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Hepatocyte apoptosis contributes to liver injury and fibrosis after cholestatic injury. Our aim was to
ascertain if the anti-apoptotic protein Mcl-1 alters liver injury or fibrosis in the bile duct–ligated
mouse. Markers of apoptosis and fibrosis were compared in wild-type and transgenic mice expressing
human Mcl-1 after bile duct ligation. Compared to hMcl-1 transgenic animals, ligated wild-type mice
displayed a significant increase in TUNEL-positive cells and in caspase 3/7-positive hepatocytes.
Consistent with apoptotic injury, the pro-apoptotic protein Bak underwent a conformational change
to an activated form upon cholestatic injury, a change mitigated by hMcl-1 overexpression. Likewise,
liver histology, number of bile infarcts, serum ALT values, markers of hepatic fibrosis, and animal
survival were improved in bile duct–ligated mice transgenic for hMcl-1 as compared to wild-type
mice. In conclusion, increased Mcl-1 expression plays a role in hepatoprotection upon cholestatic
liver injury.
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Introduction
Cholestasis, a pathophysiologic syndrome defined as an impairment in bile formation or flow,
is characterized by retention of toxic bile acids within the liver and serum [1,2]. The increased
tissue concentrations of bile acids elicit a toxic response, especially death-receptor-mediated
hepatocyte apoptosis [3]. For example, numerous studies have consistently demonstrated that
many toxic bile acids trigger oligomerization of the Fas death receptor in hepatocytes and cell
lines culminating in a classic Fas death-receptor cascade [4–10]. The assembly of the Fas death-
receptor signaling complex occurs independent of Fas ligand by a complex mechanism
involving NADPH oxidase, the Src kinase termed Yes, and the epidermal growth factor
receptor [6,7]. Furthermore, mice genetically deficient in Fas have reduced liver injury
following BDL [4]. TRAIL also contributes to cholestatic liver injury as toxic bile acids
increase expression of its cognate death receptor, DR5/TRAIL receptor-2 [11] and TRAIL-
deficient mice are protected from BDL-induced injury [12]. Fas and DR5/TRAIL receptor-2
both initiate apoptosis by recruiting the zymogen pro-caspase 8 to a receptor complex where
it is auto-activated by induced proximity [13]. Active caspase 8 in turn cleaves the pro-apoptotic
BH3-only protein Bid generating truncated or tBid [14]. This 15-kDa protein translocates to
mitochondria where it induces mitochondrial dysfunction, resulting in activation of effector
caspases (e.g., caspase 3, 7, and 6) causing cellular demise. Inhibition of Bid expression by
antisense technology and/or caspase activity by a protease inhibitor also attenuates cholestatic
liver injury consistent with this cytotoxic signaling cascade [15,16].

Cell death in hepatocytes following death-receptor ligation is dependent upon mitochondrial
outer membrane permeabilization and cytochrome c release [17]. This release is likely due to
activation of Bax and Bak by tBid. For instance, mice deficient for both Bak and Bax survive
a dose of Fas agonistic antibody that is fatal for either Bakdeficient or Bax-deficient mice
[18]. Further, Bid is upstream of Bak and Bax, as Bid-deficient mice fail to manifest Bax
translocation to mitochondria after Fas agonistic antibody treatment. The activation of Bax and
Bak, both multidomain pro-apoptotic members of the Bcl-2 family, depend upon a
conformational change that exposes the N-terminus to antibody detection [19,20], as well as
oligomerization [21–23].

In hepatocytes, death-receptor signaling cascades involving tBid are blocked at the level of the
mitochondria by anti-apoptotic members of the Bcl–2 family which include Bcl-2, Bcl-XL,
Mcl-1, Bcl-w, Boo and A1 [15]. Bcl-2, richly expressed by hematopoietic cells, is not expressed
by hepatocytes, although transgenic expression of Bcl-2 is protective against Fas-mediated
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liver injury [24]. Bcl-w and Boo are predominantly expressed by testicular and ovarian tissue,
respectively, and are not known to modulate liver cell apoptosis [25,26]. Due to difficulties in
raising specific antisera, the protein expression of A1 in liver tissue has been difficult to define.
Bcl-XL is constitutively expressed by hepatocytes and conditional hepatic deletion of this gene
in mice results in spontaneous hepatocyte apoptosis [27], while overexpression of Bcl-XL
provides a survival advantage to hepatocytes [28]. Although Mcl-1 is expressed in wild-type
hepatocytes, the level of expression is not sufficient to prevent Fas- nor Concanavalin A-
mediated hepatocyte apoptosis [29]. However, whether Mcl-1 overexpression is sufficient to
ameliorate liver injury in a disease model such as cholestasis remains unclear.

Therefore, the overall objective of this study was to determine if mice transgenic for human
Mcl-1 (hMcl-1 Tg) are resistant to obstructive cholestatic liver injury following bile duct
ligation (BDL). To address our objective we formulated the following two questions: (i) during
cholestasis, is hepatocyte apoptosis reduced by transgenic expression of hMcl-1; and (ii) are
liver injury, hepatic fibrosis, and overall animal survival improved by overexpression of
hMcl-1. The results of this study support a critical role for Mcl-1 in modulating murine
cholestatic liver injury following obstructive cholestasis by BDL.

Materials and Methods
Animal Models

The care and use of the animals for these studies were reviewed and approved by the
Institutional Animal Care and Use Committee (IACUC) at Mayo Clinic. Mice were maintained
in a temperature-controlled (22°C), pathogenfree environment and fed a standard rodent chow
diet and water ad libitum. C57/BL6 wild-type and human Mcl-1 transgenic (hMcl-1 Tg) mice
(6–8 weeks-of-age, 20–25 g body weight) were employed for these studies. The hMcl-1 Tg
mice were generated previously [30]. Briefly, a minigene including all Mcl-1 exons and introns,
as well as approximately 10.5 kb of 5′ genomic flanking sequence (including presumptive
regulatory sequences) and 1.7 kb of 3′ flanking sequence was used to generate founder
transgenic mice on a C57B6/SJL-F1 background. These were then mated with C57/BL6 mice
and have been maintained as homozygous transgenic mice on the C57/ BL6 background. Mice
expressing the human Mcl-1 transgene do not exhibit phenotypic changes in the liver. However,
they do show a moderate splenic enlargement, which is associated with increased numbers of
B and T lymphocytes and also exhibit an expansion of the myeloid relative to the lymphoid
compartment in the bone marrow.

For experimental procedures, mice were anesthetized with ketamine 60 mg/kg plus xylazine
10 mg/kg body weight by intraperitoneal injection. After a midline upper-abdominal incision,
the peritoneal cavity was opened, the abdominal wall retracted, and the common hepatic bile
duct was double-ligated and divided between the ligatures as previously described by us in
detail [4]. Sham-operated wild-type mice, used as controls, underwent laparotomy with
exposure but without ligation of the common bile duct. The fascia and skin were closed with
sterile surgical 5–0 sutures (ETHICON Inc., Somerville, NJ). About 7 or 14 days after BDL,
depending on the experimental procedures, mice were re-anesthetized and blood was obtained
from the inferior vena cava for serum ALT and total bilirubin determinations prior to procuring
liver tissue for additional studies (vide infra) [31]. The liver was removed and cut into small
pieces and either snap-frozen in liquid nitrogen for storage at −80°C or fixed in freshly prepared
4% paraformaldehyde in phosphate-buffered saline (PBS) for 24 h at 4°C. Liver sections were
also subjected to RNA extraction using the Trizol reagent (Invitrogen, Carlsbad, CA).
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Histopathology
For histological review of hematoxylin and eosin (H&E)-stained liver sections by light
microscopy (Nikon Eclipse Meta Morph V 5.0.7, West Lafayette, IN), the liver was diced into
5 × 5 mm2 sections, fixed in 4% paraformaldehyde for 48 h, and then embedded in paraffin
(Curtin Matheson Scientific Inc., Houston, TX). Tissue sections (4 µm) were prepared using
a microtome (Reichert Scientific Instruments, Buffalo, NY) and placed on glass slides. H&E
staining was performed according to standard techniques.

TUNEL Assay and Immunofluorescence
Apoptotic cells were quantitated by the terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling (TUNEL) assay which enzymatically labels free 3′-OH ends of damaged
DNA with a fluorescently labeled nucleotide as we have previously described in detail [32].
TUNEL-labeled cells (i.e., fluorescent nuclei) were quantified by counting the number of
positive cells per high-power field. A total of ten high-power fields were analyzed for each
animal with excitation and emission wavelengths of 488 and 507 nm, respectively, using an
inverted laser scanning confocal microscope (LSM 510, Carl Zeiss Micro-Imaging Inc.,
Thornwood, NJ) equipped with a 40× NA 1.4 lens and LSM 510 imaging software. Data were
expressed as the number of TUNEL-positive cells/10 high-power field (hpf).

Immunofluorescence analysis for activated caspases 3/7 was performed using a rabbit anti-
active caspase 3/7 polyclonal antibody (BD Biosciences/Pharmingen, San Diego, CA)
recognizing a common neo-epitope shared by activated caspases 3 and 7 as we have previously
described [32]. Immunofluorescence staining for the N-terminus of Bak, exposed upon Bak
activation, was performed using a rabbit polyclonal antibody (Bak-NT, Upstate, Lake Placid,
NY). The liver specimens were viewed by confocal microscopy using excitation and emission
wavelengths of 577 and 590 nm, respectively, for activated Caspase 3/7 and 488 and 507,
respectively, for activated Bak. The number of caspase 3/7-positive or Bak-NT-positive cells
was quantified per 10 high-power fields as described above for the TUNEL assay.

Quantitative Reverse-Transcription Polymerase Chain Reaction (RT-PCR)
Total RNA was isolated from liver tissue using the Trizol reagent (Invitrogen, Carlsbad, CA).
For each RNA sample, a 10-µg aliquot was reverse-transcribed into complementary DNA using
a random primer and Maloney murine leukemia virus (MMLV) reverse transcriptase
(Invitrogen) as previously described in detail [33]. The cDNA template was then PCR amplified
with Taq DNA polymerase (Invitrogen) using standard protocols. Quantitation of α-SMA and
collagen 1α (I) were performed using a Light Cycler (Roche Diagnostics Corp., Mannheim,
Germany) and SYBR green as the fluorophore (Invitrogen); the detailed procedure and primer
sequences have been recently described [12].

Immunoblot Analysis
Liver tissue was directly lysed for 30 min on ice with lysis buffer consisting of 50 mM Tris–
HCl (pH 7.4), 1% Nonidet P-40, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA,
1 mM PMSF, 1 µg/ml aprotinin, 1 µg/ml leupeptin, 1 µg/ml pepstatin, 10 mM Na3VO4, and
1 mM NaF. After centrifugation at 13,000 × g for 15 min at 4°C, protein concentration in the
supernatant was measured using Bradford reagent (Bio-Rad, Hercules, CA). Protein was
denatured by boiling for 10 min in Laemmli sample buffer (Bio-Rad). Protein (50 ug) was
resolved by SDS-PAGE on a gradient gel and then transferred onto nitrocellulose membranes.
Blocking was carried out using 5% non-fat dairy milk in Tris-buffered saline (20 mM Tris,
150 mM NaCl, pH 7.4) with 0.1% Tween-20 for 1 h at room temperature. Primary antibodies
were diluted 1:1,000 in blocking solution and incubated overnight at 4°C. The following
antibodies were used: total Bak (Calbiochem, San Diego, CA), Bim (Chemicon, Australia),
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Bax, Bcl-XL, Bid, Fas (all from Santa Cruz Biotechnology Inc., Santa Cruz, CA), c-FLIP
(Upstate Biotechnology, Lake Placid, NY), hMcl-1 (BD Biosciences/Pharmingen, San Diego,
CA), and γ-Tubulin (Sigma-Aldrich Corp., St. Louis, MO). Membranes were incubated (45
min at room temperature) in horseradish-peroxidase conjugated secondary antibodies
(Biosource International, Camarillo, CA) diluted 1:3,000 in blocking solution. Immune
complexes were visualized using chemiluminescent substrate (ECL, Amersham, IL) and
Kodak X-OMAT film (Eastman Kodak, Rochester, NY) according to the manufacturer’s
instructions.

Immunohistochemistry for α-Smooth Muscle Actin (α-SMA) and Determination of Liver
Fibrosis by Sirius Red Staining

The sections were stained for α-SMA using a mouse monoclonal antibody (NeoMarkers,
Fremont, CA), which is pre-diluted in 50 mM Tris–HCl, pH 7.6, containing stabilizing protein
and 15 mM sodium azide by the manufacturer for staining formalin-fixed, paraffin-embedded
tissues. The sections were incubated with the primary antibody overnight at 4°C in a dilution
1:200. Negative control slides were incubated with non-immune immunoglobulin under the
same conditions. Secondary reagents were obtained from the Dako Cytomation EnVision +
System-HRP ready-to-use kit (Dako Cytomation Inc., Carpinteria, CA); 3,3′-diaminobenzidine
(DAB) chromogen solution was used for visualization by light microscopy. Finally, the tissue
was counterstained with hematoxylin for 3 min. Liver fibrosis was quantified using Sirius red
staining as described by Arteel and colleagues [34]. Direct red 80 and Fast-green FCF were
obtained from Sigma-Aldrich Diagnostics. Liver sections were stained and red-stained
collagen fibers were quantified by digital image analysis as previously described by us in detail
[31].

Statistical Analysis
All data represent at least five separate experiments and are expressed as the mean ± standard
error unless otherwise indicated. Differences between groups were compared using analysis
of variance (ANOVA) for repeated measures and post-hoc Bonferroni test to correct for
multiple comparisons. A P-value less than 0.05 was considered to be statistically significant.
All statistical analyses were performed using In-Stat Software (Graph Pad, San Diego, CA).

Results
Hepatocyte Apoptosis is Significantly Reduced in the BDL hMcl-1 Tg Mouse

Before embarking on a series of studies assessing apoptosis and liver injury, we provided
assurance that expression of apoptosis modulating proteins was similar between both
genotypes. Immunoblot analysis was performed for several apoptosis effector proteins
including Fas, Bax, Bak, Bim, c-FLIP, Bid, Bcl-XL and hMcl-1 (Fig. 1). Hepatic protein levels
for these key apoptotic effectors were similar other than the expected observation of hMcl-1
in the hMcl-1 Tg mouse. A cross-reacting band was consistently observed migrating slightly
faster than hMcl-1 in extracts from wild-type mice. Next, to examine the effects of Mcl-1 in
mediating hepatic apoptosis, wild-type and hMcl-1 Tg mice were subjected to BDL for 7 days.
Liver specimens from wild-type animals demonstrated numerous clusters of apoptotic cells in
a background of altered hepatic microarchitecture (Figs. 2a, 3a). Quantitation of these TUNEL-
positive cells demonstrated frequent apoptotic cells in wild-type BDL mice as compared to
sham-operated wild-type and hMcl-1 Tg controls. By contrast, TUNEL-positive cells were
significantly reduced in BDL hMcl-1 Tg animals compared to wild-type BDL mice (Fig. 2a).

The activation of executioner caspases, especially caspases 3 and 7 (which share a neo-epitope
upon cleavage), is a biochemical hallmark of apoptosis [35]. Therefore, to further confirm that
hepatocyte apoptosis occurs in wild-type animals following BDL, we next performed
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immunohistochemistry for activated caspase 3/7. Immunoreactive product was readily
identified in liver tissues from wild-type mice following BDL, but not in sham-operated wild-
type (Fig. 2b) and hMcl-1 Tg controls (not shown). Consistent with results from the TUNEL
assay, BDL wild-type animals demonstrated numerous caspase 3/7-positive hepatocytes versus
sham-operated controls (Fig. 2b). Caspase 3/7-positive cells were also significantly reduced
in BDL hMcl-1 Tg mice as compared to wild-type animals. Taken together, these data
demonstrate that overexpression of hMcl-1 is cytoprotective and attenuates hepatocyte
apoptosis in BDL mice.

The pro-apoptotic transmembrane protein Bak participates in apoptosis by promoting
mitochondrial permeabilization and release of cytochrome c upon a death-inducing stimulus
[23]. Indeed, Mcl-1 is thought to counteract the effects of pro-apoptotic Bcl-2 family proteins
by its action at the mitochondrial membrane to prevent permeabilization [36]. Thus, we
investigated the activation of Bak after BDL injury by immunofluorescence for the N-terminal
domain of Bak. Under basal conditions (i.e., sham-operated wild-type), the Bak N-terminus is
not accessible to antibody interaction due to its location within the protein. However, upon
activation, Bak undergoes a conformational change that exposes the N-terminus to antibody
interaction. We observed that experimental cholestasis was associated with increased Bak N-
terminal immunoreactivity in wild-type mice which was significantly reduced in hMcl-1 Tg
mice following BDL (Fig. 2c). These observations are consistent with Bak activation in
obstructive cholestasis by a Mcl-1 regulated process.

Liver Injury is Significantly Reduced in hMcl-1 Tg Mice Following BDL
To further examine the ability of Mcl-1 to attenuate liver injury following BDL,
histopathological examination of liver specimens was performed along with determinations of
serum ALT values. Histopathology from 7-day BDL wild-type mice displayed severe
cholestatic hepatitis with widespread bile infarcts—a pathognomonic feature of large bile duct
obstruction—along with bile ductular proliferation, portal edema, and hepatocellular damage.
The cholestatic hepatitis of liver injury was again markedly reduced in specimens from hMcl-1
Tg animals following 7 days of BDL. These animals displayed almost intact liver morphology
(Fig. 3a). In addition, bile infarcts were less evident in BDL hMcl-1 Tg mice (Fig. 3b). A
significant reduction in serum ALT values in hMcl-1 Tg animals was also observed 7 days
following BDL as compared to wild-type mice (Fig. 3c). Differences in liver injury could not
be ascribed to differences in experimental cholestasis because total bilirubin levels in BDL
mice were almost identical indicating similar cholestatic effects of the BDL between both
mouse strains (Fig. 3d, P = NS). Thus, these data suggest that overexpression of hMcl-1 protein
is hepatoprotective during murine obstructive cholestasis.

Markers of Hepatic Fibrogenesis Are Attenuated in hMcl-1 Tg Animals Following BDL for 14
days

If the reduction of liver injury in hMcl-1 Tg mice is significant, it should also translate into
reduced hepatic fibrosis—a sequela of liver damage. Because hepatic myofibroblasts are the
principal cell type responsible for collagen deposition in the liver [37,38], we next quantified
transcripts indicative of myofibroblast activation by quantitative real time-PCR. After 14 days
of BDL, mRNA for α-smooth muscle actin, a cardinal marker for stellate cell activation, was
increased 11-fold in wild-type as compared to sham-operated wild-type and hMcl-1 Tg mice.
More importantly, the transcript for α-SMA was significantly reduced in BDL hMcl-1 Tg
animals (Fig. 4a). Consistent with the mRNA data, α-SMA immunoreactivity was also
increased in the sinusoids of BDL wild-type mice but markedly reduced in BDL hMcl-1 Tg
mice (Fig. 4b). To ascertain if stellate cell activation was also associated with enhanced hepatic
fibrogenesis, mRNA for hepatic collagen 1α (I) was quantified. Indeed, collagen 1α (I) mRNA
expression was increased 12-fold in BDL wild-type versus sham-operated wild-type or hMcl-1
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Tg mice, while hMcl-1 Tg animals showed a more modest (5-fold) increase in collagen 1α (I)
mRNA following BDL for 14 days (Fig. 4c). Hepatic collagen protein deposition was further
identified in liver specimens by Sirius red staining (Fig. 4d) and subjected to quantitative
morphometry as previously described by us in detail [31]. Collagen staining by Sirius red was
also significantly reduced in BDL hMcl-1 Tg versus BDL wild-type mice (Fig. 4d).
Collectively, these data suggest that following bile duct ligation for 14 days, stellate cell
activation and hepatic fibrogenesis are attenuated in BDL hMcl-1 Tg mice, likely secondary
to the reduced liver injury observed in this mouse strain.

Survival of hMcl-1 Tg Animals Is Enhanced Following BDL
Given that liver injury and fibrosis are significantly reduced in BDL hMcl-1 Tg mice, we
reasoned that animal survival may be enhanced. Animal survival is likely influenced by the
magnitude of the initial insult, including hepatocyte apoptosis, as well as the fibrotic response,
in addition to more generalized physiologic insult resulting from the complete ligation of the
common bile duct. Therefore, in our final study, we examined overall animal survival after
BDL. By day 14 after BDL, 80% of the hMcl-1 Tg animals were still alive compared to only
20% in the wild-type animal group (Fig. 5). The observation that maximal cholestatic liver
injury is followed by impaired survival is consistent with prior experience in this model and
suggests that death is multifactorial and liver injury only one component of the lethal insult.
However, as hMcl-1 expression reduces apoptotic liver injury and fibrosis, hepatoprotection
likely, in part, contributes to the improved animal survival. Taken together, this study clearly
demonstrates that during cholestasis, overexpression of hMcl-1 exerts an important pro-
survival effect. Given that hMcl-1 expression is not liver-specific, the organ-specific effects
responsible for enhanced animal survival can not be specifically delineated.

Discussion
The results of this study pertain to the ability of Mcl-1 to modulate cholestatic liver injury in
obstructive murine cholestasis following BDL. Following BDL of wild-type mice, there is
extensive liver injury, as determined by serum transaminase levels, Bak activation, caspase-3/7
activation, and hepatocyte apoptosis. The data demonstrate that transgenic expression of the
human Mcl-1 protein is sufficient to attenuate these markers of hepatocyte apoptosis and liver
injury, as well as subsequent hepatic fibrosis in this model. These data further provide a link
between hepatocyte apoptosis and liver injury during cholestasis. In addition, the data suggest
that enhanced Mcl-1 expression may be salutary in cholestatic liver diseases and provide new
information regarding the pro-survival effects of Mcl-1 during obstructive cholestasis. Each
of these findings will be discussed in below in greater detail.

In the current study, we demonstrated that mice transgenic for hMcl-1 exhibited reduced
hepatocyte apoptosis and liver injury following 7 days of BDL. Hepatocyte growth factor and
constitutive androstane receptor-stimulated Mcl-1 expression have been shown to block acute
Fas-mediated liver injury [29,39]. Moreover, Mcl-1 binding and sequestering of truncated Bid
in death-receptor mediated-apoptosis has also been reported [15]. Our present data extend these
observations by demonstrating hMcl-1 cytoprotection during a subacute disease model of
death-receptor-mediated liver injury, obstructive cholestasis. Activation of the mitochondrial
apoptotic program is necessary for death-receptor mediated cell death of type II cells, such as
hepatocytes [40]. The mechanism of protection afforded by Mcl-1 is likely due to inhibition
of mitochondrial Bak activation. Cytoprotection by the antiapoptotic protein hMcl-1 is
consistent with a predominant role for apoptosis in liver injury during obstructive cholestasis,
and is consistent with apoptosis by death receptors.

Hepatic fibrosis is mediated by activation of HSC which transdifferentiate into myofibroblasts
and secrete collagen type I and III, which are the collagens responsible for liver fibrosis.
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Additionally, portal mesenchymal cells likely contribute significantly to fibrosis [38]. Fibrosis
is increasingly recognized as a dynamic process, where hepatocyte injury and death induce
activation of HSC causing fibrosis which is reversible upon apoptotic removal of
myofibroblasts. Indeed, induction of HSC apoptosis by gliotoxin or sulfasalazine reduces
hepatic fibrosis, while myofibroblast overexpression of the antiapoptotic protein Bcl-2
promotes hepatic fibrogenesis [41,42]. Thus, transgenic expression of hMcl-1 could have
opposing effects on fibrosis; potentially promoting fibrosis by maintaining the viability of
activated myofibroblasts, or on the contrary, hMcl-1 expression may protect from fibrosis by
mitigating the fibrogenic stimulus, hepatocyte injury, and apoptosis. The reduced hepatic
fibrosis is best explained by the observed reduction in hepatocyte apoptosis in hMcl-1 mice.

Hepatocyte apoptosis can activate myofibroblasts by two potential mechanisms. The cellular
remnants of apoptotic hepatocytes can be phagocytosed by either Kupffer and/or stellate cells
[43,44]. This phagocytic process activates both cell types. Kupffer cell engulfment of apoptotic
bodies results in expression of TGF-β, a profibrogenic cytokine that activates stellate cells by
a paracrine mechanism [45]. Alternatively, phagocytosis of apoptotic bodies directly by stellate
cells also results in their expression of TGF-β which, in a cell autonomous manner, may drive
activation by an autocrine process [44]. Either cellular mechanism could account for the
reduction of hepatic fibrosis afforded by inhibition of hepatocyte apoptosis in the current study.
Taken together, the current data provide further evidence of a mechanistic link between
hepatocyte apoptosis and liver fibrosis.

Compared to other anti-apoptotic Bcl-2 family proteins, Mcl-1 is unique because of rapid and
robust regulation of its mRNA and protein expression. Mcl-1 is rapidly inducible by
transcription factors such as STAT3 and NF-κB, translation is regulated by miRNA and ERK
1/2 signaling pathways, and post-translationally it is regulated by phosphorylation and
ubiquitinylation [46–52]. These multiple levels of regulation render cellular Mcl-1 protein
levels susceptible to pharmacologic manipulation. For example, a constitutive androstane
receptor agonist, proteasome inhibitors, and glycogen synthase kinase-3 inhibitors increase
cellular protein levels of Mcl-1 [29,51]. In this regard, it may be possible to increase hepatic
Mcl-1 levels to minimize liver injury and fibrosis in cholestatic syndromes. This
hepatoprotective strategy merits further examination.

Abbreviations

ALT Alanine aminotransferase

AST Aspartate aminotransferase

α-SMA α-Smooth muscle actin

BDL Bile duct ligation/–ligated

hMcl-1 Human myeloid cell leukemia-1

HSC Hepatic stellate cell

Tg Transgenic

TUNEL Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling

wt Wild-type
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Fig. 1.
Protein expression of apoptosis effectors is similar between the different mouse genotypes
under basal conditions. Aliquots of 50 µg of hepatic protein were subjected to SDS-PAGE and
Western-blot analyses using antiserum to the indicated proteins. Note the expected increase in
Mcl-1 signal in the hMcl-1 Tg sample. The depicted blots are representative of five separate
experiments. γ-Tubulin was used as control for protein loading
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Fig. 2.
Hepatocyte apoptosis is reduced in hMcl-1 Tg mice after 7 days of BDL. a The number of
TUNEL-positive cells was quantitated and expressed as apoptotic cells/10 high-power fields
(hpf). Data are from ten independent animals per group and are expressed as the mean ±
standard error. b Immunofluorescence for the neo-epitope of activated caspase 3/7 was
performed. Cells were considered positive if staining was clearly intracellular, which is
consistent with a cytoplasmic location of caspase 3/7. Occasional fluorescence in the sinusoids
was not counted and appeared to reflect an artifactual signal from erythrocytes. Data points
represent experiments from ten independent animals and bars are expressed as the mean ±
standard error. c Bak N-terminal immunoreactivity was visualized by immunofluorescence
and quantitated from three animals per group, mean ± standard error; *P < 0.05 by ANOVA
for wt versus hMcl-1 Tg mice following BDL
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Fig. 3.
Liver injury is attenuated in hMcl-1 Tg mice after BDL. Wild-type and hMcl-1 Tg mice were
subjected to common bile duct ligation. On day 7 post-surgery, mice were sacrificed to obtain
liver and serum samples for histological examination and determination of liver enzymes and
bilirubin levels. a Representative photomicrographs of conventional H&E-stained liver
sections are shown (magnification 20×). Liver specimens of wild-type BDL mice displayed
significant and extensive hepatocyte injury with bile infarcts, bile duct proliferation and portal
edema. b Bile infarcts (confluent foci of hepatocyte feathery degeneration caused by bile acid
cytotoxicity) were quantified in wild-type and hMcl-1 Tg mice following BDL, expressed as
number per low-power field (lpf). c Serum ALT values were measured 7 days after BDL. d
Serum total bilirubin determinations were quantified 7 days after BDL. Data are from ten
independent animals and expressed as mean ± standard error, *P < 0.05 (by ANOVA) for wt
versus hMcl-1 Tg mice following BDL
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Fig. 4.
Hepatic fibrosis is reduced in hMcl-1 Tg animals 14 days post-BDL. a α-SMA and collagen
1α (I) mRNA expression, markers for stellate cell activation and hepatic fibrogenesis were
quantified by real time-PCR. Data were obtained from ten independent animals and expressed
as mean ± standard error (*P < 0.05 by ANOVA). b Photomicrographs after
immunohistochemistry for α-SMA following BDL of 14 days are depicted. c Expression of
collagen 1α (I) mRNA was quantified by real time-PCR 14 days after BDL (*P < 0.05 by
ANOVA, n = 10 for each group). d Sirius red staining, a chemical stain of collagen deposition
in the liver, was performed 14 days after BDL. Collagen fibers stained with Sirius red were
quantitated using digital image analysis. Representative photomicrographs of liver sections
from each mouse strain are depicted (magnification by light microscopy 40×; *P < 0.05 by
ANOVA, n = 10 for each group)
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Fig. 5.
Animal survival following BDL is enhanced in hMcl-1 Tg animals. Ten animals per group
were subjected to BDL and observed 14 days post-operatively
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