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The Bcl-2 Homology Domain 3 (BH3)-only Proteins Bim and
Bid Are Functionally Active and Restrained by Anti-apoptotic
Bcl-2 Family Proteins in Healthy Liver™
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Background: A fine balance between the anti- and pro-apoptotic multidomain Bcl-2 family proteins controls hepatocyte

apoptosis in the healthy liver.

Results: Disruption of the BH3-only proteins Bim and Bid prevents spontaneous hepatocyte apoptosis in the absence of

anti-apoptotic Bcl-2 family proteins.

Conclusion: Hepatocyte integrity is maintained by the well orchestrated Bcl-2 network.
Significance: We demonstrated the novel involvement of BH3-only proteins in the healthy Bcl-2 network of the liver.

An intrinsic pathway of apoptosis is regulated by the B-cell
lymphoma-2 (Bcl-2) family proteins. We previously reported
that a fine rheostatic balance between the anti- and pro-apo-
ptotic multidomain Bcl-2 family proteins controls hepatocyte
apoptosis in the healthy liver. The Bcl-2 homology domain 3
(BH3)-only proteins set this rheostatic balance toward apopto-
sis upon activation in the diseased liver. However, their involve-
ment in healthy Bcl-2 rheostasis remains unknown. In the pres-
ent study, we focused on two BH3-only proteins, Bim and Bid,
and we clarified the Bcl-2 network that governs hepatocyte life
and death in the healthy liver. We generated hepatocyte-specific
Bcl-xL- or Mcl-1-knock-out mice, with or without disrupting
Bim and/or Bid, and we examined hepatocyte apoptosis under
physiological conditions. We also examined the effect of both
Bid and Bim disruption on the hepatocyte apoptosis caused by
the inhibition of Bcl-xL and Mcl-1. Spontaneous hepatocyte
apoptosis in Bcl-xL- or Mcl-1-knock-out mice was significantly
ameliorated by Bim deletion. The disruption of both Bim and
Bid completely prevented hepatocyte apoptosis in Bcl-xL-
knock-out mice and weakened massive hepatocyte apoptosis via
the additional iz vivo knockdown of mcl-1 in these mice. Finally,
the hepatocyte apoptosis caused by ABT-737, which is a Bcl-xL/
Bcl-2/Bcl-w inhibitor, was completely prevented in Bim/Bid
double knock-out mice. The BH3-only proteins Bim and Bid are
functionally active but are restrained by the anti-apoptotic Bcl-2
family proteins under physiological conditions. Hepatocyte
integrity is maintained by the dynamic and well orchestrated
Bcl-2 network in the healthy liver.

Apoptosis via the intrinsic pathway, which is known as the
mitochondrial pathway, is regulated by Bcl-2 family members.
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These members are divided into two groups as follows: core
Bcl-2 family proteins, which possess three or four Bcl-2 homol-
ogy domains (BH1-BH4)? and the Bcl-2 homology domain 3
(BH3)-only proteins (1). The former, which are multidomain
proteins, are subdivided into pro- and anti-apoptotic proteins.
Pro-apoptotic core Bcl-2 family members, such as Bax and Bak,
serve as effector molecules of this apoptotic machinery. Upon
activation, these members can form pores to permeabilize the
mitochondrial outer membrane. Apoptogenic factors, such as
cytochrome ¢, can then be released through this membrane into
the cytosol, leading to the activation of the caspase cascade and
to cellular demise (2). Anti-apoptotic core Bcl-2 family mem-
bers, including Bcl-2, Bel-xL, Mcl-1, Bcl-w, and Bfl-1/A1,
inhibit the intrinsic pathway of apoptosis by either directly or
indirectly antagonizing Bak/Bax activity (3-5). In the original
rheostasis model, cellular life and death are regulated by a bal-
ance between these anti- and pro-apoptotic core Bcl-2 family
proteins (6). We previously reported that the hepatocyte-spe-
cific deletion of the bcl-x gene resulted in spontaneous hepato-
cyte apoptosis, and this effect could be completely prevented by
the additional deletion of the bak and bax genes (7). These
findings elucidated the importance of the rheostatic balance of
the core Bcl-2 family proteins in controlling hepatocyte apo-
ptosis in the healthy liver.

The BH3-only proteins, which include at least eight mem-
bers, are considered to function as pro-apoptotic sensors, and
these proteins set this rheostatic balance toward apoptosis
upon activation by a variety of apoptotic stimuli (8, 9). It has
been reported that hepatocyte apoptosis through the activation
of these BH3-only proteins is involved in the pathophysiology
of various liver diseases (10-12). Alternatively, we previously
reported that the slight activation of Bid, which can trigger he-
patocyte apoptosis, occurs even in the healthy liver and that the
inactivation of Bid partially ameliorated spontaneous hepato-

2 The abbreviations used are: BH1-BH4, Bcl-2 homology domains 1-4; SCID,
severe combined immune deficiency; ALT, alanine aminotransferase.
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cyte apoptosis in Bcl-xL- or Mcl-1-knock-out mice (7, 13). In
the present study, we focused on another BH3-only protein,
Bim, which promotes hepatocyte apoptosis upon activation by
free fatty acids or by reactive oxygen species in pathological
settings, and we further clarified the orchestration of the Bcl-2
network, which governs hepatocyte life and death in the phys-
iological state (10, 11, 14, 15). We found that the disruption of
Bim ameliorated hepatocyte apoptosis in Bcl-xL- or Mcl-1-
knock-out mice, indicating the involvement of Bim in this he-
patocyte apoptosis machinery in the healthy liver as well as that
of Bid. Additionally, the deletion of both Bim and Bid prevented
the massive hepatocyte apoptosis caused by the inhibition of
both Bcl-xL and Mcl-1, suggesting that Bim and Bid are func-
tionally active in the healthy liver and are essential regulators
for promoting the intrinsic pathway of apoptosis in hepatocytes
in the absence of anti-apoptotic Bcl-2 family proteins. Our
present study unveiled the fine and dynamic Bcl-2 networks,
the orchestration of which determines hepatocyte life and
death in the healthy liver.

EXPERIMENTAL PROCEDURES

Mice—Mice carrying a bcl-x gene with two loxP sequences at
the promoter region and a second intron (bcl-%"*7%), mice
carrying an mcl-1 gene encoding amino acids 1-179 flanked by
two loxP sequences, and heterozygous alb-cre transgenic mice
expressing the Cre recombinase gene under regulation of
the albumin gene promoter have been described previously
(16 -18). Hepatocyte-specific Bel-xL-knock-out mice (bcl-
K1 xglb-cre) (17), hepatocyte-specific Mcl-1-knock-out
mice (bcl-#"*"*qlb-cre) (13), systemic Bid-knock-out mice
(bid ™) (12), and Bcl-xL/Bid double knock-out mice (bid ™'~ bcl-
KT Moxglb-cre) (7) have also been described previously. We
purchased C57BL/6] mice from Charles River (Osaka, Japan),
systemic Bim-knock-out mice (bim~'~) from the Jackson Lab-
oratory (Bar Harbor, ME), and NOD/ShiJic-scid Jcl mice from
Clea Japan Inc. (Osaka, Japan). We generated Bcl-xL/Bim dou-
ble knock-out mice (bim™'~bcl-&"*"%glb-cre), Mcl-1/Bim
double knock-out mice (bim ™'~ mcl- V"% 4]b-cre), Bel-xL/
Bim/Bid triple knock-out mice (bim ™'~ bid ™'~ bel-#"*"*qlb-
cre), and Bim/Bid double knock-out mice (bim ™' ~bid~'~) by
mating the strains. We generated mice with a hepatocyte-
specific deletion of Mcl-1 and homozygote severe combined
immune deficiency (SCID) mutations (#cl- 2"/ prikdc*“*q]p-
cre) by mating hepatocyte-specific Mcl-1-knock-out mice (bcl-
#o*o%g[h_cre) and NOD/ShiJic-scid Jcl mice. Genotyping of
prkdc™™ gene mutation was performed by the PCR-confront-
ing two-pair primer (PCR-CTPP) method reported previously
(19). The mice were maintained in a specific pathogen-free
facility and were afforded humane care under approval from
the Animal Care and Use Committee of Osaka University Med-
ical School.

Histological Analyses—Liver sections were stained with
hematoxylin and eosin (H&E). To detect apoptotic cells, the
liver sections were also subjected to staining by terminal de-
oxynucleotidyltransferase-mediated deoxyuridine triphos-
phate nick-end labeling (TUNEL) according to a procedure
reported previously (20). For immunohistochemical detection
of cleaved caspase-3, the liver sections were incubated with the
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polyclonal rabbit anti-cleaved caspase-3 antibody (Cell Signal-
ing Technology, Beverly, MA) according to a procedure
reported previously (20). (

Caspase-3/7 Activity—Serum caspase-3/7 activity was meas-
ured by a luminescent substrate assay for caspase-3 and
caspase-7 (Caspase-Glo assay, Promega) according to the man-
ufacturer’s protocol.

Western Blot Analysis—Liver tissue was lysed in lysis buffer
(1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 1X
protein inhibitor mixture (Nacalai tesque, Kyoto, Japan), 1X
phosphatase inhibitor mixture (Nacalai tesque), and phos-
phate-buffered saline, pH 7.4). The liver lysates were cleared by
centrifugation at 10,000 X g for 15 min at 4 °C. The protein
concentrations were determined using a bicinchoninic acid
protein assay kit (Pierce). The protein lysates were electropho-
retically separated with SDS-polyacrylamide gels and were
transferred onto a polyvinylidene fluoride membrane. For
immunodetection, the following antibodies were used: a rabbit
polyclonal antibody to Bel-xL (Santa Cruz Biotechnology, Inc.),
a rabbit polyclonal antibody to Bid, a rabbit polyclonal antibody
to Bax, a rabbit polyclonal antibody to cleaved caspase-3, a rab-
bit polyclonal antibody to cleaved caspase-7, arabbit polyclonal
antibody to Puma (Cell Signaling Technology, Beverly, MA), a
rabbit monoclonal antibody to Bad, a rabbit polyclonal anti-
body to Noxa (Abcam, Cambridge, MA), a rabbit polyclonal
antibody to Bak (Millipore, Billerica, MA), a rabbit poly-
clonal antibody to Bim (Enzo Life Sciences Inc., Farm-
ingdale, NY), a rabbit polyclonal antibody to Mcl-1 (Rock-
land, Gilbertsville, PA), and a mouse monoclonal antibody to
B-actin (Sigma-Aldrich).

Real-time Reverse Transcription Polymerase Chain Reaction
(Real-time RT-PCR) for mRNA—Total RNA was extracted
from liver tissues using an RNeasy minikit (Qiagen, Valencia,
CA), was reverse-transcribed, and was subjected to real-time
RT-PCR as described previously (21). The mRNA expression of
specific genes was quantified using TagMan gene expression
assays (Applied Biosystems, Foster City, CA) as follows: murine
bcl2l11 (assay ID: MmO00437796_ml), murine fas (assay ID:
Mm01204974_ml), murine bik (assay ID: Mm00476123_
m1l), murine hrk (assay ID: Mm01208086_m1), murine bmf
(assay ID: Mm00506773_m1), and murine actb (assay ID:
Mm02619580_g1 or Mm00607939_s). The transcript levels
are presented as -fold inductions.

SiRNA-mediated in Vivo Knockdown—The hepatocyte-
specific Bcl-xL-knock-out mice (bel-a""*""*aqlb-cre) and the
Bcl-xL/Bim/Bid triple knock-out mice (bim ™' ~bid™' " bcl-
a1 xg1h-cre) were injected with 5 mg/kg in vivo grade
siRNA against mcl-1 (MSS275671_eON), which was mixed
with Invivofectamine (Invitrogen), via the tail vein according
to the manufacturer’s protocol. The mice were sacrificed and
examined as indicated by the time courses. The Stealth RNAi
negative control with low GC content (Invitrogen) was used
as the control.

In Vivo ABT-737 Experiment—ABT-737 was dissolved in a
mixture of 30% propylene glycol, 5% Tween 80, and 65% D5W
(5% dextrose in water) with pH 4-5. ABT-737 (100 mg/kg) was
intraperitoneally administered to the Bim/Bid double knock-
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out mice (bim~'"bid™'") or to the Bid-knock-out mice
(bid ™’ 7). The mice were sacrificed and examined 6 h later.

Statistical Analysis—All of the data are expressed as means =
S.D. unless otherwise indicated. Statistical analyses were per-
formed using an unpaired Student’s £ test or a one-way analysis
of variance unless otherwise indicated. When the analyses of
variance were applied, the differences in the mean values
among the groups were examined by Scheffe’s post hoc correc-
tion unless otherwise indicated. p < 0.05 was considered statis-
tically significant.

RESULTS

The Disruption of Bim Alleviated Spontaneous Hepatocyte
Apoptosis in Hepatocyte-specific Bcl-xL-knock-out Mice—To
investigate the involvement of the BH3-only protein Bim in the
hepatocyte apoptosis caused by Bcl-xL deficiency, hepatocyte-
specific Bel-xL-knock-out mice (bcl-#"alb-cre) were mated
with systemic Bim-knock-out mice (bim~'~). Offspring from
the mating of bim ™'~ bel-¥""alb-cre mice and bim ™'~ bcl-+""
mice were examined at 6 weeks of age. A Western blot study
confirmed the disappearance of both Bcl-xL and Bim protein
expression in the liver tissue of the double knock-out mice
(bim ™'~ bel-¥""alb-cre) (Fig. 1A). In agreement with our previ-
ous report (7, 17), H&E staining of the liver sections showed an
increase in the number of hepatocytes, with chromatin conden-
sation and cytosolic shrinkage in the liver lobules of the Bel-xL-
knock-out mice (Fig. 1B). The staining also showed a significant
increase in TUNEL-positive cells and cleaved caspase-3-posi-
tive cells in the liver (Fig. 1, B~D). Consistent with these histo-
logical observations, the levels of serum caspase-3/7 activity
and serum alanine aminotransferase (ALT), which can be used
as indicators of hepatocyte apoptosis (22, 23), were significantly
higher in the Bcl-xL-knock-out mice than in their wild-type
littermates (Fig. 1, E and F). Additionally, cleaved caspse-3 and
-7 were detected in the livers of the Bcl-xL-knock-out mice by
Western blotting (Fig. 14). All of these findings indicated spon-
taneous hepatocyte apoptosis in these mice. Bim-knock-out
mice did not show any phenotypes in the liver under physiolog-
ical conditions (Fig. 1, B—F). Alternatively, the disruption of
Bim significantly improved all of the parameters that are indic-
ative of hepatocyte apoptosis in Bcl-xL-knock-out mice, includ-
ing the TUNEL-positive cell counts, cleaved caspase-3-positive
cell counts, serum ALT levels, and serum caspase-3/7 activity
(Fig. 1, B-F). These findings clearly demonstrated that Bim was
involved in the hepatocyte apoptosis caused by Bcl-xL disrup-
tion. It should be noted that the gene and protein expression
levels of Bim were not different between the Bcl-xL-knock-out
mice and their wild-type littermates (Fig. 1, A and G), indicating
that the Bim expression levels observed in the healthy liver
could induce hepatocyte apoptosis in the absence of the Bcl-2
family proteins.

The Disruption of Bim Alleviated Spontaneous Hepatocyte
Apoptosis in Hepatocyte-specific Mcl-1-knock-out Mice—Of
the five members of the anti-apoptotic Bcl-2 family proteins, we
previously reported that Mcl-1 and Bcl-xL played a pivotal anti-
apoptotic role in maintaining hepatocyte integrity in the
healthy liver (13). We thus examined the role of Bim in the
hepatocyte apoptosis caused by Mcl-1 deficiency. We gener-
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ated Mcl-1/Bim double knock-out mice (bim ™'~ mci- V" 4lb-
cre) by mating the hepatocyte-specific Mcl-1-knock-out mice
(mcl-P"alb-cre) with the systemic Bim-knock-out mice
(bim™'7). A Western blot study confirmed the disappearance
of both Mcl-1 and Bim protein expression in the liver tissue of
the double knock-out mice (bim '~ mcl- ¥""alb-cre) (Fig. 2A).
Consistent with our previous report (13), hepatocyte-specific
Mcl-1-knock-out mice showed apoptosis phenotypes very sim-
ilar to those of the Bcl-xL-knock-out mice, as assessed by
TUNEL staining (Fig. 2, B and C), cleaved caspase-3 staining
(Fig. 2, Band D), serum caspase-3/7 activity (Fig. 2E), and serum
ALT levels (Fig. 2F). In contrast, Mcl-1/Bim double knock-out
mice showed significant improvement in these parameters (Fig.
2, B-F), indicating that Bim is also involved in the hepatocyte
apoptosis induced by the disruption of Mcl-1.

The Disruption of Bim and Bid Prevented Spontaneous Hepato-
cyte Apoptosis in Hepatocyte-specific Bcl-xL-knock-out Mice—
We previously reported that a small amount of Bid, which is
another BH3-only protein, was constitutively active and was
involved in the spontaneous hepatocyte apoptosis in Bcl-xL- or
Mcl-1-knock-out mice (7, 13). We thus examined whether
these BH3-only proteins redundantly or cooperatively pro-
moted hepatocyte apoptosis in the absence of Bcl-xL. To this
end, Bim/Bid/Bcl-xL triple knock-out mice (bim ™'~ bid ™'~ bcl-
*#"alb-cre) were generated by mating the Bim/Bcl-xL double
knock-out mice (bim ™'~ bcl-x""alb-cre) with the Bid/Bcl-xL
double knock-out mice (bid ™'~ bcl-¥""alb-cre). The offspring
from the mating of bim ™'~ bid—/—bcl-x""alb-cre mice with
bim™' " bid™'~ bel-#"" mice were examined at 6 weeks of age. A
Western blot study confirmed that Bcl-xL, Bid, and Bim protein
expression disappeared from the liver tissue of the triple knock-
out mice (bim '~ bid~'" bcl-+™"alb-cre) (Fig. 3A). Liver sec-
tions of the Bim/Bid/Bcl-xL triple knock-out mice were histo-
logically normal compared with those of the Bid/Bcl-xL double
knock-out mice (bim™' " bid™'" bcl-x""alb-cre), which still
contained some hepatocytes with apoptotic morphologies (Fig.
3B). Both the number of TUNEL-positive cells and the serum
caspase-3/7 activity in the triple knock-out mice were significantly
lower than those in the Bid/Bcl-xL double knock-out mice and did
not differ from their control Bid-knock-out or Bim/Bid double
knock-out littermates (Fig. 3, B-D). Moreover, in contrast to the
mild elevation of serum ALT levels in the Bid/Bcl-xL double
knock-out mice, the levels in the triple knock-out mice were com-
pletely normal (Fig. 3E). These findings demonstrated that hepa-
tocyte apoptosis in the absence of Bcl-xL was completely depend-
ent on these two BH3-only proteins.

Bim and Bid Are Essential Regulators for the Promotion of the
Intrinsic Pathway of Apoptosis in Hepatocytes in the Absence of
Anti-apoptotic Bcl-2 Family Proteins—We then attempted to
further examine the involvement of Bim and Bid in hepatocyte
apoptosis in the absence of both Bcl-xL and Mcl-1, which are
two major anti-apoptotic proteins in the liver. Because, as we
reported (13), the hepatocyte-specific Bcl-xL and Mcl-1 double
knock-out mice died within 1 day after birth due to impaired
liver development, we performed an siRNA-mediated in vivo
knockdown of mci-1 in the Bcl-xL-knock-out mice and in the
Bim/Bid/Bcl-xL triple knock-out mice. mcl-1 siRNA adminis-
tration efficiently reduced Mcl-1 protein expression in the liver
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FIGURE 1. The disruption of Bim alleviated spontaneous hepatocyte apoptosis in the absence of Bel-xL. A-F, the offspring from the mating of bimxbcl-
x"/foxglb-cre mice with bim = bcl-x"/°X mice were examined at 6 weeks of age. Bcl-xL*/* and Bcl-xL ™", bcl-x""* and bcl-x""**alb-cre, respectively. A,
Western blot analysis of whole liver lysates for the expression of Bimg,, Bid, Bcl-xL, Mcl-1, Bak, Bax, Noxa, Bad, Puma, cleaved caspase-3, cleaved caspase-7,and
B-actin. B, representative images for liver histology stained with hematoxylin-eosin (HE), TUNEL, and cleaved caspase-3 (original magnifications, X100 (large
panels) and X400 (insets)); black arrows indicate apoptotic bodies. C, TUNEL-positive cell ratio; n = 8 mice/group; *, p < 0.05 versus all. D, cleaved caspase-3-
positive cell ratio; n = 3 mice/group; *, p < 0.05 versus all. E, serum caspase-3/7 activity; n = 11 mice/group; *, p < 0.05 versus all. F, serum ALT levels; n = 13
mice/group; *, p < 0.05 versus all. G, offspring from the mating of bcl-x""*qalb-cre mice with bcl-x"*"* mice were examined at 6 weeks of age. Bcl-xL*/* and
Bcl-xL™', bcl-x"1x and bcl-x2/"*Xajb-cre, respectively. bim mRNA levels in the whole liver tissue were determined by real-time RT-PCR; n = 6 mice/group.

Error bars, S.D. RLU, relative light units; I/U, international units.

tissue of both mice (Fig. 44), but it caused severe liver injury
only in the Bcl-xL-knock-out mice (Fig. 4B) when assessed by
the H&E staining of liver sections. Notably, mcl-1 siRNA
administration caused massive hepatocyte apoptosis in the Bcl-
xL-knock-out mice, but this apoptosis was weakened in the
Bim/Bid/Bcl-xL triple knock-out mice, as evidenced by the
TUNEL staining of the liver sections, serum caspase-3/7 activ-
ity, and serum ALT levels (Fig. 4, C-E). In agreement with these
findings, mcl-1 siRNA treatment impaired the liver function of
the Bcl-xL-knock-out mice, as evidenced by an increase in the
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serum bilirubin levels, but not the liver function of the triple
knock-out mice (Fig. 4F). These findings demonstrated that the
massive hepatocyte apoptosis and liver failure caused by
decreases in these anti-apoptotic Bcl-2 family proteins were
dependent on Bid and Bim.

The Presence of Bim- and Bid-induced Constant BH3 Stress in
the Healthy Liver Causes Hepatotoxicity with the Use of Anti-
cancer Agents That Target the Anti-apoptotic Bcl-2 Family
Proteins—Recent advances in cancer therapy have enabled the
selective targeting of some anti-apoptotic Bcl-2 family proteins,
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FIGURE 2. The disruption of Bim alleviated spontaneous hepatocyte apoptosis in the absence of Mcl-1. The offspring from the mating of bim™ ~mc/-
17x/fioXgjb-cre mice with bim ™/~ mcl-17°/"°* mice were examined at 6 weeks of age. Mcl-17/* and Mcl-17/~, mcl-170* and mcl-17°/"*alb-cre, respectively. A,
Western blot analysis of whole liver lysates for the expression of Bimg,, Bid, Bcl-xL, Mcl-1, Bak, Bax, cleaved caspase-3, cleaved caspse-7, and B-actin. B,
representative images for liver histology stained with hematoxylin-eosin (HE), TUNEL, and cleaved caspase-3 (original magnification, X 100). C, TUNEL-positive
cellratio; n = 3—-6 mice/group; * p < 0.05 versus all. D, cleaved caspase-3-positive cell ratio; n = 3 mice/group; *, p < 0.05 versus all. E, serum caspase-3/7 activity;
n = 9-15 mice/group; *, p < 0.05 versus all. F, serum ALT levels; n = 9-15 mice/group; *, p < 0.05 versus all. Error bars, S.D. RLU, relative light units; I/U,

international units.

which are often dysregulated in malignant cells. ABT-737,
which is a BH3 mimetic, could inhibit Bcl-xL, Bcl-2, and Bcl-w,
and it has induced the regression of solid tumors (23). We
previously reported that high dose ABT-737 administration
caused hepatocyte apoptosis even in a normal liver, which was
partly due to constitutive Bid-mediated BH3 stress (7). This
finding led us to investigate the involvement of Bim and Bid
in this ABT-737-mediated hepatotoxicity. Bim/Bid double

pCEVON
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knock-out mice (bim™'"hid™'") were generated by mating
Bim knock-out mice (bim™’7) with Bid knock-out mice
(bid™'7), and the offspring were then treated with this drug.
Western blot analysis confirmed the efficient deletion of Bim
and Bid from the liver tissue of the double knock-out mice (Fig.
5A). Upon ABT-737 treatment, the Bim/Bid double knock-out
mice showed complete prevention of ABT-737-induced hepa-
tocyte apoptosis and hepatotoxicity (Fig. 5, B-F), in sharp con-
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FIGURE 3. The disruption of Bim and Bid prevented spontaneous hepatocyte apoptosis in the absence of Bcl-xL. The offspring from the mating of
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xfloxtiexqib.cre, respectively. A, Western blot analysis of whole liver lysates for the expression of Bimg,, Bid, Bcl-xL, Mcl-1, Bak, Bax, and S-actin. 8, representative
images of liver histology stained with hematoxylin-eosin (HE) and TUNEL (original magnifications, X100 (large panels) and X400 (insets)). Black arrows indicate
apoptotic bodies. C, TUNEL-positive cell ratio; more than 5 mice/group; *, p < 0.05 versus all. D, serum caspase-3/7 activity; more than 6 mice/group; *, p < 0.05
versus all. E, serum ALT levels; more than 6 mice/group; ¥, p << 0.05 versus all. Error bars, S.D. RLU, relative light units; /U, international units.

trast to their Bid-knock-out littermates, which still showed
moderate hepatocyte apoptosis (Fig. 5, C-E) and increased
serum ALT levels (Fig. 5F). These findings suggested that Bim-
and Bid-mediated constant BH3 stress evoked hepatotoxicity
by promoting the intrinsic pathway of apoptosis with the use of
the inhibitors of the Bcl-2 family.

DISCUSSION

At least eight BH3-only proteins are known, and five have
been reported to exist in hepatocytes: Bid, Bim, Noxa, Puma,
and Bad (22). We also confirmed these five proteins in the liver
tissue of our mice (Fig. 14), and we detected at least the mRNA
expression of three other genes (supplemental Fig. 1). These
proteins are considered to function as pro-apoptotic sensors
upon activation by a variety of apoptotic stimuli, thereby pro-
moting an intrinsic pathway of apoptosis in a manner that is
dependent on the presence of Bak and Bax. In previous studies,
bile acids or death receptor stimuli activated Bid and induced
liver injury, which was alleviated by Bid disruption (12, 22). Bim
activation was involved in hepatocyte lipoapoptosis, which is a
critical feature of non-alcoholic steatohepatitis, and in reactive
oxygen species-induced hepatocyte apoptosis (10, 11, 14).
Additionally, a recent in vivo study revealed that the activation
of Bid and Bim played a central pro-apoptotic role in fatal TNF-
a-induced hepatitis (24). Taken together, these findings indi-
cated the importance of these two BH3-only proteins in the
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pathogenesis of various liver diseases (12, 24, 25). Conversely,
the systemic knock-out of Bid or Bim in mice did not result in
any liver abnormalities under normal conditions; therefore,
there has not been much interest in studying their physiological
involvement in the healthy liver (12, 26). However, our present
study showed that spontaneous hepatocyte apoptosis in the
absence of Bcl-xL was alleviated by the deletion of either Bim or
Bid, and it was diminished by the deletion of both. These results
indicated that these BH3-only proteins are functionally active
even in the healthy liver, but they are fully restrained by the
anti-apoptotic Bcl-2 family proteins in the physiological state.
What type of stimuli constitutively activate these BH3-only
proteins remains unknown. The liver is a specific organ that can
be continuously exposed to a variety of stimuli, such as bile
acids and enteric endotoxin, as well as interactions with
immune cells. These stimuli might cause constitutive BH3-only
stress through the activation of death receptors, such as Fas,
tumor necrosis factor (TNF), and TNF-related apoptosis-in-
ducing ligand (TRAIL) receptors. To explore the involvement
of Fas signaling in generating this BH3-only stress, we studied
the effect of fas inhibition in the hepatocyte apoptosis induced
by the genetic disruption of Bcl-xL or ABT-737 administration.
siRNA-mediated in vivo knockdown of fas did not alleviate
their hepatocyte apoptosis (supplemental Fig. 2, B and D), sug-
gesting that Fas signaling may not be the origin of this BH3-only
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analysis of whole liver lysates for the expression of Bimg,, Bid, Bcl-xL, Mcl-1, Bak, Bax, and B-actin. B, representative images of liver histology stained with
hematoxylin-eosin (original magnifications, X100 (large panels) and X400 (insets)). C, representative images of liver histology stained with TUNEL (original
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stress. However, it should be noted here that siRNA adminis-
tration only decreased fas mRNA levels to around half (supple-
mental Fig. 2, A and C). Therefore, genetic study is still
necessary to clarify its involvement. In order to examine the
involvement of T and B cells, which comprise about 50% of
intrahepatic resident immune cells (27), in producing the BH3-
only stress in the healthy liver, we crossed hepatocyte-specific
Mcl-1 knock-out mice with homozygous SCID mutant mice,
which are characterized by an absence of functional T cells and
B cells (28). The spontaneous hepatocyte apoptosis of the Mcl-1
knock-out mice was unchanged even in the homozygous SCID

OCTOBER 18,2013 -VOLUME 288+ NUMBER 42

mutant background, monitored by serum ALT levels and
serumn caspase-3/7 activity (supplemental Fig. 3, A-D). These
data indicate that these immune cells are not the major source
of the BH3-only stress in the liver under physiological condi-
tions. Therefore, further study is required to identify the main
source of constitutive BH3-only stress in the healthy liver. We
previously reported that Mcl-1 and Bcl-xL individually worked
as apoptotic antagonists in differentiated hepatocytes (13).
However, the hepatocyte-specific deletion of both led to early
postnatal death due to the failure of hepatocyte development in
the fetal liver (13), thus hampering the clarification of their
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cooperative involvement in the adult liver. In the present study,
the combination of genetically engineered mice and in vivo
siRNA technology enabled the investigation of their coopera-
tive roles for the first time, and we found that the inhibition of
Mcl-1 caused sublethal liver injury with massive hepatocyte
apoptosis in Bcl-xL-knock-out mice. Meanwhile, we also found
that sublethal apoptosis was prevented in a Bim/Bid double
knock-out background, suggesting that, of the BH3-only
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proteins, Bim and Bid are important for activating the intrin-
sic pathway of hepatocyte apoptosis in the absence of anti-
apoptotic Bcl-2 family proteins. It would also be interesting
to determine whether other anti-apoptotic Bcl-2 family pro-
teins or BH3-only proteins are involved in this healthy Bcl-2
rheostasis.

The anti-apoptotic Bcl-2 family proteins are often dysregu-
lated in a variety of malignancies, and they have been recog-
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nized as important oncogenes (29). ABT-737, which was
recently developed to inhibit the Bcl-xL, Bcl-w, and Bcl-2 pro-
teins, displays anti-tumor activity against lymphoid malignan-
cies and small-cell lung carcinoma (23). These drugs were con-
sidered to selectively target tumor cells because malignant cells
receive many genotoxic and environmental stress-induced
BH3-only signals, so these cells are thus dependent on the anti-
apoptotic Bcl-2 family members for their survival. However, we
previously reported that the high-dose administration of ABT-
737 (100 mg/kg) elicited hepatotoxicity via Bak/Bax-dependent
apoptosis in normal hepatocytes (7), suggesting that depen-
dence on the anti-apoptotic Bcl-2 family proteins is not a specific
feature of tumor cells but is the case in healthy liver cells. In the
present study, we demonstrated that the disruption of Bim and
Bid completely prevented hepatocyte apoptosis and hepatotox-
icity induced by high dose ABT-737 (100 mg/kg), suggesting
that these proteins are responsible for this hepatotoxicity.
Meanwhile, although 25 mg/kg ABT-737, which is relatively
close to the clinical dose, caused moderate hepatocyte apopto-
sis, this apoptosis was completely blocked by Bid inhibition
(supplemental Fig. 4). Therefore, it is unclear whether both Bid
and Bim are truly involved in hepatotoxicity when using ABT-
737 at clinically relevant doses.

This study demonstrated that Bim was also involved in the
hepatocyte apoptosis caused by Mcl-1 deficiency in addition to
Bid, which was noted in our previous report (13). Several pre-
vious human studies have reported that Mcl-1 proteins were
down-regulated in the liver tissues of non-alcoholic steato-
hepatitis and primary biliary cirrhosis patients (30, 31), and
experimental studies have demonstrated that Mcl-1 down-reg-
ulation by saturated fatty acids caused hepatocyte lipoapopto-
sis, which plays an important role in the development of fatty
liver disease (32, 33). Taken together with our findings, these
reports suggest the possibility that Bim- and Bid-mediated con-
stant BH3 stresses might constitute therapeutic targets of the
hepatotoxicity observed in these human liver diseases.

In conclusion, we have demonstrated that the novel rheo-
static balance between the pro-apoptotic BH3-only proteins
Bim and Bid and the anti-apoptotic Bcl-2 family proteins Bcl-xL
and Mcl-1 regulates hepatocyte life and death in the physiolog-
ical state. Our present study sheds new light on the dynamic
and well orchestrated Bcl-2 networks in the healthy liver.
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Carbamazepine promotes liver regeneration and survival in mice
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Background & Aims: Carbamazepine (CBZ), a widely used anti-
convulsant and mood stabilizer, activates multiple proliferative
and pro-survival pathways. Here, we hypothesize that CBZ may
promote hepatocellular proliferation and ameliorate liver
regeneration.

Methods: C57BL6/] mice were orally administered CBZ or vehicle
and underwent a 70% partial hepatectomy (PHx), 85% PHx or
treatment with carbon tetrachloride (CCly). Liver regeneration
was determined by liver to body weight ratio, hepatocyte prolif-
eration markers, and activation of intracellular signalling
pathways.

Results: Two to 5 days after the 70% PHx, the liver to body weight
ratio was significantly higher in the CBZ-treated mice than in the
vehicle-treated mice. CBZ treatment upregulated the number of
proliferative hepatocytes following PHx or CCl, treatment, as
assessed by intrahepatic Ki-67 staining, BrdU uptake, and PCNA
protein expression. PHx surgery induced the expression of several
cyclins and activated Akt/mTOR signalling pathways, all of which
were enhanced by CBZ treatment. The administration of the mTOR
inhibitor temsirolimus abrogated the hepato-proliferative effect of
CBZ. CBZ treatment significantly improved the survival rate of the
mice that underwent lethal 85% massive hepatectomy.
Conclusions: CBZ demonstrated a novel hepato-proliferative
effect through the activation of the mTOR signalling pathway in
hepatectomised mice. CBZ has the potential to be a therapeutic
option for facilitating efficient liver regeneration in patients sub-
jected to liver surgery.
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Introduction

Hepatocyte proliferation is critically important in liver regenera-
tion after surgical resection or living donor transplantation. It
involves the recovery from loss of volume and impaired liver func-
tion [1-3]. If this fundamental proliferative ability is not sufficient
to compensate for the resected liver, postoperative liver failure will
occur, which is a serious complication and remains an important
clinical problem [4,5]. To overcome this issue, therapeutic meth-
ods that support liver regeneration must be explored. However,
few treatment options are capable of enhancing liver regeneration
in a clinical setting, despite widespread interest and numerous tri-
als [6,7]. Carbamazepine (CBZ)is FDA-approved and widely used as
an anticonvulsant or a mood stabiliser in clinical settings [8,9].
Mood stabilisers have been shown to exert prosurvival and cyto-
protective effects on neuronal cells through the activation of
intracellular signalling pathways that involve the phosphotidyli-
nositol-3 kinase (PI-3K)-Akt pathway and the Ras-mitogen-acti-
vated protein kinase (MAPK) cascade [10-12]. In fact, CBZ
induces a rapid and prolonged phosphorylation of extracellular
signal regulated kinase (ERK) in human neuroblastoma cells [13].
In addition to the close relationship of CBZ to prosurvival signal-
ling, a recent report revealed the therapeutic potential of CBZ in
treating liver fibrosis caused by o1-antitrypsin deficiency, one of
the chronic liver diseases leading to cirrhosis and liver failure
[14]. These findings fascinated us enough to encourage the evalu-
ation of the favourable effect of CBZ on liver regeneration after sur-
gical resection. In the present study, we identified a novel hepato-
proliferative effect of CBZ on hepatectomised mice thatis mediated
through the activation of the mTOR pathway. This effect could par-
tially protect the mice against the high lethality associated with
massive liver resection. These results imply the therapeutic poten-
tial of CBZ to support liver regeneration in patients who are sub-
jected to liver resection or living donor transplantation.

Materials and methods
Mice

Six- to eight-week-old male C57BL/6] mice were purchased from Charles River
Laboratories Japan (Tokyo). The mice were maintained in a specific pathogen-free
facility with a 12-hour-dark/12-hour-light cycle and received humane treatment.
All animal-related procedures were approved by the Animal Care and Use com-
mittee of Osaka University Medical School.
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Surgery and materials

The mice were anesthetised with inhaled isoflurane and subjected to sham oper-
ation or 70% partial hepatectomy (PHx) as previously described (n>3 for each
group and time point) [15]. Then, the mice were euthanized at indicated time
points after surgery. The 85% PHx surgical procedure was identical to 70% PHx
but with the additional resection of the right lower and caudate lobes [16]. Car-
bamazepine (CBZ) was purchased from Sigma-Aldrich (St. Louis, MO) and dis-
solved in a stock solution of 50 mg/ml dimethyl sulfoxide (DMSO). The mice
were orally administered 250 mgfkg of CBZ or an equivalent volume of DMSO
2 h before surgery. The CBZ dosage was determined based on a previous in vivo
study [14]. Temsirolimus was purchased from Sigma-Aldrich and dissolved in a
stock solution of 20 mg/ml DMSO. The mice were injected intraperitoneally with
5 mg/kg of temsirolimus or an equivalent volume of DMSO 4 h before surgery.
The temsirolimus dosage was determined based on a previous in vivo study
reporting its inhibitory effects on mTOR {17}.

Blood tests

To measure serum AST and ALT levels, blood was collected from the inferior vena
cava of mice and centrifuged at 10,000g at room temperature for 15 min. Serum
AST and ALT levels were measured by a standard method at the Oriental Kobo Life
Science Laboratory (Nagahama, Japan).

Histological analyses

The dissected livers were fixed in formalin and embedded in paraffin. The sections
were stained with haematoxylin and eosin (H&E). To assess hepatocyte prolifera-
tion, the sections were further processed for immunohistochemistry (JHC) with
anti-Ki-67 antibody (Sigma-Aldrich) and anti-PCNA antibody (Cell Signaling Tech-
nology, Beverly MA). For IHC, antigen retrieval was performed by steaming for
20 min in 1x Target Retrieval Solution (pH 6.0) (DAKO, Glostrup, Denmark). The
quenching of the endogenous peroxidase was accomplished with a 10-min incuba-
tion in 3% hydrogen peroxide in methanol. Sections were stained using the immun-
operoxidase technique and counterstained with haematoxylin. We also stained
liver sections for nuclear BrdU incorporation as previously described [18].

Western blot analysis

Apiece of frozen liver tissue was lysed in lysis buffer (1% NP-40, 0.5% sodium deoxy-
cholate, 0.1% sodium dodecyl sulphate, 1x protease inhibitor cocktail [Nacalai Tes-
que, Kyoto Japan], 1x phosphatase inhibitor cocktail [Nacalai Tesque], phosphate-
buffered saline, pH7.4). The homogenates were purified by centrifugation at
10,000g at 4 °C for 15 min. The protein concentrations were determined using a
bicinchoninic acid protein assay (Thermo Scientific, Rockford, IL). Equal amounts
of protein extract were electrophoretically separated by SDS polyacrylamide gels
and transferred onto a polyvinylidene fluoride membrane. For immunodetection,
the following antibodies were used: anti-cyclinE1l, anti-Akt, anti-phospho Akt
(Thr 308), anti-phospho Akt (Ser 473), anti-mTOR, anti-phospho mTOR (Ser
2448), anti-S6K, anti-phospho S6K (Thr 389), anti-4EBP1, anti-phospho-4EBP1
(Thr 37/46), anti-ERK, and anti-phospho ERK (Thr 202/Tyr 204), anti-JNK, anti-
phospho JNK (Thr 183/Tyr 185) (Cell Signaling Technology), anti-cyclinA (Santa
Cruz Biotechnology Inc., Santa Cruz, CA), PCNA and B-actin (Sigma-Aldrich).

Real-time quantitative PCR

Total RNA isolated from liver tissues using an RNeasy Mini Kit (QIAGEN) was
reverse transcribed and subjected to real-time reverse transcription PCR (RT-PCR)
as previously described [18]. The mRNA expression levels of the specific genes
were quantified using TagMan Gene Expression Assays (Applied Biosystems) as
follows: murine ccna2 (assay ID:Mm00438063_m1), murine ccne2 (assay ID:
Mm00438077_m1), murine hgf (assay ID:MmO01135193_m1), murine il6 (assay
ID:Mm00446190_m1) and murine actb (assay ID:MmO00607939_s1). The tran-
script levels are presented as fold change relative to the controls.

Statistics

Data are expressed as mean + SD. Statistical analyses between two groups were
performed by an unpaired Student’s t test unless otherwise indicated. Multiple
comparisons were performed by a one-way ANOVA, and differences in the mean
values among groups were examined by a Fischer post hoc correction. p values
less than 0.05 were considered to be statistically significant.

Results
CBZ promotes liver regeneration after PHx

To test whether CBZ has any effect on liver regeneration, male
C57BL6/J mice were orally administered CBZ or vehicle and under-
went 70% PHx. The PHx procedure allows for a well-established liver
regeneration model in which the liver recovers full volume after sur-
gery. In the sham-operated mice, no difference was found in liver to
body weight ratio at 48 h after drug administration between the CBZ-
treated and vehicle-treated groups (Supplementary Fig. 1). In the
hepatectomised mice, the ratio was significantly higher in the CBZ-
treated group than in the vehicle-treated group (Supplementary
Fig. 1). We then examined the liver to body weight ratio at several
time points after surgery with or without one-time oral CBZ admin-
istration. After PHX, the liver to body weight ratio was rapidly recov-
ered in the CBZ-treated mice and was significantly higher than in the
vehicle-treated mice at 2, 3 and 5 days after PHx (Fig. 1A). The liver to
body weight ratio reached similar levels by 14 days after surgery in
both groups (Fig. 1A). These findings demonstrate that CBZ promoted
liver regeneration after PHx in mice.

CBZ enhances hepatocyte proliferation after PHx

During liver regeneration, hepatocyte proliferation is critically
important in compensating for the lost liver mass and liver func-
tion recovery. To determine whether CBZ affects hepatocyte prolif-
eration in the hepatectomised mice, hepatocyte DNA synthesis
was assessed by immunohistochemical staining of liver sections
with Ki-67 and BrdU-two principal markers of DNA replication.
We first confirmed that there was no difference in liver injury after
PHx in the CBZ- or vehicle-treated mice, by evaluation of serum
AST and ALT levels (Fig. 1B and C). H&E staining also revealed that
there was no inflammatory cell infiltration or necrosis in the livers
of either group (Fig. 1D). The number of Ki-67 positive cells
increased to a peak at 48 h after PHx in both groups (Fig. 1E and
F), but the peak value was significantly higher in the CBZ-treated
livers (Fig. 1E and F). Similarly, the number of BrdU-positive nuclei
was also significantly higher in CBZ-treated mice than in vehicle-
treated mice at 36 h after PHx (Fig. 1G and H). Western blotting
indicated higher protein expression levels for proliferating nuclear
antigen (PCNA), another well-known marker of DNA replication, in
CBZ-treated livers at 48 h after PHx (Fig. 11). These findings indi-
cate that CBZ increased the number of proliferative hepatocytes
after PHx in mice. We also observed the similar hepato-prolifera-
tive effect and amelioration of liver regeneration in hepatecto-
mized mice even after repeated CBZ administration for 3
consecutive days (Supplementary Fig. 2A and B), which is a more
clinically relevant regimen since CBZ requires multiple adminis-
trations to reach steady state levels [19]. To determine whether
this favourable effect of CBZ is only observed in a resected liver,
CBZ-treated mice were administered a single injection of carbon
tetrachloride (CCly), which causes acute liver injury, and followed
compensative liver regeneration [20]. CBZ treatment did not affect
the liver damage but enhanced hepatocyte proliferation (Supple-
mentary Fig. 3A-C) suggesting that the hepato-proliferative effect
of CBZ may not be limited to the hepatectomised liver.

We then examined the gene expression of several cyclins,
accelerators of cell cycle progression, which are important for
hepatocyte proliferation in regenerating livers [21]. A real-time
RT-PCR analysis revealed that the mRNA levels of ccne2 and
ccna2 were significantly higher in CBZ-treated mice than in

1240 Journal of Hepatology 2013 vol. 59 | 1239-1245

-612-



JOURNAL OF HEPATOLOGY

== Vehicle
A - - Vehicle B 15,000, == CBZ D
6 4 ™ CBZ !
I
2
= £
5 2
3 < @
=
= E
2 =1
°;’ 12 24 48 72
z Time after hepatectomy (h)
[9]
Q
3 Vehicle
5 C 8000, == cBzZ §
< 6000
2
L ] ~ 4000
pre0 123 5 8 14 4
Time after hepatectomy (d) 2000 Vehicle CBZ
L] CIES
12 24 48 72
Time after hepatectomy (h)
Vehicle Vehicle
W 1601 _* ==m CBZ w=m CBZ
% z 140
o 3 1204 W .
2 1007
g 100 =
Z 804 g 804
8_ c
= 60+ g 60 A
< 40- ‘@
§ e 8 40
& g 27 B 3
: Z o - A= @ 20
Sham 24 48 7 120 192 ‘s
Time after hepatectomy (h) S 0-
| J mmm Control mmm Control L
Vehicle Vehicle
w=m CBZ e=m CBZ

Time after hepatectomy (h)
0 12 24 48

ccne2 mRNA
(relative gene expression)

0h 24h

ccna2 mRNA
(relative gene expression)
o

CTL Vehicle CBZ

w
o

N
o

| Cyclin E1
 Cyclin A

N
o

| B-actin

-
o

Bl

24

Oh

Fig. 1. CBZ promotes liver/body weight ratio recovery and enhances hepatocyte proliferation after 70% partial hepatectomy. Mice were administered 250 mg/kg of
CBZ or DMSO orally and subjected to 70% partial hepatectomy 2 h later (3 mice per group). CBZ, PHx, and CTL stand for carbamazepine, 70% partial hepatectomy and control,
respectively. (A) Changes in liver/body weight ratio over time in mice receiving PHx with vehicle or CBZ, *p <0.05 vs. vehicle. (B and C) Serum AST (B) and ALT (C) levels in
vehicle- or CBZ-treated mice. (D) Liver sections at 48 h after PHx or sham operation were stained with H&E; original magnification, 400x. (E) Liver sections after surgery
were evaluated for hepatocyte proliferation with anti-Ki-67 staining; original magnification, 400x. (F) The number of Ki-67 positive nuclei/high-power field (HPF) at 48 h
after surgery in sham-operated mice and at indicated time in hepatectomised mice with vehicle or CBZ treatment. Six fields of view (FOVs) were counted in liver sections of
individual mice, *p <0.05. (G) Liver sections at 36 h after PHx were stained with BrdU; original magnification, 400 x. (H) The number of BrdU positive nuclei/HPF at 36 h after
PHx in vehicle-treated and CBZ-treated mice. Six FOVs were counted in liver sections of individual mice, *p <0.05. (1) Expression of PCNA protein in liver tissue from vehicle-
or CBZ-treated mice after PHx was assessed by Western blot analysis. (] and K) ccne2 (J) and ccna2 (K) mRNA levels in the liver were determined by real time RT-PCRat 24 h
after PHx, *p <0.05. (L) Protein expression of cyclin E1 and cyclin A in liver tissue was assessed by Western blot analysis at 24 h after PHx.

vehicle-treated mice at 24 h after PHx (Fig. 1] and K). Evaluation
by Western blot also demonstrated that protein levels of cyclin
E1 and cyclin A were increased in CBZ-treated mice (Fig. 1L). Col-
lectively, these results suggest that CBZ upregulated the cyclin
levels in remnant hepatocytes, leading to an increase in the num-
ber of hepatocytes entering the cell cycle after PHx.

Journal of Hepatology 2013 vol. 59 | 1239-1245

CBZ strongly activates the Akt-mTOR pathway after PHx

Mood stabilisers, including CBZ, have been reported to modulate
the Akt and MAPK pathways [10-13], both of which are also
involved in initiating the cell cycle progression of remaining liver
cells upon liver resection [22-25]. Thus, we examined the effect
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Fig. 2. CBZ strongly activates Akt-mTOR signalling. Mice were administered 250 mg/kg of CBZ or DMSO orally and subjected to 70% partial hepatectomy 2 h later (4 mice
per group). (A) The phosphorylation status of Akt, mTOR, S6K, 4EBP1, ERK and JNK was assessed by Western blot analysis at 12 h after PHx. (B-H) Relative expression levels
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(E), p-4EBP1 (F), p-ERK (G) and p-JNK (H). CBZ, carbamazepine; *p <0.05.

of CBZ on the activation of these two pathways in the livers of
hepatectomised mice. PHx induced phosphorylation of Akt
(Thr308, Ser473) and activated its downstream effectors, mTOR,
S6K, and 4EBP1, at 12 h after surgery. All of these signalling mol-
ecules were enhanced by CBZ treatment (Fig. 2A-F). By contrast,
the phosphorylation of ERK was not different between the CBZ-
treated and vehicle-treated mice (Fig. 2A and G). We also evalu-
ated the activation of the c-jun N-terminal kinase (JNK) pathway,
which is closely related to liver regeneration [26], and found no
difference between the two groups (Fig. ZA and H).

Activation of the mTOR pathway is responsible for enhanced
hepatocyte proliferation in hepatectomised mice following CBZ
treatment

To investigate whether the strong activation of Akt-mTOR path-
way was ascribable to the hepato-proliferative effect of CBZ after
PHx, we blocked mTOR signalling by the use of the mTOR inhib-
itor temsirolimus. Temsirolimus administration blocked the
enhancement of mTOR pathway activation in the CBZ-treated
hepatectomised livers to a level similar to the vehicle-treated

hepatectomised liver (Fig. 3A), while phosphorylation of Akt, an
upstream signalling molecule of mTOR, was upregulated in both
mice likely due to a compensative response (Fig. 3A). Under these
conditions, temsirolimus abrogated the upregulation of ccne2 and
ccna2 mRNA expression and PCNA protein expression in the CBZ-
treated hepatectomised mice (Fig. 3B-E), suggesting that the
hepato-proliferative effect of CBZ is attributable to the enhanced
activation of the mTOR pathway. In addition, mTOR inhibition
also prevented CBZ-induced acceleration of liver mass recovery
48 h after PHx (Fig. 3F). Altogether, these findings indicate that,
following PHx surgery, CBZ treatment potentiated the activation
of the mTOR pathway, which enhanced hepatocyte proliferation
and promoted liver regeneration.

CBZ improves the survival rate of mice that undergo 85% massive
hepatectomy

Finally, we evaluated the therapeutic significance of CBZ in
regeneration of the resected liver using a severe 85% massive
hepatectomy model. This PHx model typically presents extremely
high mortality (82%) within 2 days after surgery [27]. Consistent
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with the effect of CBZ observed in the 70% PHx model, CBZ did not
affect liver injury but enhanced hepatocyte proliferation in the
liver after the 85% PHx (Fig. 4A and B). Consequently, while only
4 of the 25 vehicle-treated mice survived for 7 days after 85%
PHx, 11 of 25 CBZ-treated mice were alive at 7 days. The CBZ-
treated mice survival rate was significantly higher than that of
vehicle-treated mice (44% vs. 16%, p <0.05) (Fig. 4C).

Discussion

Liver regeneration after surgical resection or injury is a complex
phenomenon primarily dependent on hepatocyte proliferation. In
the present study, we identified a new aspect of CBZ, increasing
hepatocyte proliferation after partial resection of the liver in
mice. We also clarified the involvement of the mTOR signalling
pathway in this hepato-proliferative effect. mTOR and its down-
stream effectors S6K and 4EBP1, all of which were intensively
upregulated by CBZ treatment, have been shown to stimulate cell

Journal of Hepatology 2013 vol. 59 | 1239-1245

cycle progression via modulation of the expression of several cyc-
lins, such as cyclin E and cyclin A {28]. In fact, in our hepatecto-
mised mice, CBZ enhanced upregulation of their mRNA levels,
which were dependent on mTOR activation. These findings sug-
gest that mTOR activation may produce a profound effect on cell
cycle progression via upregulating cyclin expression in CBZ-
treated remnant livers. In this study, we also found that CBZ
enhanced Akt phosphorylation following PHx, which might be
an event that is upstream of mTOR activation. As mood stabilising
drugs have been described to trigger activation of PI-3K and sub-
sequent phosphorylation of Akt in neuronal cells by generating
lipid second messengers (i.e., P1-3,4,5-P3 or PI-3,4-P2) [10,13],
such a mechanism might be relevant to CBZ-mediated Akt activa-
tion in resected livers. Further studies are necessary to elucidate
the exact mechanism by which CBZ activates the mTOR signalling
pathway.

Given that CBZ has complicated pharmacokinetic properties, a
variety of mechanisms other than those involving the mTOR
pathway could be related to the enhanced liver regeneration in
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CBZ-treated mice. To further investigate underlying mechanisms,
we performed microarray analysis of the mouse liver tissues
collected after CBZ administration. Pathway analysis of micro-
array data revealed activation of PXR/RXR and FXR/RXR pathways
(data not shown), both of which have been reported to be
involved in liver regeneration [29-31]. These pathways might
be also involved in the hepato-proliferative effect of CBZ.
Following PHx, both hepatocytes and non-parenchymal cells
(NPCs) are activated and integrate multiple signals originating
from immune, hormonal, and metabolic networks to induce
hepatocyte proliferation [24]. In particular, after PHx, hepatic
stellate cells and Kupffer cells produce hepatocyte growth factor
(HGF) and IL-6, respectively, both of which contribute to liver
regeneration partially through modulating the intrahepatic sig-
nalling pathways focused on in this study {3,32]. Therefore, we
investigated the involvement of NPCs in the CBZ-induced hep-
ato-proliferative effect in hepatectomised mice. Neither HGF nor
IL6 gene expression levels were different between the CBZ-trea-
ted livers and vehicle-treated livers following PHx (Supplemen-
tary Fig. 4A and B). By contrast, in the in vitro study, primary
hepatocytes presented sustained phosphorylation of Akt
(Ser473) with transient and moderate activation of mTOR in
response to the administration of CBZ (Supplementary Fig. 5).
These findings support the idea that CBZ may directly activate
intracellular signalling pathways in hepatocytes contributing to
enhanced liver regeneration. Meanwhile, in this in vitro setting,
primary hepatocytes did not show a proliferative response to
CBZ administration (Supplementary Fig. 6). This may be because
hepatocytes require additional priming stimulus to start prolifer-
ation in vitro, same as our in vivo finding that CBZ administration

did not start liver regeneration in the sham-operated mice
(Fig. 1E and F, and Supplementary Fig. 1). We cannot exclude
the possibility that CBZ does not primarily target hepatocytes,
but affects other cell types in the liver to promote liver regener-
ation. Actual targets of CBZ in the liver will be determined in
future studies.

In rodents, 70% hepatectomy is well tolerated, but beyond
70%, resection is accompanied by higher mortality due to acute
liver failure despite the inherent ability of the liver to recover
to full size. This suggests that insufficient functional compensa-
tion of the remnant liver fails to maintain homeostasis in the ani-
mal [16.27]. In clinical settings, extended liver resection is
reportedly associated with severe hepatic dysfunction, leading
to a significant increase in postoperative mortality [33,34]. In this
context, the promotion of the recovery of impaired liver function
is critically important for any therapeutic drug potentially used to
aid in liver regeneration. In the present study, CBZ treatment sig-
nificantly improved the survival rate of the mice that underwent
lethal 85% massive hepatectomy. This result elucidates the ther-
apeutic potential of CBZ to prevent postoperative liver failure
after major hepatectomy or living donor liver transplantation
with extended criteria.

When considering the therapeutic application of this study,
it is important to apply clinically relevant doses of CBZ to obtain
relevant physiological serum levels of CBZ (4-12 pg/ml) [35]. In
the present study, 2 h after oral administration of 250 mg/kg of
CBZ, its serum level reached 22.9 pg/ml (Supplementary Fig. 7A)
and was relatively higher than the therapeutic range in humans.
It is known that repeated administration of CBZ shortens its
half-life, and therefore consecutive administration is required
to acquire steady state levels [19]. Thus, we evaluated CBZ
serum levels after repeated administration at 250 mg/kg for 3
consecutive days. This administration method acquires physio-
logical levels of CBZ (4.8 pg/ml) (Supplementary Fig. 7B), and
importantly, the favorable effect on liver regeneration was
retained in the subsequently performed 70% PHx (Supplemen-
tary Fig. 2A and B). This result may support the potential ther-
apeutic use of CBZ. We also studied the influence of
hepatectomy on serum levels of CBZ because it reduces the total
amount of metabolizing cells in the liver. Serum levels of CBZ
were not different between the hepatectomized mice and the
sham operated mice 3 h after the surgery (Supplementary
Fig. 7C), suggesting that CBZ treatment may be applicable after
liver resection.

In conclusion, we demonstrated that CBZ promoted hepato-
cyte proliferation via the mTOR signalling pathway, resulting in
early liver regeneration in mice. We also demonstrated the ther-
apeutic implications of this drug in an 85% massive hepatectomy
model. Despite a large number of basic studies searching for
novel therapeutic agents to enhance liver regeneration, few
options are currently available for clinical use [6,7]. Our study
suggests the possibility that CBZ may enhance liver regeneration
in a clinical setting, leading to a reduction in postoperative liver
failure and improving survival.
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