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Abstract

BACKGROUND

Liver reduction is the main curative treatment for primary liver cancer, but its use
remains limited as liver regeneration requires a minimum of 30% functional

parenchyma.

AIM
To study the dynamics of the liver regeneration process and consequent behavior of cell
cycle regulators in rats after extended hepatectomy (90%) and postoperative glucose

infusions.

METHODS

Post-Hepatectomy Liver Failure (PHLF) was triggered in 84 Wistar rats by reducing
their liver mass by 90%. The animals received a post-operative glucose infusion and
were randomly assigned to two groups, one to investigate the survival rate and the
other for biochemic%analyses purposes. Animals that underwent laparotomy or 70%
hepatectomy (pHx) were lﬁd as controls. Blood and liver samples were collected on
postoperative days 1 to 7. Liver morphology, function, and regeneration were studied

with histology, immunohistochemistry and western blotting.

RESULTS

Postoperative mortality after major resection reached 20% and 55% in the first 24 and
48h respectively, with an overall total of 70% seven days after surgery. No apparent
signs of apoptotic cell death were detected in the eHx rat livers, but hepatocytes
displaying a clear cytoplasm and an accumulation of hyaline material testified to
changes affecting their functional activities. Liver regeneration started properly, as early
events initiating cell proliferation occurred within the first three hours and the G1 to S
transition was detected in less than 12h. However, a rise in p27 (Kip1) followed by p21

(Wafl/Cipl) cell cycle inhibitor levels led to a delayed S phase progression and mitosis.




%erall, liver regeneration in rats with a 90% hepatectomy was delayed by 24h
associated with a delayed onset and lower peak magnitude of hepatocellular DNA

synthesis.

CONCLUSION
This work highlights the critical importance of the cyclin-CDK inhibitors of the Cip/Kip

family in regulating the liver regeneration timeline following extended hepatectomy.
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Core tip: With the current pandemic of obesity and diabetes and the chronic liver
damages they cause, the outcomes of patients undergoing liver mass reduction for
malignant diseases are poor. To design efficient strategies that limit the risk of post-
hepatectomy liver failure, we used a rat model to clarify the causes of death after
enlarged liver resection. Compared with standard 2/3 hepatectomy, enlarged resection
resulted in a loss of hepatocyte functional activities and impaired regenerative
capacities, which were associated with an overexpression of p21 and p27 inhibitors. The
use of extracorporeal support device with p21 and p27 should be considered for the

management of severe liver failure following extended hepatectomy.

INTRODUCTION

Because the liver is able to regenerate its mass, surgical resection is used routinely as a
curative treatment to manage primary liver cancers and hepatic metastases (i.e. those of

colorectal and breast cancers [!]). This is a relatively safe procedure for patients and the




only efficient treatment for these tumors. The principal challenge faced by surgeons is
to estimate the volume of liver that can be resected without increasing the risk that the
patients will develop post-hepatectomy liver failure (PHLF), a disorder related to the
small-for-size syndrome (SFSS) that occurs when too little liver is transplanted.
Therefore, to ensure full patient safety and avoid post-resection liver failure, a
mininﬁ of 30% functional hepatic parenchyma is required[?].

Hepatocellular carcinoma (HCC), which is the most common primary liver
cancer, occurs predominantly in patients with an underlying chronic liver disease. The
setting of chronic inflammation involves steatosis, fibrosis or cirrhosis[?]. Fewer than
30% of HCC patients are eligible for surgery, mainly because of the lesions resulting
from chronic inflammation. This situation is becoming even more problematic in the
context of the current epidemic of diabetes and obesity affecting 25 to 30% of the global
population associated with the development of metabolic syndrome and its continuum
of chronic liver disorders such as steatosis, fibrosis, NASH (Non-Alcoholic
Steatohepatitis) and cirrhosis. When liver reduction is considered as a treatment for
liver metastases, the preoperative chemotherapies used to reduce the primary colon or
breast tumors and metabolized by the liver can aggravate the clinical picture. All
patients should be deemed to be at risk of developing post-resection liver failure. To
prevent or limit fatalities and complications after liver resection, a preoperative
evaluation of hepatic fUIétional status is necessary, and the criteria used to define
patient eligibility include the Child-Pugh score, the indocyanine green retention rate at
15 min, magnetic resonance imaging (MRI)[*] and the determination of liver stiffness
using FibroScan®|[]. Despite these precautions, it remains difficult to judge recovery
after surgery and the incidence of PHLF still exerts a major impact on 2-year survival
following resection[®]. Because PHLF shares a common clinical picture and outcome
with SFSS (jaundice, ascites, coagulopathy, encephalopathy etc.), both syndromes are
considered as a single entity.

The cellular and molecular mechanisms giving rise to PHLF remain unclear, but

several causal factors are considered to be important. The excessive portal blood inflow




and resultinﬁwtrahepatic shear stress that occur after the transplantation of a graft that
is too small have been shown to play a central role in the development of SFSS[74]. For

is reason, hemodynamic modulation of the portal vein is proposed to ensure
successful adult-to-adult living-donor liver transplantation[®]. As demonstrated by
Bucur et al.,, the use of a portal ring to modulate blood inflow can improve liver
regeneration after surgical resection in a porcine model[!?]. Similar results have been
observed using splenectomy to control hemodynamic parameters['']. An accumulation
of liver injuries post-resection has also been suggested as a factor leading to
postoperative mortality[!2]. Part if not all these injuries are associated with the sustained
activation of Kiipffer cells because of elevated endotoxin levels in the liver after
surgery["®] and the massive oxidative stress that results. Reducing oxidative stress has
been shown to markedly enhance the regenerative capacity of the liver in an
experimental model of acute liver failure[!*'] Likewise, preconditioning reduces
ischemic reperfusion injuries and improved rat survival after hepatectomy performed
on a liver affected by steatosis[!7]. However, Lehmann et al. showed that failure of
regeneration may occur in the absence of serious liver damage affecting the small
remnant liver using an improved technique of extended hepatectomy in mice[!8]. That
study also reported a delay in liver regeneration because of retarded progression
through the c% cycle[®]. They showed that extended liver I'E‘SE‘C%I positively
regulated p21, a cyclin-dependent kinase inhibitor (CKI) at both the G1/S and the
G2/M transitions. In addition, p21 deficiency enhances regenerative capacity of
multiple tissue types including complete rescue and regeneration of injured liver [18-21].
If confirmed, this finding is important as it will open the way to new therapeutic
regimens targeting p21. This is even more important given that patients undergoing
liver resection routinely receive intravenous glucose infusions to manage
hypoglycemia, and such infusions have been shown to inhibit post-resection liver
regeneration in a p21-dependent manner in mice[22].
To create acute liver failure in rats, we performed an extended hepatectomy

(eHx) with removal of 90% of the liver mass. We then studied the dynamics of the liver




regeneration process and consequent behavior of cell cycle regulators in rats after eHx

and postoperative glucose infusions.

MATERIALS AND METHODS

Animal model

All animal procedures were approved by the CE2A-03 CNRS-Orléans Ethics
Committee. Male Wistar rﬁs n = = 119) aged 10 wk and weighing 200-230g ﬁre
housed at the CNRS-SEAT animal care facility (Université Paris-Sud, Villejuif) and kept
81 a 12-hour day/night cycle with free access to food and water. The number of rats
used was in compliance with institutional ethical rules and consistent with common
practice in the fields of post hepatectomy liver regeneration. All the rats were
anesthetized by isoflurane inhalation and then underwent a midline incision after
sterilization of the area. For a standard 70% hepatectomy, the left lateral and left and
rights parts téthe median lobes of the liver were resected. For an extensive 90%
resection, the left lateral, median and both right lobes were carefully removed, leaving
the two caudate lobes and liver tissues surrounding the vena cava. To prevent
hypoglycemia, a subcutaneous injection of 5 mL of 30% glucose solution was
administered immediately after liver resection, and then the animals had free access to
20% glucose solution and rat chow ad libitum. Because the administration of glucose
might affect the kinetics of liver regeneration, it was injected in all the rats undergoing a
70% or 90% resection. Intrﬁritoneal injections of BrdU were given to all surviving

animals 2h prior to sacrifice at a dose of 50 mg/kg.

Serum biological analysis

Blood samples were obtained just prior to organ hﬁ/est at sacrifice, spun immediately
to collect the serum and frozen until use. Biochemical parameters (aspartate
aminotransferase AST, alanine aminotransferase ALT, bilirubin) determined using an
Olympus AU400 automat (Centre d’Exploration Fonctionnelles Intégrées, Institut

Claude Bernard, Paris).




Histological, immunofluorescence and inﬁmohistochemistry analyses

The livers thus collected were fixed overnight at 4°C in a 4% formalin solution before
being embpﬁied in a paraffin block. For histological analysis, liver sections (4pum) were
dewaxed in xylene, rehydrated through graded alﬁols and stained with
hematoxylin/eosin. For immunofluorescence, 4um liver sections were axed in
xylene, rehydrated through graded alcohols and pressure ﬁjked in a 10 mmol/L
citrate buffer at pH6 for 10 min. For BrdU staining, the 5-Bromo-2'-deoxy-uridine
Labelling and Detection Kit I (ROCHE) was used according to the supplier’s
recommendations. Tissue auto-fluorescence was reduced by applying 10 mmol/L
cupric sulfate in a 50 mmol/L acetate buffer pH5 sowon for 60 min at room
temperature. To visualize nuclei, Hoechst 33342 solution was added to the mounting
medium at éconcentration of 0.1 mg/mL. For phospho-histone H3 staining, dewaxed
rehydrated sections were incubated for 45 min at 37°C with a primary ﬁibody (Cell
Signaling), washed in PBS (3-times for 5 min) and incubated for 30 min at 37°C using
Alexa fluor® 594 donkey anti rabbit IgG (Invitrogen). The sections were then washed in
PBS and mounted using Hoechst 33342 containing mounting medium at a concentration
of 0.1 mg/mL. For immunohi%chemistry, dewaxed rehydrated sections were blocked
for endogenous peroxidase, incubated with primary anti-caspase 3 antibody (Cell
signaling), or anti-STAT3 antibody (Sara Cruz Biotechnology), washed and incubated
with secondary anti-rabbit IgG-HRP according to the manufacturer’s instructions
(DAKO). The sections were counterstained with alcian blue (Sigma) before mounting
the coverslips. Positively labelled cell counting was performed in 10 random
microscopic 1~ lelds. Cell proliferation, cell death, and cell cycle were assessed by
measuring the ratio of the numbers of BrdU-, p-Histone H3-, STAT3-, Caspase 3-

positive nuclei to the total nucleus count.

%munoblof Analysis




Whole-cell lysates were prepared in ice cold buffer containing 50 mmol /L Tris-HCI (pH

7.4), 150 mmol/L NaCl, 1% Nonidet Pé], 0.25% Na-deoxycholate, 1 mmol/L Na;VOy,
20 mmol/[d\laF, 1 pg/mL aprotinin, 10 pg/mL pepstatin, 10 pg/mL leupeptin and 1
uM PMSEF. Protein concentrations were determined with the Bio-Rad Protein Assay Kit
using bovine serum albumin as a standard. Aliquots of 30 pg were denaturated by
boiling in Tris-Glycine SDS Buffer (Invitrogen), separated by 12% SDS-PAGE and
transferred onto nitrocellulose membranes (Whatman, Dominique Dutscher, Brumath
cedex, France) by electroblotting. The membranes were blocked in 5% non-fat dry milk
in 0.1% Tween 20 Tris-buffered saline for 1h and probed with primary antibodies
against Cyclin E1, Cyclin A2, Cyclin B1, p27, p21, STAT3, p-STAT3, Rb, p-Rb and Actin

(Santa Cruz Biotechnology).

Statistical analysis

Normal distribution of the data was analyzed by the Shapiro-wilk test and hogeneity
of variances by the Levene test. All groups were normally distributed, and a two-tailed
Student’s t-test was used to aﬁess statistical differences between the groups. The
statistics were performed with StatView 5.0 freeware (SAS Institute Inc., Cary, North
Carolina, USA) and differences with P<0.05 were considered significant. All data are
presenlﬁ as means over several independent experiments + standard error of the mean

(SEM). Survival curve was constructed by the Kaplan-Meier method (Log-rank test).

RESULTS

Apoptosis is not the primary cause of liver dysfunction after subtotal (90% ) hepatectomy in the
rat

To determine the direct cause of death in liver failure after massive hepatectomy, 84
Wistar rats underwent 90% liver resection (eHx) and were randomly divided into two
groups, one (20/84) to analyze rat survival over time and (64/84) another for
biochemical analyses. For the second set of experiments, some rats were sacrificed every

24h for 7 days. To prevent deaths linked to hypoglycemia, the rats were injected post-




operatively with glucose solution and subsequently offered free access to a glucose
solution. Control groups of either rats that underwent laparotomy (sham) or rats that
underwent 70% liver resections (pHx), were treated similarly. As depicted in Figure 1A,
the outcomes after liver surgery differed considerably between the groups, with a 30%
survival rate after eHx (6/20) compared to 100% n = 11) after pHx. This rate is
consistent with previous studies. Peak mortality was seen within the first 48h and
accounted for 78% (11/14) of all deaths, 28% (4/14) during the first 24h and a further
50% (7/14) between 24 to 48h. Before they died, the animals were hypoactive and
displayed signs of liver failure such as jaundice and coma.

Blood was collected from surviving animals at the time they were sacrificed in
order to measure markers for liver function and liver damage. Hepatic enzymes (ALT,
AST) and bilirubin levels were significantly elevated 24h after surgery when compared
to sham animals (Figure 1B-D). At the same time point, markers levels remained
moderate in the pHx rats but were significantly higher in the eHx animals, suggesting
an accumulation of parenchymal injuries with an impairment of liver function in this
group. The serum levels of both enzymes declined over time to reach a standard level
96h after surgery, while conjugated bilirubin levels remained elevated in the eHx group
even after 7 days, indicated that liver functional activities were still impaired at that
time (Figure 1D).

Despite the clinical picture of acute liver failure, the histological analysis of
hematoxylin and eosin (H&E)-stained liver sections did not reveal any signs of
extensive apoptotic and necrotic cell death (Figure 1E). This result was confirmed by
immunohistochemistry which showed almost no caspase 3-positive cells within the
tissue sections (data not shown) indicating that apoptosis was not a major inducer of
hepatic failure after excessive hepatectomy in this experimental surgical setting.
Nevertheless, a pattern of parenchymal abnormalities was observed overtime following
resection, and these changes were much more pronounced in the eHx group.
Hypertrophic hepatocytes associated with a clear cytoplasm testifying to fluid and lipid

infiltration were detected at 24 and 48h after eHx. Lipid droplets were visible after 48h




in pHx animals but until 96h postoperatively in eHx sections. In addition, globular red
hyaline material within hepatocytes was detected in eHx livers, evidencing alterations
to protein synthesis and secretion processes (white arrowhead). Post mortem
histological analysis of the rat livers that could be collected just after death revealed
similar but much more developed changes. As for the rats sacrificed at each time-point,
their livers did not display any signs of massive cell death or massive hemorrhagic
parenchyma, but hypertrophic hepatocytes associated with a clear cytoplasm
corresponding to fluid and lipid infiltration and an accumulation of globular red

hyaline material were widely detected in the tissue sections (Figure 2).

Extended hepatectomy delayed cell cycle progression through S phase

We found numerous mitotic figures histologically in pHx livers as soon as 24h after
surgery (Figure 1E, black arrowhead) but not before the 48-hour time point in eHx
tissues (Figure 1E, black arrowhead). Immunohistochemical analyses revealed that
although both pHx and eHx rats reached a maximum of BrdU incorporation (Figure
3A) and phospho-histone H3 Labelling (Figure 3B) at 48h post-surgery, only pHx rats
displayed labelled cells at the 24-hour time point. Figure 3C shows determinations of
the liver weight to body weight (LW/BW) ratio at various postoperative time points. A
significant rise in the LW/BW ratio was noted 48h after surgery in rats that had
undergone pHx and at the 72-hour time point in eHx animals. These findings establish
that hepatocyte proliferation and liver mass restoration were delayed in eHx rats.

Liver regeneration after pHx is a well-known mechanism that involves the
sequential activation of cytokines and growth factor-related pathways. This cascade of
events leads to a peak of DNA synthesis 24h after surgery in the rat (for a review, see
[23]). To evaluate proper implementation of the mitogenic program, Western blot
analyses were performed on frozen liver specimens from rats that had undergone
enlarged hepatectomy and were sacrificed 3, 6, 12, 24, 48, 72, and 96h post-surgery. As
signal transducer and activator of transcription3 (STAT3) is activated rapidly during

liver regeneration in an interleukin 6 (IL6)-dependent manner, and drives hepatocytes




to switch from a quiescent state into a proliferative wave, STAT3 activation was verified
(Figure 4A, 4B). We found STATS3 activation quickly after 3h post-surgery (Figure 4A,
4B). Peak STATS3 activation was observed at the 6-hour time point and then gradually
returned to standard levels 48h post-resection (Figure 4A, 4B). These data therefore
indicated that the priming of rat hepatocytes has occurred and that they correctly re-
entered the cell cycle after eHx, despite the infusion of glucose.

We next studied cell cycle checkpoint proteins: pRb in G1 (Figure 4C), cyclin E1
for the G1 to S transition (Figure 4D), cyclin A2 for the S to G2 transition (Figure 4D),
and Cyclin B1 for the G2 to mitosis transition (Figure 4D). Levels of p-Rb were
significantly upregulated during the first 3h after resection, remained high for 24h and
then normalized by the 48-hour time point (Figure 4C). The cyclin E1 Level rose
significantly after 12h and remained elevated until the 72-hour time point (Figure 4D).
Levels of cyclin A2 and Bl remained stable at very low levels for the first 24h post-
surgery, rose markedly after 48h and then remained high until the 96-hour time point
(Figure 4D). Taken together, our results showed that hepatocytes entered the cell cycle
correctly but the absence of any detection of cyclin A2, 24h after surgery, establishing a

delayed S phase progression.

Altered expression of p21 and p27 in the small liver remnant during regeneration

As depicted in Figure 5, our model of eHx rapidly induced an upregulation of the p21
and p27 CKI in hepatocytes, which resulted in decreased regeneration. The p21 protein
was undetectable in quiescent rat liver. Its level rose gradually just after surgery to
reach an initial peak at 12h post-resection that corresponded to a 11.6 + 4.5-fold
amplification (p < 0.05). P21 displayed a second peak of expression at 48h after
resection, with a 32 + 9.3-fold P = (p= 0.007) amplification vs baseline. Our data also
pointed to a prolonged expression of p27 during the first 24h, the level reaching 1.7 +
0.25-fold P = (p=0.03) as early as 3h post-eHx indicating that p27 acts as a rapid brake to
S-phase progression. P27 Levels then normalized after 24h. A second wave of p21

expression was detected afterwards.




DISC ION

Liver resection offers a chance of a cure in patients presenting with primary and
secondary liver cancers and is currently the gold standard treatment for these
malignancies. If performed on appropriate patients, liver reduction is a safe operation.
Highly selective criteria based on preoperative assessments of both the extent of the
disease and the liver function need to be met in order to minimize postoperative
complications. Some surgical strategies have been developed to increase the number of
patients who are eligible for resection, such as portal vein embolization which enables
expansion of the portion of healthy liver prior to resection, or two-stage liver resection.
However, most patients diagnosed with primary or secondary liver cancer remain
ineligible for surgery. The principal challenge for clinicians in the coming years is to
find alternative treatments for patients who are denied surgical reduction. This issue is
all the more important given the worldwide progression of obesity and diabetes which
is causing chronic inflammatory liver disorders even though the impact of liver
resection in obese patients remains controversia [*-2%] An increased risk of developing
liver failure post-resection was demonstrated when performed in patients and mouse
models of steatosis[?’], NASH[28] and cirrhosis[?°]. To ensure the safety of patients and
avoid liver failure post-resection, a minimum of 30% functional hepatic parenchyma is
required[2]. However, there is as yet no complete understanding of the mechanistic
details of hepatocellular failure below this critical mass.

The development of novel pharmaceutical strategies to help patients to recover
from extended liver resection requires fully identification and characterization of the
causes of morbidity-mortality, and thus the reasons why the remnant liver lobes failed
to regenerate. A search in the bibliography on this topic generally produces papers that
refer to multivariate analyses performed on large cohorts of patients who underwent
liver resection and lists the predictive factors that will enable a better stratification of
patients prior to surgery[30-32]. These factors include diabetes, steatosis, chemotherapy-

associated steatohepatitis, patient age and gender and, of course, the volume of liver to




be removed. However, such a review highlights two principal reasons for post-
resection-induced morbidity-mortality: an insufficient number of functioning
hepatocytes to achieve proper synthesis, excretion and detoxification, and excessive
portal blood inflow that leads to sinusoidal dilatation and necrosis. The use of a portal
ring to control portal blood inflow has been shown to improve liver regeneration
following surgical resection in a pig mode['?]. Postoperative biochemical parameters
were improved in pigs with a portal ring but no significant difference was noted
regarding the mortality rate, probably because of the small sample size of 8 pigs per
condition['?]. Further studies are necessary in both animals and humans to clarify the
benefits of this approach. To compensate for the loss of liver function, extracorporeal
hepatic support devices have been evaluated in patients presenting with acute
postoperative liver failure. These devices, such as MARS®, Prometheus®, and SPAD,
are albumin-linked hemodialysis systems that improve the biochemical parameters of
patients but fail to improve survival rates[3]. A study combining the use of both liver
support and portal ring devices needs to be envisaged in the future so as to determine
the effects on perioperative outcomes and long-term survival. However, the results
reported at present show that improvements of liver function and portal flow were
insufficient to improve survival following major liver resection, suggesting that a
different and underestimated mechanism is also responsible for post-resection lethal
failure.

This assumption is in line with findin%)f different studies, including those of
Lehmann et al., who showed an impairment of the regenerative capacity of the small
remnant liver linked to a p2l-dependent cell cycle %ock in a mouse model ['].
Inhibiting p21 in transgenic animals partially restored the regenerative capacity of the
liver and improved the survival rate[!8] and a treatment with a senescence-inhibiting
drug improves liver rege&ration after partial hepatectomy by disrupting aberrantly
prolonged p21 expression in mice [3].

To further investigate the contribution of CKI in the failed liver regeneration, we

examined the earliest events to occur in response to experimentally hepatic




insufficiency induced by 90% hepatectomy in the rat. We showed that the delayed liver
regeneration of the small remnant liver is associated with altered expression of p27 and
p21, being detected as early as 3h and 12h postoperatively, respectively. The priming of
quiescent hepatocytes occurred correctly, as depicted by STAT3 activation coincident
with Rb phosphorylation as early as 3h post-resection, reflecting by entry into the cell
cycle. But extended hepatectomy resulted in significant delay in S-phase progression
and mitosis, which was compensated in surviving animals by increased DNA synthesis
at later time points eventually leading to restore liver mass and f%tional activity. Our
results therefore highlighted the critical importance of the cyclin-CDK inhibitors of the
Cip/Kip family in regulating the liver regeneration timeline following 90%
hepatectomy. To this is added a large number of molecular signals that were switched
on or off to guarantee a timely hepatocyte entry and progression into the cell cycle[353¢].
However, the choice of the experimental conditions (hepatectomies ranging from 80 to
95% of total liver weight, glucose supplementation, species-specific features, housing
conditions and diet) affects many of these signaling pathways accounting for the
noticeable differences between the studies.

In our model, peak mortality after eHx was reached within the first 48h and
accounted for 71% of all deaths. Among these, 29% occurred within less than 24h, and
these deaths could not be attributed to cell cycle changes as an increase in liver mass
was first detected after 24h in the control group. Although histological analysis of the
liver tissues from dead animals did not reveal any massive liver injuries, hepatocytes
displayed a clear cytoplasm with numerous accumulations of globular red hyaline
material, testifying to an impairment of liver function that involved the protein
excretion process. Our findings were also in accordance with conjugated bilirubin levels
that remained elevated in the eHx group (even after 7 days) while ALT and AST

returned to normal levels after 96h.

CONCLUSION




In conclusion, the loss of hepatocyte functional activities and a hindrance to the
regenerative capacities of the remnant lobe both contribute to mortality following major
liver resection. The use of extracorporeal support devices along with inhibitors of p21
and p27 now needs to be evaluated in terms of managing liver failure after extended
hepatectomy. This combination may facilitate access to curative surgical treatments for
primary or secondary cancer for patients who are not eligible according to current

standards.

ARTICLE HIGHLIGHTS

Research background
Liver reduction is routinely performed as curative treatment of primary liver cancer
and liver metastases, but its use remains limited as liver regeneration requires a

minimum of 30% functional parenchyma.

Research motivation

As such, less than 30% of patients with Hepatocellular carcinoma (HCC) are eligible for
surgery and this is connected to the underlying chronic inflammation and the
preoperative chemotherapies. Post-surgery, accumulation of liver injuries, excessive
portal blood inflow, and oxidative stress are the main causal factors suspected to give
rise to liver failure, but the molecular mechanisms that block liver regeneration remain

unclear.

Research objectives
Our objective was to monitor, step by step, the molecular events in relation to liver
regeneration after extended liver resection and so to clearly delineate the blocking

points that prevent liver regeneration.

Research mmethods




Post-operative liver failure was modelled in the rat by 90% liver resection. Animals
undergoing simple laparotomy and 70% hepatectomy were used as control. All animals
received glucose infusion to avoid post-operative hypoglycaemia. Sacrifices were
performed every 3 h for the first twenty-four hours, and every 24 h for the following 7
days. Blood and liver samples were collected at sacrifices and used to investigate liver

function, morphology, and regeneration by biochemical methods.

Research results

Twenty-nine percent of all deaths occurred in the first 24h in link with massive liver
injuries and impaired liver function. For all other deaths, the temporal sequence of
events that prime liver regeneration after 90% liver resection occur properly but S phase
progression and mitosis were delayed of 24h in conjunction with the rise in p27 (Kip1)

and p21 (Wafl/Cip1l) cell cycle inhibitor levels.

Research conclusions
The cyclin-CDK inhibitors of the Cip/Kip family are critical regulators of the liver

regeneration following extended hepatectomy.

Research perspectives
The use of extracorporeal support devices along with inhibitors of p21 and p27 should

be evaluated to manage liver failure after extended hepatectomy.
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