model (ie, the drug-primed mouse liv-
er).2,4,18–21 Evidence that cholestasis and bile acids play
a central role in MB formation is reported.
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Materials and Methods

Animals

Male Swiss albino mice (strain Him OF1 SPF) were ob-
tained from the Institute for Laboratory Animal Research,
University of Vienna School of Medicine, Himberg, Aus-
tria, housed with a 12:12 hour light-dark cycle and per-
mitted ad libitum consumption of water and a standard
mouse diet (Marek, Vienna, Austria). Experiments were
performed with 2-month-old mice weighing 25 to 30 g.
The experiments were approved by the local ethics com-
mittee and followed the criteria outlined in the Guide for
the Care and Use of Laboratory Animals prepared by the
United States National Academy of Sciences, as pub-
lished by the National Institutes of Health (NIH publication
86-23, revised 1985). CA and DDC were obtained from
Aldrich (Steinheim, Germany).

DDC Intoxication

Mice were fed a diet containing 0.1% DDC for 2.5 months
to induce MBs.2,4 After this time period one group of
animals was sacrificed to assess DDC-induced cytoskel-
etal alterations including MB formation, whereas another
group was sacrificed 4 weeks after discontinuation of
DDC feeding to study the reversibility of these changes
as described previously.4 In addition, recovered primed
mice were refed a diet containing 0.1% DDC for 7 days or
subjected to CBDL or CA feeding (see Figure 1 for ex-
perimental design).

CBDL

All surgical procedures were performed under sterile
conditions. To study the effects of obstructive cholestasis
on CK expression and MB formation in drug-primed
mice, the common bile duct was ligated close to the liver
hilum immediately below the bifurcation and dissected
between the ligatures as described previously.23 In ad-
dition, cholecystectomy was performed after ligation of
the cystic duct. Controls underwent a sham operation

with exposure but without ligation of the common bile
duct and removal of the gallbladder. The livers were
excised under general anesthesia (10 mg Avertin i.p.) 7
days after surgery. Liver tissue samples were frozen in
liquid nitrogen for molecular analysis and immunofluores-
cence microscopy or fixed in 4% neutral buffered form-
aldehyde solution for light microscopy and immunohisto-
chemistry. Serum samples from each mouse were stored
at �70°C for analysis of aspartate aminotransferase/ala-
nine aminotransferase, alkaline phosphatase, and total
bile acid levels.

Bile Acid Feeding

To study the effects of bile acids on CK expression and
MB formation, drug-primed mice were fed a diet supple-
mented with CA (1%) for 7 days.22,24 Livers and sera
were processed as described above.

Determination of mRNA Copy Numbers

mRNA copy numbers for CK 8, CK 18, and glyceralde-
hyde-3-phosphate dehydrogenase were determined by
competitive reverse transcriptase-polymerase chain re-
action.10

Western Blotting of CK 8 and CK 18

CK 8 and CK 18 protein levels were determined by West-
ern blot analysis.4,22

Immunofluorescence Microscopy

Immunofluorescence microscopy was performed on fro-
zen liver sections (3-�m thick, fixed in acetone at �20°C
for 10 minutes) using the monoclonal antibody MM120-1
specifically recognizing MBs and the polyclonal rabbit
CK antibody 50K160 against CK 8 and CK 18 as de-
scribed previously.4,22,25 In addition, phosphorylation of
CK 8 was assessed with the antibody 5B3 against a
hyperphosphorylated epitope of CK 8.4,26 Double immu-
nolabeling was performed combining the monoclonal an-
tibodies MM120-1 or 5B3 with the polyclonal antibody
50K160. As secondary antibodies, Cy2-conjugated goat
anti-mouse IgG (Amsersham, Buckinghamshire, UK) and
tetramethylrhodamine isothiocyanate-conjugated swine
anti-rabbit Ig (DAKO, Glostrup, Denmark) were used. For
control the primary antibodies were omitted or replaced
by isotype-matched immunoglobulins (DAKO). Immuno-
fluorescent specimens were analyzed with a MRC 600
(Bio-Rad, Richmond, CA) laser-scanning confocal device
attached to a Zeiss Axiophot microscope. The fluores-
cent images were collected using the confocal photomul-
tiplier tube at full frame 768 � 512 pixels).

Histology

Mouse livers were fixed in 4% neutral buffered formalde-
hyde solution and embedded in paraffin. Sections 4 �m
thick were stained with hematoxylin and eosin.

Figure 1. Experimental design to study the role of cholestasis and bile acids
in MB formation in drug-primed mice. Mice were fed a control diet or 0.1%
DDC-supplemented diet for 2.5 months to induce MBs. One group of animals
was sacrificed to study DDC-induced cytoskeletal alterations (including MB
formation), whereas another group was sacrificed 4 weeks after discontinu-
ation of DDC feeding (recovery) to assess the reversibility of these changes.
In addition, recovered (primed) mice received control diet (Co) or were
subjected to DDC refeeding (DDC), CBDL, CA feeding, and sham operation
for 7 days, respectively. Five animals were studied in each group.
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Immunohistochemistry

Immunohistochemistry was performed using an antibody
against ubiquitin (dilution 1:200; DAKO). Paraffin sections
(4 �m thick) of formaldehyde-fixed tissue were deparaf-
finized, rehydrated, and digested with 0.1% protease
(type XXIV; Sigma, St. Louis, MO). Binding of the ubiquitin
antibody was detected using the ABC system (DAKO) as
previously described.8

Routine Serum Biochemistry and Bile Acid
Measurements

Serum alanine aminotransferase, aspartate aminotrans-
ferase, and alkaline phosphatase levels were determined
by routine testing on a Hitachi 717 analyzer (Boehringer
Mannheim, Mannheim, Germany) as measures of liver
toxicity of the different treatment regimens and the de-
gree of cholestasis. Total serum bile acid levels were
determined by a commercially available 3�-hydroxy-
steroid dehydrogenase assay (Merck, Darmstadt, Ger-
many). Tests were performed in duplicate.

Statistical Analysis

Five animals from each group were studied at each time
point. Data are reported as arithmetic means � SEM.
Statistical analysis was performed using Student’s t-test
when appropriate, or analysis of variance with posttesting
when three or more groups were compared. A P value
�0.05 was considered significant.

Results

Effects of Initial DDC Intoxication, Drug
Withdrawal, and DDC Reintoxication

DDC treatment for 2.5 months resulted in disseminated
necroses, apoptotic bodies, ballooning of hepatocytes,
deposition of brown pigment in macrophages, pigment
plugs in the lumina of bile ducts, ductular proliferation,
and MB formation as previously described (not shown).4

After discontinuation of DDC feeding for 4 weeks (drug-
primed recovered mice) the hepatocellular changes sub-
sided with the exception of pigment plugs in some inter-
lobular bile ducts and some pigment-containing
macrophages. Small residual granular MBs remained at
the cell periphery in a few hepatocytes (Figures 2C, 3A,
and 4A). After DDC reintoxication for 7 days, liver mor-
phology closely resembled that after DDC treatment for
2.5 months and was associated with significant eleva-
tions of serum transaminase, alkaline phosphatase, and
serum bile acid levels in comparison to drug-primed
recovered controls fed standard chow (Table 1). More-
over, DDC reintoxication of drug-primed mice resulted in
significantly increased CK 8 and CK 18 mRNA and pro-
tein expression (Figure 2, A and B) as well as rapid
neoformation of MBs in many hepatocytes (Figures 2D,
3B, and 4B).4 The relative increase of CK 8 protein ex-

pression clearly exceeded that of CK 18, indicating dis-
turbance of the CK 8 to CK 18 ratio with an excess of CK
8 (Figure 2B).

CBDL Induces CK Overexpression and MB
Formation in Drug-Primed Mouse Liver

To determine the effects of obstructive cholestasis on MB
formation, drug-primed mice were subjected to biliary
obstruction by CBDL for 7 days. This treatment resulted
in disseminated and confluent hepatocellular necroses
and some apoptotic bodies, vacuolization of hepato-
cytes, increased number of liver cell mitoses, dilatation of
interlobular bile ducts, ductular proliferation, granulocytic
infiltration within lobules and portal tracts, and marked
induction of MBs (predominantly in acinar zones 1 and 2)
(Figures 2E, 3C, and 4C). Interestingly, the extent of bile
infarcts was much less pronounced in drug-primed
CBDL mice than in naive CBDL mice (located predomi-
nantly in acinar zones 1 and 2; not shown).22,27 CBDL
resulted in a significant increase of CK 8 and CK 18
mRNA levels in comparison to drug-primed recovered
mice and naive control diet-fed mice (Figure 2A) accom-
panied by an increase in CK protein expression (Figure
2B). Similar to DDC refeeding, the relative increase of CK
8 exceeded that of CK 18 in CBDL drug-primed mice
(Figure 2B). Sham operation had no influence on CK 8
and CK 18 mRNA and protein expression as well as MB
formation (not shown).

CA Feeding Induces CK Overexpression and
MB Formation in Drug-Primed Mouse Liver

To further discriminate between mechanical (eg, in-
creased canalicular pressure) and toxic effects (eg, bile
acid-induced toxicity because of increased bile acid con-
centrations) of cholestasis with respect to MB formation,
drug-primed mice were fed a diet supplemented with
potentially toxic CA, which represents a major bile acid in
human cholestatic liver disease.22,24,28,29 In line with our
previous studies in naive CA-fed mice,22,24 CA feeding
significantly increased the levels of serum transami-
nases, alkaline phosphatase, and serum bile acids in
drug-primed mice (Table 1). CA feeding of drug-primed
mice was associated with enlargement of hepatocytes,
disseminated hepatocellular necroses, mitoses, dilata-
tion of interlobular bile ducts, and periductal edema (not
shown). Moreover, this treatment significantly elevated
CK 8 and CK 18 mRNA and protein levels in comparison
to drug-primed recovered mice and naive control diet-fed
mice (Figure 2, A and B). The increase of CK 8 protein
levels exceeded that of CK 18; however, the difference
was less pronounced than in DDC-refed and CBDL drug-
primed mice (Figure 2B). CA feeding induced MB forma-
tion to a similar extent as observed in drug-primed CBDL
mice (Figures 2F, 3D, and 4D).
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Figure 2. DDC, CBDL, and CA feeding induce overexpression of CK 8 and CK 18 and MB formation in drug-primed mice. A: Competitive reverse transcriptase-
polymerase chain reaction revealed a significant increase of CK 8 (open bars) and of CK 18 (filled bars) mRNA in DDC-refed (primed DDC), bile duct-ligated
(primed CBDL), and CA-fed (primed CA) drug-primed mouse liver in comparison to drug-primed recovered mice (primed Co) and naive control diet-fed mice
(control). Data (means � SEM) are expressed as copy numbers/200 ng of total RNA (n � 5 in each group; * and #, P � 0.05, DDC, CBDL, and CA versus controls).
B: Representative Western blots for CK 8, CK 18, and �-actin in naive control diet-fed (control), drug-primed recovered (primed Co), DDC-refed (primed DDC),
bile duct-ligated (primed CBDL), and CA-fed (primed CA) drug-primed mouse liver. DDC refeeding, CBDL feeding, and CA feeding significantly increased CK
8 and CK 18 protein levels, whereas �-actin levels remained unchanged. Data (means � SEM) are expressed as relative protein amounts (n � 3 in each group;
* and #, P � 0.05, primed Co, DDC, CBDL, and CA versus controls). The increase of CK 8 (open bars) was more pronounced than that of CK 18 (filled bars).
The corresponding Western blots are shown at top of B. C to F: Double-immunofluorescence microscopy was performed on frozen liver sections of recovered
(primed/Co) (C), DDC-refed (primed/DDC) (D), bile duct-ligated (primed/CBDL) (E), and CA-fed (primed/CA) (F) drug-primed mice combining the monoclonal
antibody MM120-1 specifically recognizing MBs (yellow because of co-localization with CKs) with the polyclonal antibody 50K160 against CKs (red). Note the
increased density of CK-IF network (particularly in D and F) and the increasing number and size of MBs (arrowheads) in hepatocytes after DDC refeeding, CBDL
feeding, and CA feeding, whereas in the primed-recovered mouse liver (primed/Co) only small residual MBs still remain in enlarged hepatocytes with diminished
or absent immunostainable IF network (arrowheads). Scale bar, 20 �m.
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CBDL and CA Feeding Induce Abnormal
Phosphorylation and Ubiquitination of CKs in
Drug-Primed Mouse Liver

Because abnormal phosphorylation and ubiquitination of
CKs represent a common event in MB formation in our
model system as well as in human alcoholic hepati-
tis,4,8,30–33 CK phosphorylation and ubiquitination were
studied in bile duct-ligated and CA-fed drug-primed mice
in comparison to controls. Drug-primed recovered mouse
livers only showed a few residual MBs present in en-
larged hepatocytes with missing CK immunostaining that
were decorated by an antibody against a hyperphospho-
rylated CK 8 epitope (Figure 3A). CBDL and CA feeding
induced abnormal phosphorylation of the CK-IF network
in hepatocytes in the vicinity of liver cells containing MBs
similar to the situation observed in DDC-refed mice (Fig-
ure 3, B, C, and D). In addition, newly formed MBs
contained abnormally phosphorylated CK 8 (Figure 3, B
and C). Comparable to DDC refeeding, CBDL and CA
feeding of drug-primed mice also resulted in pronounced

ubiquitination of newly formed MBs (Figure 4, B, C, and
D). In contrast, recovered controls only showed ubiquitin-
related immunoreactivity of some small residual MBs
(Figure 4A). Taken together, the findings of abnormal
phosphorylation and ubiquitination of MBs in the course
of CBDL and CA feeding in drug-primed mouse liver
support the importance of cholestasis with retention of
potentially toxic bile acids for posttranslational CK mod-
ifications and MB formation.

Discussion

MBs are characteristic hepatocellular cytoplasmic inclu-
sions and morphological hallmarks of a variety of chronic
liver diseases, including alcoholic and nonalcoholic ste-
atohepatitis as well as chronic cholestasis.2,3 They may
also serve as study objects to obtain insights into the
general principles of cellular injury associated with inclu-
sion bodies (ie, diverse protein aggregation diseas-
es).2,3,30,34,35 The aim of this study was to determine how

Figure 3. DDC, CBDL, and CA feeding induce abnormal phosphorylation of the CK-IF network and MBs in drug-primed mice. Double-immunofluorescence
microscopy was performed on frozen liver sections of recovered (primed/Co) (A), DDC-refed (primed/DDC) (B), bile duct-ligated (primed/CBDL) (C), and
CA-fed (primed/CA) (D) drug-primed mice combining the monoclonal antibody 5B3 specifically recognizing an abnormally phosphorylated epitope of CK 8
(yellow because of co-localization with CK) with the polyclonal antibody 50K160 against CKs (red). Note the abnormal phosphorylation of the CK-IF network
(arrows) and newly formed MBs (arrowheads) in hepatocytes after DDC refeeding, CBDL feeding, and CA feeding (B–D). Abnormally phosphorylated larger
MBs are usually present in enlarged hepatocytes with diminished or missing IF network. In the primed recovered liver (primed/Co) there are only small residual
MBs in still enlarged hepatocytes with diminished IF network (arrowheads) (A). Scale bar, 20 �m.
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cholestasis and potentially toxic bile acids trigger MB
formation in drug-primed mouse liver. It is demonstrated
that both obstructive cholestasis and CA feeding lead
within a few days to overexpression, abnormal phosphor-
ylation, and ubiquitination of CKs, and finally MB forma-
tion in drug-primed mouse liver. These findings provide
evidence for a key role of potentially toxic bile acids for
MB formation in cholestatic liver disorders.

The appearance of MBs is related to alterations of the
CK-IF cytoskeleton of hepatocytes and can be studied in
mice chronically intoxicated with the porphyrinogenic
and cholestatic substances GF and DDC.2,4,18–21 Rapid
reinduction of MBs in drug-primed recovered mouse liver

is an interesting feature.2,18,21 Substances known to re-
induce MB formation in drug-primed mouse liver (eg, GF,
DDC, colchicine, heat shock) also cause cholestasis with
elevated serum bile acid levels.4,16–18 In addition, bile
acid-induced CK overexpression was recently demon-
strated in our laboratory in common bile duct ligated and
CA-fed mice, further underlining the importance of cho-
lestasis with retention of potentially toxic bile acids for
CK-IF alterations.22 Because MB formation seems to in-
volve two steps, namely priming of hepatocytes during
prolonged intoxication and triggering in the primed cells,
it is attractive to speculate that cholestasis with bile acid
retention could represent a major pathogenetic factor.

Figure 4. DDC, CBDL, and CA feeding induce ubiquitination of neoformed MBs in drug-primed mice. Immunohistochemistry was performed on liver sections
of recovered (primed/Co) (A), DDC-refed (primed/DDC) (B), bile duct-ligated (primed/CBDL) (C), and CA-fed (primed/CA) (D) drug-primed mice using an
antibody against ubiquitin. DDC refeeding, CBDL feeding, and CA feeding resulted in newly formed ubiquitin-positive MBs (arrowheads) (B–D). Arrows
designate pigment deposits (A, B). Original magnifications, �20.

Table 1. Serum Liver Enzymes in the Different Treatment Groups

Group AST ALT AP BA

Controls 180 � 60 60 � 20 40 � 15 7.4 � 0.8
Primed/recovered 176 � 110 92 � 32 133 � 37 9.3 � 8.4
Primed/DDC 1408 � 569* 1340 � 391* 329 � 94* 202 � 167*
Primed/CBDL 486 � 86* 396 � 85* 1349 � 333* 468 � 378*
Primed/CA 599 � 296* 366 � 167* 475 � 96* 109 � 96*

Values are means � SEM. AST, aspartate aminotransferase (U/L); ALT, alanine aminotransferase (U/L); AP, alkaline phosphatase (U/L); BA, bile
acids (�mol/L).

*P � 0.05, DDC-refed, bile duct-ligated, and CA-fed drug-primed mice versus recovered drug-primed mice fed standard diet and naive controls.
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Consequently, retention of toxic bile acids associated
with cholestasis could also be causally involved in cy-
toskeletal alterations with MB formation in primary biliary
cirrhosis or primary sclerosing cholangitis.2,11 It is inter-
esting in this context that MBs in cholestatic liver dis-
eases (eg, primary biliary cirrhosis) arise in acinar zone 1,
resembling the zone of cholate stasis, which is exposed
to the highest concentration of bile acids.

CK-IFs have long been considered to be rather static
structures primarily responsible for the mechanical sta-
bility of cells.1 It is becoming increasingly clear, however,
that CK-IF proteins are engaged in additional cellular
functions (eg, defense against toxic stress and modula-
tion of apoptotic pathways).10,26,36–40 The importance of
CKs for maintenance of functional integrity of hepato-
cytes has been demonstrated in several gene knockout
mouse models.2,10,40 Moreover, CK mutations as well as
posttranslational modifications of CKs may also play a
role in the pathogenesis of human liver diseases because
mutations in the CK 8 gene in patients with cryptogenic
cirrhosis and pronounced abnormal CK phosphorylation
observed in human alcoholic steatohepatitis have been
recently demonstrated.8,41,42 Based on these findings,
one may speculate that increased hepatic CK expression
with abnormal phosphorylation, ubiquitination, and result-
ing MB formation represents a hitherto unknown defense
response of the liver cell to toxic injury (eg, toxic bile
acid-induced oxidative stress).

The development of MBs is a result of a multistep
process including increased synthesis and posttransla-
tional modifications of CKs.2 Increased synthesis of CK 8
and CK 18 monomers with predominance of CK 8 and
disturbance of the normal 1:1 ratio necessary for correct
IF assembly seems to represent an important initiating
step in MB formation as shown here and in previous
studies.2,4 In addition to overexpression of CKs, post-
translational modifications were previously identified as
playing a critical role in MB formation.2,4,30 The impor-
tance of CK hyperphosphorylation was illustrated by MB
induction in drug-primed mice treated with phosphatase
inhibitors (eg, okadaic acid, tautomycin).19,20 In addition,
CKs are polyubiquitinated in MBs as observed not only
under experimental conditions but also in human liver
disease.2,8,30 Ubiquitin is a small highly conserved pro-
tein that is universally present in eukaryotic cells. It tar-
gets proteins for degradation by the 26S proteasome
complex.43–47 Ubiquitin-mediated proteolysis of cellular
proteins plays an important role in many basic cellular
processes, including the response to stress and various
other extracellular stimuli. Substrates usually undergo
posttranslational modifications, in most cases phosphor-
ylation, before degradation.43–47 CK 8 and CK 18 can be
ubiquitinated, particularly when each CK is expressed
individually, and targeted for degradation by the protea-
some.33 Increased and particularly imbalanced CK syn-
thesis as observed in models for MB formation may,
therefore, predispose to CK ubiquitination followed by
proteasomal degradation. Consequently aggregation of
polyubiquitinated and hyperphosphorylated CKs as MBs
could reflect exhausted proteolytic capacity.48,49

The results of the current study suggest that potentially
toxic bile acids lead to MB formation by inducing imbal-
anced overexpression, abnormal phosphorylation and
polyubiquitination, and decreased degradation of CKs in
drug-primed mouse liver. It will be interesting to see
whether these findings obtained in animal models are
also relevant to human cholestatic liver diseases. Oxida-
tive stress may be the final common principle in different
types of protein aggregation disorders including choles-
tatic liver diseases.49–51
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