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The mechanisms accounting for the atrophy of the portal blood-deprived liver lobes after portal branch ligation
(PBL) are still unclear. The first aim of this study was to confirm the role of apoptosis in this process and to
determine which apoptotic pathways are involved. The second aim of the study was to evaluate the effect of
blocking compensatory hyperplasia of the nonligated lobes with retrorsine on the mechanisms of apoptosis in
the ligated lobes. Mitochondrial Bax, Bcl-2 and Bcl-XL, cytosolic cytochrome c, caspase-3, -8 and -9 activities
and TNF-a levels were assessed in the liver of rats before and at various time points, ranging from 30min to 7
days, after PBL. Caspase activities were also measured in rats pretreated with retrorsine. Both the
mitochondrial and the death receptor-mediated pathways are activated in the ligated liver lobes after portal
branch ligation. Caspase activation is inhibited by retrorsine pretreatment, resulting in fewer apoptotic bodies.
Apoptosis accounts for the atrophy of the ligated lobes after PBL. It is inhibited by retrorsine, suggesting an
attempt to reduce the loss of liver mass when hyperplasia of the nonligated lobes is impaired.
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After ligation of branches of the portal vein (portal
branch ligation, PBL), interrupting portal blood
inflow to the left lateral and medial lobes, the portal
blood deprived lobes undergo atrophy, while the
nonligated lobes proliferate, compensating for the
loss of liver mass. This model was first described in
rats in 1920.1 Liver regeneration of the proliferating
lobes after PBL has been extensively studied and has
been shown to be similar to that observed after
partial hepatectomy.2–4

In contrast, the precise events resulting in the
atrophy of the ligated lobes have not been described
yet. This is rather surprising, as apoptosis, first
called shrinkage necrosis, was actually first de-
scribed by Kerr in this model.5,6 A reduction in size
and number of hepatocytes, with the presence of
Councilman bodies has been observed.7,8 DNA
fragmentation in the ligated lobes has also been
described,9 suggesting an implication of programed

cell death in the process of atrophy. However, these
techniques have in the past few years been criticized
for their lack of sensitivity and specificity.10

Three main pathways lead to apoptotic death of
the cell. The death receptor-mediated pathway leads
to caspase 8 activation. The mitochondrial dysfunc-
tion-mediated pathway, through cytochrome c re-
lease into the cytosol, and the endoplasmic
reticulum stress-triggered pathway, through caspase
12 activation,11,12 both lead to caspase 9 activation.

The first aim of this study was to determine the
role of apoptosis in liver atrophy after PBL and to
clarify the molecular mechanisms involved in the
process. In order to do this, we analyzed tumor
necrosis factor a (TNF-a) concentration and caspase
8 activation to assess the death receptor-mediated
pathway. Expression of proapoptotic protein Bax
and antiapoptotic proteins Bcl-2 and Bcl-XL in
mitochondrial fractions, as well as cytochrome c
release from mitochondria into the cytosol were
measured to explore the mitochondrial pathway.
Caspase 9 activation, a downstream event to the
mitochondrial pathway as well as to caspase 12
activation, was also assessed. Finally, apoptotic
effector caspase 3, activated by the three pathways,
was assessed by fluorigenic activity assays.
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As recently shown, pretreatment of rats with
retrorsine, a pyrrolizidine alkaloid known to block
the proliferation of differentiated liver cells, leads to
a block in the hyperplasia of the nonligated lobes,
normally observed after PBL.13 Moreover, this pre-
treatment decreases atrophy of the ligated lobes
compared to untreated rats. This suggests that some
homeostatic mechanism inhibits atrophy in an
attempt to maintain a stable liver mass in spite of
the inability for the nonligated lobes to proliferate in
a normal way. The second aim of this study was to
assess the importance of the activation of apoptotic
pathways in the liver of retrorsine-treated rats after
PBL. This was achieved by comparison of TNF-a
concentration and caspases-8, -9 and -3 activation in
the anterior liver lobes of retrorsine-treated and
untreated rats after PBL.

Materials and methods

Animals and Experimental Design

Male Wistar rats (180720 g) were purchased from
Charles River Laboratories, Brussels, Belgium. They
were maintained on an automatic 12h light/dark
cycle and were fed standard rat chow (AO4, Usine
d’Alimentation Rationnelle, Epinay-sur-Orge,
France) and water ad libitum.

After 1 week of acclimatization, rats were rando-
mized to receive two intraperitoneal injections,
separated by a 2-week interval, of either retrorsine
(Sigma-Aldrich, Bornem, Belgium) (30mg/kg) or
saline. Retrorsine was dissolved in HCl (pH 2.5)
followed by neutralization by NaOH 0.1N, as
described.14,15

At 4 weeks after the second injection, PBL was
performed as described3 and four to eight animals
per group were killed at 0, 30min, 3, 5, 12, 24, 48, 72
and 168h after PBL. Livers were excised and
samples of anterior and posterior lobes were
immersed in 4% buffered formaldehyde for histo-
logical and immunohistochemical analysis. The
remaining parts were snap-frozen in liquid nitrogen
and stored at �801C for future use.

All animals received humane care in compliance
with the University of Louvain regulations.

Liver Histology

Formalin-fixed, paraffin-embedded tissue was sec-
tioned (5 mm) and stained with hematoxylin and
eosin according to standard procedures.

Cellular Extracts

Whole cell lysates were obtained by incubating
200mg of tissue at 41C for 30min in a buffer
consisting of 50mM Tris-HCl, pH 7.6, 0.1% Triton
X-100, 5mM EDTA, 250mM NaCl, 50mM NaF,
0.1mM Na3VO4, 1mM PMSF, 10 mg/ml leupeptine

and 0.5 mg/ml aprotinine. After a 10min centrifuga-
tion at 10 000 g at 41C, the supernatant was collected
and frozen in aliquots at �801C.

Cytosolic proteins were prepared by gently homo-
genizing 100mg of tissue on ice with a glass Dounce
homogenizer and a tight glass pestle in 750 ml of a
buffer containing 250mM sucrose, 20mM Hepes
buffer, 10mM KCl, 1mM EGTA, 1mM EDTA,
1.5mM MgCl2, 1mM DTT, 0.1mM PMSF, 1mg/ml
leupeptine and 1mg/ml antipain. After a 20min
incubation at 41C, the homogenate was spun at
10 000 g for 15min at 41C and the supernatant was
collected and frozen in working aliquots at �801C
for future use.

Mitochondria-enriched fractions were prepared
by resuspending the pellet of the cytosolic fractions
in 500 ml of the same buffer, followed by sonication
and freezing in aliquots at �801C.

Rat thymus was homogenized with an Ultraturrax
device in 10 times its volume of STM buffer
(250mM sucrose, 50mM Tris-HCl, pH 7.4, 5mM
MgSO4, 1mM PMSF and 1 mg/ml aprotinine). The
homogenate was filtered through four layers of
gauze and stored in aliquots at –801C for use as a
standard for Western blots.

Protein content in liver extracts was assessed
using a BCA Protein Assay (Pierce Chemicals,
Rockford, IL, USA) according to the manufacturer’s
instructions, with serum albumin as a standard.

Western Blotting

Between 30 and 100 mg of cellular proteins were
resolved on an SDS-PAGE gel and transferred to a
PVDF membrane (Polyscreen, NEN Life Science
Products, Boston, MA, USA) as previously de-
scribed.16

Aspecific binding of antibodies to the blotted
membrane was blocked by incubation for 1h at room
temperature in Tris-buffered saline (50mM Tris,
150mM NaCl, pH 7.6) containing 5% skimmed
milk.

The following antibodies and incubation condi-
tions were used: mouse monoclonal anti-Bcl-2 (C-2)
antibody (sc-7382, Santa Cruz Biotechnology) 1/500
overnight at 41C, mouse monoclonal anti-Bcl-XL

(H-5) antibody (sc-8392, Santa Cruz Biotechnology)
1/500 overnight at 41C, mouse monoclonal anti-Bax
(B-9) antibody (sc-7480, Santa Cruz Biotechnology)
1/500 overnight at 41C, mouse monoclonal anti-
cytochrome c (A-8) antibody (sc-13156, Santa Cruz
Biotechnology) 1/500 for 2 h at room temperature,
and peroxidase-conjugated goat anti-mouse and
anti-rabbit IgGs (Jackson Immunoresearch, West
Grove, PA, USA) 1/20 000–1/30 000 for 1 h at room
temperature. All incubations were carried out in
Tris-buffered saline containing 1% skimmed milk.

The antigen–antibody reaction was visualized
using the Renaissance Enhanced Luminol Reagent
(NEN Life Science products) and exposure of the
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membranes to X-Omat Blue XB-1 films (Kodak
Scientific Imaging, Rochester, NY, USA) for 1–5min.

The amount of immunoreactive protein was
quantified using the Gel Doc 2000 scanning device
(Bio Rad, Nazareth, Belgium).

For all Western blots, individual values were
expressed in percentage of the mean of three
standards (thymus homogenate) that were resolved
on each gel.

Equal protein loading and complete transfer to the
membrane were checked by Coomassie blue staining
of gels and membranes.

Caspase 3 Activity Assay

Caspase 3 activity was assessed in cell lysates using
the fluorogenic substrate Ac-DEVD-AFC (Alexis
Biochemicals, Lausen, Switzerland), which is
cleaved enzymatically by caspase 3, releasing free
AFC which produces a blue-green fluorescence.

Cell lysates (75 ml) were incubated in a buffer
containing 10mM Hepes, 2mM EDTA, 0.1% CHAPS
and 5mM DTT, in the presence of 10 ml of substrate.
Fluorescence was measured in each sample at 0min
and every 30min for 120min in a fluorimeter with
excitation and emission wavelengths of 400 and
505nm respectively. Caspase 3 activity in the
sample was then calculated by the increase in
fluorescence over time, compared to a calibration
curve prepared with AFC (Sigma), and expressed
per microgram protein in the sample, per minute.

Specificity of the reaction was ensured by adding
the caspase 3 inhibitor Z-DEVD-FMK (PharMingen,
San Diego, USA) which selectively inhibits cleavage
of Ac-DEVD-AFC.

Caspase 3 activity was measured in four to seven
rats per group, both in anterior and posterior liver
lobes of retrorsine-treated and untreated rats.

Caspase 8 and 9 Activity Assays

Caspase 8 and 9 activities were assessed in cell
lysates using the ApoAlert Caspase 8 and Caspase 9
Fluorescrent Assay kits (Clontech Laboratories, Palo
Alto, CA, USA) according to the manufacturer’s
instructions.

Briefly, cell lysates (75 ml) were incubated in
reaction buffer for 1h at 371C in the presence of
5ml of IETD-AFC, which is enzymatically cleaved by
caspase 8 or LEHD-AMC, which is cleaved by
caspase 9, releasing AFC or AMC, respectively.

Fluorescence was measured in each sample at
0min and every 30min for 120min in a fluorimeter
with excitation and emission wavelengths of 400
and 505nm, respectively, for AFC and 380 and
460nm, respectively for AMC.

Caspase 8 and 9 activities were then calculated by
the increase in fluorescence over time, compared to
calibration curves, and expressed per microgram
protein in the sample, per minute.

Specificity of the reaction was ensured by adding
the caspase 8 and 9 inhibitors IETD-FMK and LEHD-
CHO, respectively.

Caspase 8 and 9 activities were measured in four
to five rats per group both in the anterior and
posterior liver lobes of retrorsine-treated and un-
treated rats.

TNF-a ELISA

TNF-a concentrations were assessed on 100 ml of
cytosolic extracts of the anterior lobes of retrorsine-
treated and untreated rats before, 30min and 3, 5
and 12h after PBL using the Quantikine M rat TNF-a
ELISA assay (R&D Systems, Abingdon, UK), accord-
ing to the manufacturer’s instructions.

For each rat, TNF-a concentration was determined
as the average of two assays, performed on the same
microplate. Microplates were read in a microplate
reader at 450nm with correction wavelength set at
540nm. Concentration was then calculated from the
optical density by using a standard curve as
described in the manufacturer’s instructions, and
the values were expressed as pg/mg protein in the
sample.

Statistical Analysis

Data are expressed as mean7s.e.m. Student’s un-
paired t-test was used to compare values between
retrorsine-treated and untreated rats and between
pre- and postsurgery levels. Student’s paired t-test
was used to compare results between anterior and
posterior lobes of the same animals.

Results

Weight of the Anterior and Posterior Lobes after PBL
in Retrorsine-Treated and Untreated Rats (Figure 1)

Before PBL, there were no statistically significant
differences in the weight of the anterior or posterior
lobes between retrorsine-treated and untreated ani-
mals. After PBL, a decrease of the weight of the
anterior lobes (Figure 1a) was found in retrorsine-
treated as well as untreated rats when compared to
their weight before surgery. This decrease was
statistically significant from 24 to 168h after PBL.
When comparing retrorsine-treated and untreated
rats, no differences in the weight of the anterior
lobes were found at 24, 48 and 72h after PBL. At
168h after PBL, the weight of the anterior lobes was
significantly higher in retrorsine-treated than in
untreated animals (0.7670.05 vs 0.5270.04 g/100 g
body weight, Po0.01). The weight of the posterior
liver lobes (Figure 1b) increased significantly after
surgery in both retrorsine-treated and untreated rats.
However, the weight gain was significantly impaired
in rats pretreated with retrorsine. This difference
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was still present at 168h after PBL (1.7470.05 vs
2.3670.09 g/100 g body weight, Po0.001).

Liver Histology (Figures 2 and 3)

Megalocytes containing large and dense nuclei were
observed in all lobes of the liver of retrorsine-treated
rats both before and after surgery and were never
observed in the liver of untreated rats. At 24h after
PBL, acidophilic degeneration of some isolated
hepatocytes could be found in the anterior hepatic
lobes of both untreated and retrorsine-treated
rats (Figure 2a and b). After 48h, this histological
feature was more pronounced, both in retrorsine-
untreated and treated rats, with rare apoptotic
bodies lying free in the cell plates. Three days
after PBL, the picture was unchanged in retrorsine-
treated rats whereas lots of apoptotic bodies,
sometimes arranged in small clusters, could be
seen in untreated rats (Figure 2c and d). After 7
days, the number of apoptotic bodies in the anterior
hepatic lobes of untreated rats decreased (Figure 2e),
accompanied by a decrease in the size of the lobules.
By contrast, there was no decrease in the size of
the hepatic lobules in retrorsine-exposed rats, in
which some apoptotic bodies were still present
(Figure 2f).

In the posterior lobes, mitoses appeared at 48 h in
untreated rats but not in retrorsine-treated rats
(Figure 3a and b). The histology of the posterior
hepatic lobes of retrorsine-treated rats at 72
and 168h after PBL was characterized by the
emergence of clusters of small cells (Figure 3d
and f) that were never detected in the posterior
hepatic lobes of untreated rats (Figure 3c–e). Some
mitoses could be observed in those clusters (Figure
3d and f).

Bax, Bcl-2 and Bcl-XL Western Blotting (Figure 4)

In order to assess the activation of the mitochondrial
pathway in untreated rats after PBL, Bax, Bcl-2 and
Bcl-XL protein expressions were estimated in the
mitochondrial fractions of the anterior and posterior
liver lobes of four rats per group before and 24, 48,
72 and 168h after PBL.

In the anterior, ligated lobes, Bax (Figure 4a)
increased significantly at 48 h after PBL, before
returning to normal, pre-surgery levels. In
the posterior liver lobes, it remained stable
until 48h after surgery, then rose at 72 h, followed
by a return to basal levels at 168h after surgery.
Bax was significantly higher in the anterior than in
the posterior lobes at 48 h, while it was significantly
higher in the posterior lobes at 72 h.

Bcl-2 (Figure 4b) rose in the anterior lobes after
PBL, the difference reaching statistical significance
at 48 h, with a maximum level at 168h. In the
posterior lobes, only a slight increase of Bcl-2 was
found after PBL from 24h after surgery, remaining
stable in all subsequent investigated time points.
Bcl-2 protein expression was significantly higher in
the anterior than in the posterior liver lobes at 48
and 168h after surgery.

In the anterior as well as the posterior lobes, Bcl-
XL (Figure 4c) rose after PBL, reaching a statistically
significant peak at 48 h, before returning to basal
levels at 72 and 168h. At no time were the
differences in Bcl-XL protein levels between anterior
and posterior liver lobes significant.

Cytochrome c Release (Figure 5)

Cytochrome c levels were measured in the cytosol
of anterior and posterior liver lobes of four rats
per group before and 24, 48, 72 and 168h after
PBL. In the anterior lobes, levels of cytochrome
c rose significantly at 24h after surgery, remaining
stable at 48 and 72h, then returning to presurgery
levels at 168h. In the posterior lobes, cytochrome
c remained stable at 24h after PBL, followed
by a gradual increase, a peak at 72 h and a
return to basal levels at 168h. Cytochrome c
was significantly higher in the cytosol of anterior
than of posterior liver lobes at 24 and 48h after
surgery.

Figure 1 Weight of the anterior and posterior liver lobes after
PBL. Evolution of the weight of the anterior (a) and posterior (b)
liver lobes after PBL, expressed as percentage of body weight, in
retrorsine-treated and untreated animals. *Po0.05, **Po0.01,
***Po0.001, Student’s unpaired t-test, retrorsine treated vs
untreated rats. Data are expressed as mean7s.e.m. with n¼5–8
per group.
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TNF-a Concentration

TNF-a concentration was measured in the cytosol of
the anterior liver lobes of three untreated and three
retrorsine-treated rats per group before, 30min and
3, 5 and 12h after PBL.

In untreated rats, basal TNF-a was low
(14.371.2 pg/mg protein). A two to three-fold
increase in TNF-a concentration was observed after
PBL from 30min to 5h, the difference vs basal le-
vels reaching statistical significance at 30min
(22.572.2 pg/mg protein, P¼ 0.03 Student’s t-test
vs basal levels) and 3h (37.976.6 pg/mg protein,
P¼ 0.03 Student’s t-test vs basal levels). By 12h after
PBL, the concentration of TNF-a had returned to
basal levels. In retrorsine-treated rats, a similar

evolution of TNF-a was observed as in untreated
rats.

Caspase -9, -8 and -3 Activities (Figures 6 and 7)

Caspase-9, -8 and -3 activities were measured on
whole cell lysates of anterior and posterior liver
lobes of four to seven rats per group before and 24,
48, 72 and 168h after PBL, both in retrorsine-treated
and untreated rats.

In the anterior lobes of untreated rats, caspase 9
activity rose gradually from 24 to 168h after surgery,
when the maximum levels were found. The differ-
ence vs basal levels reached statistical significance
from 48 to 168h after surgery (Figure 6a). In

Figure 2 Histologic appearance of the anterior hepatic lobes of untreated (a, c and e) and retrorsine-treated rats (b, d and f) At 24, 72 and
168h after PBL (Hematoxylin–eosin, X210). At 24h after PBL, acidophilic degeneration of some hepatocytes is seen in both untreated (a)
and treated rats (b) (arrows). At 72h, clusters of apoptotic bodies are present in untreated rats (c, arrows) but such clusters cannot be
found in retrorsine-treated rats (d). After 168h, the size of the hepatic lobules is decreased in untreated rats (e) but not in retrorsine-
treated rats (f). In both, some apoptotic bodies are still present (arrows). Note the presence of megalocytes in retrorsine-treated rats only.
PT portal tract; CLV centrolobular vein.
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contrast, there was no significant change in caspase
9 activity in the posterior liver lobes after surgery. As
a consequence, caspase 9 activity was higher in the

anterior than in the posterior liver lobes from 48 to
168h after surgery, the difference reaching statistical
significance at 168h post-PBL.

Figure 3 Histologic appearance of the posterior hepatic lobes of untreated (a, c and e) and retrorsine-treated rats (b, d and f) at 48, 72 and
168h after PBL (Hematoxylin–eosin, X210). At 48h after PBL, mitoses appear in untreated rats (a, arrows) but not in retrorsine-treated
rats (b). At 72h, the liver of untreated rats exhibits a lot of mitoses (c, arrows) whereas in retrorsine-treated rats (d), only rare mitoses are
observed (arrow), almost exclusively localized in emerging clusters of small cells (dotted line). After 168h, in untreated rats (e), the
histology of the posterior hepatic lobes is unremarkable whereas in retrorsine-treated rats (f), the particular clusters of small cells (dotted
line) with mitoses (arrow) are still present.
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In retrorsine-treated rats, only a slight increase of
caspase 9 activity was observed in the anterior lobes,
peaking at 48 h after surgery (Figure 7a), while no
significant changes were found in their posterior
lobes (Figure 8). Therefore, caspase 9 activity was
significantly higher in the anterior lobes of un-
treated than of retrorsine-treated rats at 72 and 168h
after PBL. No statistically significant differences in
caspase 9 activity were found in the posterior lobes
after PBL between retrorsine-treated and untreated
rats.

Caspase 8 activity rose after PBL in the anterior
lobes of untreated rats (Figure 7b), significantly so at

Figure 4 Bax, Bcl-2 and Bcl-XL protein after PBL. Bax (a), Bcl-2
(b) and Bcl-XL (c) were evaluated by Western blotting on
mitochondrial fractions of the anterior and posterior lobes of four
rats per group before and 24, 48, 72 and 168h after PBL. *Po0.05,
***Po0.001 Student’s unpaired t-test vs pre-PBL levels. #Po0.05
Student’s paired t-test anterior vs posterior lobes. Data are
expressed as mean7s.e.m. with n¼4 per group.

Figure 5 Cytosolic cytochrome c protein after PBL. Cytochrome c
was evaluated by Western blotting on cytosolic fractions of the
anterior and posterior lobes of four rats per group before and 24,
48, 72 and 168h after PBL. *Po0.05, **Po0.01 Student’s
unpaired t-test vs pre-PBL levels. #Po0.05 Student’s paired t-test
anterior vs posterior lobes. Data are expressed as mean7s.e.m.
with n¼ 4 per group.

Figure 6 Caspase-9, -8 and -3 activities in anterior and posterior
lobes after PBL. Caspase-9 (a), -8 (b) and -3 (c) activities were
measured by fluorimetric assays in four to seven rats per group
before and 24, 48, 72 and 168h after PBL. *Po 0.05, **Po0.01,
***Po0.001, Student’s unpaired t-test vs pre-PBL levels.
#Po0.05, ##Po0.01, Student’s paired t-test anterior vs posterior
lobes. Data are expressed as mean7s.e.m. with n¼4–7 per group.
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48, 72 and 168h, and peaked at 72 h. In the posterior
liver lobes of untreated rats, caspase 8 activity rose
only slightly after PBL, the difference vs basal levels
reaching statistical significance at 72 and 168h
postsurgery. However, the levels of caspase 8
activity in these rats were higher in the anterior
than in the posterior liver lobes at 48, 72 and 168h,
the difference reaching statistical significance
at 168h.

In the anterior lobes of retrorsine-treated rats,
caspase 8 activity rose after PBL, remaining above
baseline levels at all time points (Figure 7b).
However, the levels of caspase 8 activity reached
higher levels in untreated rats, the difference reach-
ing statistical significance at 72 and 168h. In the
posterior lobes of retrorsine-treated rats, only a
slight increase of caspase 8 activity was found,
reaching statistical significance at 48 and 72h after
PBL. At no time were the levels of caspase 8 activity

in the posterior lobes different when comparing
retrorsine-treated and untreated rats (Figure 8).

Effector caspase 3 activity rose steadily from 24 to
72h after surgery in the anterior lobes of untreated
rats, and remained at a high level at 168h (Figure
7c). In the posterior lobes of these rats, caspase 3
activity also rose moderately, the difference com-
pared to basal levels being statistically significant at
24, 72 and 168h after surgery. However, caspase 3
activity was significantly higher in the anterior than
in the posterior lobes at 72 and 168h.

In the anterior lobes of retrorsine-treated rats, an
increase in caspase 3 activity after PBL was also
observed, but reaching only a fraction of the levels
observed in untreated rats (Figure 7c). The differ-
ence between retrorsine-treated and untreated rats
was found to be statistically significant before and
72 and 168h after surgery. In the posterior lobes of
retrorsine-treated animals, caspase 3 activity in-
creased slightly above basal levels after PBL, reach-
ing statistical significance only at 168h after PBL
(Figure 8).

Discussion

After PBL in rats, atrophy of the anterior, ligated
liver lobes occurs rapidly, through a reduction in
size as well as number of hepatocytes.5,7,8 Morpho-
logically, Councilman bodies are found in the
ligated lobes from 2 days after PBL, with a gradual
decrease from day 3 to day 8.5 A decrease of 50% of
the original weight has been described 48h after
PBL, while only one-third of the initial weight
remains by the fourth day.17 More recently, DNA
fragmentation was observed9 in the ligated lobes at
different time points from 0 to 24h after PBL by
terminal deoxynucleotidyl transferase-mediated
dUTP nick end labeling (TUNEL) assays and
electrophoresis of DNA on agarose gels. However,
these techniques are thought to be nonspecific of
programed cell death.10

In this study, we describe the molecular mechan-
isms leading to the atrophy of portal blood-deprived
liver lobes. We also provide evidence that the rate of
atrophy by programed cell death can be controlled
by homeostatic mechanisms, when compensatory
proliferation in the nonligated lobes is made
impossible by retrorsine poisoning.

Apoptosis is a tightly controlled process that is
vital to maintain the balance between cell loss and
cell production in normal tissue.18,19 Excessive
apoptosis in the liver can lead to hepatic insuffi-
ciency, while failure of apoptosis is one of the
prerequisites to develop cancer.20 In the past few
years, understanding of the molecular mechanisms
responsible for programed cell death has made
significant advances.

Schematically, three main initiation pathways
leading to the activation of effector proteases called
caspases are found in the liver:11,12,21 the first one

Figure 7 Caspase-9, -8 and -3 activities in the anterior lobes of
retrorsine-treated and untreated rats after PBL. Caspase-9 (a), -8
(b) and -3 (c) activities were measured by fluorimetric assays in
the anterior lobes of four to seven rats per group before and 24, 48,
72 and 168h after PBL. Data in the open bars are the same as the
data in the open bars of Figure 6 (same animals, same
experiments). *Po 0.05, **Po0.01, ***Po0.001, Student’s
unpaired t-test untreated vs retrorsine-treated rats. Data are
expressed as mean7s.e.m. with n¼4–7 per group.

Apoptosis and portal branch ligation
C Picard et al

625

Laboratory Investigation (2004) 84, 618–628



involves activation of death receptors, the second
one is triggered by mitochondrial dysfunction and
the last one by endoplasmic reticulum stress.

In this study, we investigated the death receptor-
mediated pathway by measuring TNF-a concentra-
tion and by performing caspase 8 activation assays,
and the mitochondrial pathway by proapoptotic Bax
and anti-apoptotic Bcl-2 and Bcl-XL protein assess-
ment in mitochondrial fractions and by cytochrome
c release into the cytosol. Caspase 9 activation
resulting from both cytochrome c release and
procaspase 12 activation by endoplasmic reticulum
stress was also measured. Caspase 3 activation was
chosen to assess the proteolytic activity of effector
caspases. Histology of the anterior and posterior
liver lobes of both retrorsine-treated and untreated
rats was also carefully examined for the presence of
apoptotic bodies.

Our results (Figure 8) show that apoptosis is
induced in the anterior liver lobes of untreated rats
after PBL. Mitochondrial proapoptotic Bax rises
after PBL, with a peak at 48 h, while antiapoptotic
Bcl-2 is maximal at 168h, when most of the atrophy
has taken place. The significance of the earlier rise
of antiapoptotic Bcl-XL, which peaks at 48h,
remains unclear, but the various members of the
Bcl-2 family are known to form homo- and hetero-
dimers, so that the relative amounts of pro- and
antiapoptotic proteins seem to be more important
than their absolute presence.22

Our experiments suggest an early proapoptotic
trend (high Bax and low Bcl-2) followed by a late

antiapoptotic trend (low Bax and high Bcl-2). This is
associated to an early and prolonged release of
cytochrome c into the cytosol, followed by gradual
caspase 9 activation. Taken together, these data
show that the mitochondrial pathway is activated
in the atrophying liver lobes after PBL. In addition to
the mitochondrial pathway, endoplasmic reticulum
stress could also contribute to caspase 9 activation,
through the release of active caspase 12.23

Caspase 8 is thought to be activated by the binding
of death ligands such as TNF-a and Fas to
death receptors.24,25 In the anterior lobes after
PBL, we observed an early rise of TNF-a concentra-
tions, followed by a progressive activation of
caspase 8.

Both the mitochondrial and the death receptor-
triggered pathways leading to apoptosis are thus
activated by the interruption of the inflow of portal
blood, resulting in a massive induction of effector
caspase 3. Histologically, apoptotic bodies were
found in the anterior lobes of untreated rats from
48h after PBL, showing that the activation of
apoptotic pathways leads to actual apoptosis of
hepatocytes.

To our knowledge, this study is the first one that
describes the molecular mechanisms leading to liver
atrophy after PBL.

In the posterior liver lobes, mitochondrial Bax was
found to rise at 72 h thereafter decreasing to sub-
basal levels; in the meantime, Bcl-2 remained
unchanged and Bcl-XL rose at 48 h. Cytosolic
cytochrome c rose at 48h after PBL, peaked at 72 h

Figure 8 Comparison of results in the anterior and posterior lobes of retrorsine-treated and untreated rats. Line graphs showing the
changes in caspase -8, -9 and -3 activities in the anterior and posterior lobes of retrorsine-treated and untreated rats after PBL, as well as
the evolution of mitochondrial Bax, Bcl-2 and Bcl-XL and of cystosolic cytochrome c in the anterior and posterior lobes of untreated rats
at various time points after surgery. The line graphs represent an interpretation of an extensive set of data, and are not the specific data.

Apoptosis and portal branch ligation
C Picard et al

626

Laboratory Investigation (2004) 84, 618–628



and returned to basal levels. No activation of
caspase 9 above baseline was observed.

Caspase 8 activity rose slightly in the posterior
lobes after PBL, the difference vs basal levels
reaching statistical significance at 72 and 168h.
Together with the activation of effector caspase 3,
this suggests a late activation of the death receptor
mediated pathway. These findings could be inter-
preted as a means of fine-tuning liver regeneration,
as it has been suggested by others.26

In conclusion to the first part of this study, our
data strongly support the fact that both the death
receptor-mediated and the mitochondrial pathways
are activated in the anterior, ligated liver lobes after
PBL, showing that apoptosis accounts for the
atrophy of these lobes.

In the second part of our experiments, we
evaluated the influence of an inhibition of hepato-
cyte proliferation by retrorsine on liver atrophy. This
alkaloid, when administered before proceeding to
PBL, renders liver regeneration of the nonligated
lobes impossible, but also significantly slows down
atrophy of the portal blood deprived lobes.13 In
order to do so, we compared caspase-8, -9 and -3
activities as well as histology of the anterior and
posterior liver lobes after PBL in retrorsine-treated
and untreated rats.

At 72h after PBL, very few apoptotic bodies were
found in the anterior lobes of retrorsine-treated rats,
whereas many of these could be observed in
untreated animals. In addition, we observed a
significantly lower activity of caspases in the
anterior lobes at 72 and 168h when retrorsine had
been administered to the animals. This could be
explained by a direct toxic effect of retrorsine on
caspase activation and/or of pro-caspase synthesis.
Another way to interpret these observations is that
homeostatic mechanisms inhibiting atrophy are
operating in an attempt to maintain the total mass
of the liver when proliferation of the nonligated
lobes is impaired. This second hypothesis is
supported by the fact that caspase-8 and -9 activities
in the posterior lobes are not significantly impaired
by retrorsine treatment, ruling out a direct inhibitory
effect of the alkaloid on the activity of these
proteolytic enzymes.

The mechanisms responsible for such an
inter-relation between anterior and posterior lobes
are still to be discovered, but it is tempting to think
that some extrahepatic, circulating factor is in-
volved.

In conclusion, our data show that programed
cell death accounts for the atrophy of the portal
blood-deprived liver lobes after PBL, by activation
of both the mitochondrial and death receptor-
mediated pathways. They further suggest that
homeostatic mechanisms are activated in order to
try and reduce the loss of liver mass induced by liver
atrophy of the ligated lobes, when compensatory
hyperplasia of the nonligated lobes is inhibited by
retrorsine.
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