
Available online at www.sciencedirect.com
* Corresponding au

E-mail address: h

http://dx.doi.org/10.10

0748-7983/� 2015 E

ScienceDirect

EJSO 41 (2015) 1471e1478 www.ejso.com
Hepatic regeneration in a rat model is impaired by
chemotherapy agents used in metastatic colorectal cancer

C. Hubert a,*, C. Dahrenmoller a, L. Marique a, N. Jabbour a,
P. Gianello b, I. Leclercq c

aDivision of Hepato-Biliary and Pancreatic Surgery, Department of Abdominal Surgery and Transplantation,

Cliniques universitaires Saint-Luc, Hippocrate Avenue, 10, 1200 Brussels, Belgium
b Laboratory of Experimental Surgery, Institut de Recherche Exp�erimentale et Clinique Universit�e catholique de

Louvain (UCL), Hippocrate Avenue, 10, 1200 Brussels, Belgium
cLaboratory of Hepato-Gastroenterology, Institut de Recherche Exp�erimentale et Clinique, Universit�e

catholique de Louvain (UCL), Avenue E Mounier 53, 1200 Brussels, Belgium
Accepted 1 August 2015

Available online 21 August 2015
Abstract
Purpose: Administering Oxaliplatin prior to resection of colorectal liver metastases often induces a Sinusoidal Obstruction Syndrome
(SOS), which can affect postoperative patient outcome. Bevacizumab (Anti-VEGF-A) can decrease the severity of SOS and the associated
risk of postoperative liver failure. We investigated the impact of both Oxaliplatin (Oxali) and Bevacizumab on liver regeneration in a rat
model.
Material and methods: Male Wistar rats underwent a 70% partial hepatectomy (PH) 3 days after a 2 ml intraperitoneal injection of either
saline (controls, n ¼ 17), or Oxaliplatin 10, 20 or 50 mg/kg, 5-Fluorouracil 100 mg/kg (5-FU) and Bevacizumab 5 or 10 mg/kg in various
combinations (total 98 rats, 11 groups, n ¼ 5e18/group). Liver regeneration was assessed by remnant liver weight recovery and cell pro-
liferation by immunodetection of BrDU incorporation (days 1, 2, 3, 7). Hepatic mRNA expression levels of VEGF-A and of its 2 receptors
(Flt-1 and KDR) were quantified by PCR technique.
Results: Liver regeneration was impaired for 3 days post PH by Oxali 20 alone and Oxali 10 þ 5-FU, without any rescue effect by neither
Bevacizumab 5 nor 10 mg/kg. Unlike in humans, there were no sinusoidal changes. VEGF-A mRNA expression and receptor 2 (KDR)
expressions decreased 24 h post PH in a similar fashion in controls, Oxali 20 and Oxali 10 þ 5-FU groups. All groups had recovered
over 60% of their liver weight by day 7.
Conclusion: Oxaliplatin causes early hepatocyte proliferation impairment post PH, unaffected by Bevacizumab and unexplained by changes
in VEGF-A signalling in a Wistar rat model.
� 2015 Elsevier Ltd. All rights reserved.
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Introduction

Patients suffering from colorectal adenocarcinoma have
or will develop liver metastases in 60% of the cases.1 Liver
resection remains the standard treatment for patients with
resectable colorectal liver metastases (CLRM) and is the
only single-modality therapy associated with cure. A five-
year-survival rate after liver resection of CLRM as high
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as 58% has been reported. Only a minority (15e30%)
of patients suffering from CLRM have metastases that are
resectable at the time of diagnosis.5,6 For others, a chemo-
therapy neoadjuvant treatment for tumour downstaging or
downsizing is necessary prior to resection.7 A response
rate of 54e56% is obtained after treatment with 5-
fluorouracil (5-FU) combined either to Oxaliplatin, a plat-
inum derivative, or to Irinotecan, a topoisomerase I inhib-
itor.8e10 However, these chemotherapeutic agents may
induce toxic side-effects on the non-tumoral liver paren-
chyma, potentially leading to liver dysfunction or defective
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hepatic regeneration post resection. Oxaliplatin is known to
cause sinusoidal damage in the form of a Sinusoidal
Obstruction Syndrome (SOS),11 whilst Irinotecan can
induce steatohepatitis, associated with 15% perioperative
mortality following liver resection, mainly linked to liver
failure.12 In Oxaliplatin-induced SOS, hepatic sinusoids
are dilated associated to extravasation into centrolobular
hepatic zones, leading to portal hypertension in the most se-
vere form, called Nodular Regenerative Hyperplasia
(NRH).13,14 Several authors have indeed reported an
increased morbidity with liver failure after major hepatec-
tomy, an increased need for transfusion and a longer hospi-
tal stay after liver resection in patients treated pre-
operatively with Oxaliplatin.15e17 However, recent newly
developed molecular targeted therapies such as Bevacizu-
mab, a monoclonal antibody to vascular endothelial growth
factor (VEGF), and Cetuximab, an anti-epidermal growth
factor receptor (EGFR) appear promising. These drugs,
usually administered in combination with cytotoxic agents,
are reported to induce a cytostatic response rate reaching
70%.18 In addition to its antitumoral effects, Bevacizumab
has been shown to decrease both the severity of SOS19e21

and the associated risk of postoperative liver failure.22

Experimental studies have to date, however, yielded con-
flicting results regarding the impact of anti-VEGF therapies
on liver regeneration.23,24 In this study we investigated
whether Oxaliplatin alone or combined to 5-FU had a direct
impact on liver regeneration in a Wistar rat model, and
whether Bevacizumab modified this effect.

Material and methods
Animals
In total, 98 male Wistar 6e7-week-old rats weighing
175e250 g (Centre d’�elevage JANVIER, Le Genest-Saint
Isle, France) were housed in our animal facility and were
kept in a 12-h-light cycle, temperature and humidity
controlled environment where they had ad libitum 24-h ac-
cess to water and food. Animals were handled following the
guidelines for humane care for laboratory animals estab-
lished by the Universit�e catholique de Louvain (UCL), in
accordance with European regulations.
Chemotherapy
Three days prior to partial hepatectomy (day-3),
following tail-blood collection, 98 rats were given an intra-
peritoneal (IP) injection of either chemotherapy diluted into
2 ml of saline or saline alone (controls, 2 ml) under light
diethyl ether anaesthesia. There were 11 groups of rats
(including 1 control group, n ¼ 17), receiving Oxaliplatin
(Oxali) 10 mg/kg alone (Oxali 10, n ¼ 17), 20 mg/kg (Ox-
ali 20, n ¼ 18), or 50 mg/kg alone (n ¼ 5), or 5-FU 100 mg/
kg alone (5-FU 100, n ¼ 6), Oxali 10 þ 5-FU 100 (n ¼ 7),
Oxali 20 þ 5-FU 100 (n ¼ 5), Bevacizumab 5 mg/kg (Beva
5, n ¼ 5) or 10 mg/kg (Beva 10, n ¼ 6), Oxali 10 þ 5-FU
100 þ Beva 5 (n ¼ 6), Oxali 10 þ 5-FU 100 þ Beva 10
(n ¼ 6) (Fig. 1A).
Partial hepatectomy
After tail-blood collection, a partial hepatectomy (PH)
70% was performed (day 0) according to the method
described by Higgins and Anderson.25,26 A midline ventral
abdominal incision was performed on anaesthetised ani-
mals, and, after mobilization of the liver, a ligature was
tied around the pedicle (including vessels and bile ducts)
of the anterior lobe (including left lateral and median
lobes). This lobe was then removed and the abdomen was
closed.

Animals were sacrificed 1, 2, 3 or 7 days after PH in the
initial experiment. In following experiments, the analyses
were performed at 24 h post PH time point. At time of sac-
rifice, blood was withdrawn by puncture of the inferior
vena cava and the remnant posterior lobe (including right
lateral and caudate lobes) was excised, weighed and
sampled. Liver wedges were frozen in liquid nitrogen or
fixed in paraformaldehyde for further analyses. BrdU was
administrated IP at the dose of 50 mg/kg 2 h prior to
sacrifice.
Clinical measurement and biological and specimen
collection
Animals were weighed and blood samples from either
the tail or inferior vena cava were taken at every step of
the experimental procedures. Blood samples were centri-
fuged and stored until assayed. Aspartate aminotransferase
(AST, mmol/l) and alanine aminotransferase (ALT, mmol/l)
were measured in all blood samples.
Histology, immunochemistry, BrdU immunostaining
Paraffin liver 3 mm thick sections were stained with hae-
matoxilin and eosin, using standard histological proce-
dures. Morphological analysis included routine liver
examination, mitosis count and assessment of sinusoidal
dilation. In addition, sections were immunostained with
5-bromo-2-deoxyuridine (BrdU). BrdU positive cells were
counted in at least five randomly selected high-power fields
per slide.
Liver regeneration
Restitution of hepatic liver mass was determined as the
percentage of regenerated liver mass calculated as follows:

Liver mass recovery (%) ¼ 100 � (Weight of the poste-
rior lobe at the time of final resection/estimated total liver
weight), the estimated total liver weight being extrapolated
from hepatectomized anterior lobes representing 70% of
the liver mass. DNA synthesis was determined by
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Figure 1. Study design (A): Chemotherapy (a single dose) was adminis-

tered on day-3, 70% partial hepatectomy (PH) performed on day 0 and sac-

rifice was on days 1, 2, 3 or 7. Chemotherapy consisted of Oxaliplatin

(Oxali) at the dose of 10, 20 or 50 mg/kg, 5-FU 100 mg/kg alone (5-FU

100), Oxali 10 þ 5-FU 100, Oxali 20 þ 5-FU 100, Bevacizumab (Beva)

5 mg/kg, or 10 mg/kg, Oxali 10 þ 5-FU 100 þ Beva 5, Oxali 10 þ 5-

FU 100 þ Beva 10. Note that all rats (n ¼ 5) receiving Oxali 50 mg/kg

died within 2 days following the injection. (B) Body weight evolution

(as percentage of BW at the start of the experiment) in rats treated with

Oxali 10 or 20 mg/kg or vehicle. Data were analysed by bivariate Rank

test. (C) Histological analysis of liver section at the time of PH (3 days

post chemotherapy) demonstrating a normal histological appearance in

all groups (whether treated with Oxali alone, a combination of Oxali

10 mg/kg and 5-FU or not) and the absence of histological lesion or sinu-

soidal lesion or dilation in chemotherapy-treated livers. Original magnifi-

cation �20.

1473C. Hubert et al. / EJSO 41 (2015) 1471e1478
immunodetection of BrdU incorporation into newly synthe-
tized DNA.
Growth factor mRNA expression
Total RNA was prepared from frozen liver using TRI-
pure isolation reagent (Roche). Hepatic mRNA expression
levels of VEGF-A and of its 2 receptor-type tyrosine ki-
nases (Flt-1 and KDR) were quantitated by real-time
PCR. Primer pairs for transcripts of interest were designed
using the Primer Expresst design software (Applied Bio-
systems). The ABI Prism 5700 PCR platform and SYBR-
greens mastermix were used for detection of the
amplification product. The relative amount of mRNA was
calculated by reference to a calibration curve and normal-
ized to the level of expression of RPL19 mRNA, an
invariant control.
Statistics
Data are presented as means � SD. Given the non-
normal distribution of data even after transformation in 2
out of 3 data sets and heteroskedastic residues of ANOVA,
we used a bivariate Rank test. It is known that this test is
convenient, only slightly conservative for small sample
size.27 Relative changes in gene expression were analysed
using paired t-test, with the anterior (resected) lobe serving
as the pre-hepatectomy value and the post lobe as post-
hepatectomy value for each individual animal (Fig. 5A);
KruskaleWallis test was used for between group compari-
sons (Fig. 5B). A p value of <0.05 was considered statisti-
cally significant.

Results

All rats treated with Oxaliplatin at the dose of 50 mg/kg
(n ¼ 5) died within 2 days post-injection (Fig. 1A). We
were able to pursue experiments with those groups of rats
receiving either Oxali 10 or Oxali 20. Partial Hepatectomy
was performed 3 days after chemotherapy treatment and
liver regeneration evaluated on day 1, 2, 3 and 7 post PH
(n ¼ 4e5 per subgroup and time point). Body weight
loss was used as an indicator of sufficient dose of chemo-
therapy administration. Compared to controls, Oxaliplatin
injections (Oxali 10 and Oxali 20) caused significant
body weight loss (p < 0.001). Oxaliplatin did not aggravate
BW loss caused by PH on D1, but on D7, there was a sig-
nificant difference in body weight between rats pre-treated
with Oxali 20 and controls (p < 0.001) (Fig. 1B). Oxalipla-
tin did not cause significant alterations in ALT and AST
levels (not shown) or sinusoidal lesions as assessed by his-
tological analysis of resected anterior lobes (Fig. 1C). As
expected, partial hepatectomy induced an increase in vol-
ume of the remnant lobe in controls (Fig. 2A) and liver
mass recovery reached 63% of the initial liver mass after
7 days (Fig. 2B). In Oxaliplatin pre-treated rats, the mass



Figure 2. Defective liver regeneration in early phases post PH in rats pre-treated with chemotherapy. (A) Weight of the remnant posterior livers in rats

pre-treated with Oxaliplatin 10 or 20 mg/kg (Oxali 10 or 20) or vehicle (control group; CTL) at the time of hepatectomy (Day 0; estimated from the weight of

resected livers considered as 70% of the total liver mass) and on days 1, 2, 3 and 7 post hepatectomy (measured at the time of sacrifice). In Oxaliplatin-treated

rats the weight of the remnant liver was smaller than in controls at time of PH, 24 h, 48 h and 72 h post PH, while increasing with time. (B) Regrowth of the

remnant liver calculated as: 100 � (Weight of the posterior lobe at the time of final resection/estimated total liver weight), the total liver weight being extrap-

olated from hepatectomized lobes representing 70% of the liver mass. (C) Representative pictures of BrdU immunostaining of the regenerating lobe on day 1

post PH (Magnification �20) and (D) Quantification of the number of BrdU þ hepatocyte nuclei per field. Data were analysed by bivariate Rank test. *

denotes significance using Rank test on Day 1 data only.
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of the remnant liver was significantly smaller than in con-
trols (Fig. 2A). The weight of the regenerating liver re-
mained smaller in Oxali-treated rats. Oxaliplatin pre-
treatment did not significantly alter liver mass recovery
(Fig. 2B). The proliferative index was calculated as the
mean number of BrdU positive hepatocyte nuclei per field
(Fig. 2C). In controls, the proliferative index was over 300
BrdU positive-hepatocytes nuclei per field 24 h post PH and
decreased over time (Fig. 2D). The proliferative index was
similar in the Oxali 10 group. By contrast, BrdU positive
hepatocytes were significantly fewer 24 h post PH in the
Oxali 20 rats (p ¼ 0.0073). Seven days post PH, the number
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Figure 3. 5-fluorouracyl (5-FU) impaired liver regeneration when
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of BrdU positive hepatocytes was similarly low in all
groups (Fig. 2D).

We then proceeded to test the effect of 5-FU 100 in com-
bined therapy with Oxaliplatin and analysed liver regener-
ation 24 h post PH. 5-FU alone or in addition to Oxali 10
caused a significant body weight (BW) loss (p < 0.001),
but did not aggravate BW loss caused by Oxali 20
(Fig. 3A). However, 5-FU alone or combined therapy did
not aggravate BW loss caused by PH (Fig. 3A). Combined
chemotherapy and partial hepatectomy did not significantly
alter AST and ALT levels (not shown).

The weight of the remaining liver lobes 24 h post PH
was significantly lower in rats pre-treated with 5-FU
whether alone or associated to Oxali 10. Additional admin-
istration of 5-FU to Oxali 20 did not further decrease the
low liver weight observed in the Oxali 20 group
(Fig. 3B). The addition of 5-FU to controls or Oxali 10
treated rats decreased the proportion of proliferating
BrdU positive hepatocytes (p < 0.05) while it did not
further alter the already low proliferation when added to
Oxali 20 (Fig. 3C).

We therefore examined the mRNA expression of VEGF-
A and its 2 receptors (Flt-1 and KDR) in the regenerating
livers. Liver regeneration in controls was associated with
a decrease of VEGF-A expression and KDR, 24 h post
PH (Fig. 4A). Chemotherapy, including Oxali 10, Oxali
20 and 5-FU 100 þ Oxali 10 did not alter VEGF-A or
VEGF receptors expression (Fig. 4B). In the regenerating
lobes of rats pre-treated with Oxali 20 and 5-FU þ Oxali
10 (associated with decreased hepatocyte proliferation)
we found a down regulation of VEGF-A and KDR expres-
sion, similar to that of controls (Fig. 4A).

We then tested the effect of Bevacizumab on liver regen-
eration: rats pre-treated with combined 5-FU 100 and Oxa-
liplatin 10 mg/kg received an IP injection of Bevacizumab
(5 or 10 mg/kg) at the time of chemotherapy (D-3). The
addition of Bevacizumab had no effect on AST and ALT
levels (not shown). The weight of the regenerating lobe
was similar in control rats and in rats treated with Bevaci-
zumab alone. The addition of Bevacizumab whether at the
dose of 5 or 10 mg/kg to Oxali 10 þ 5-FU did not increase
the weight of the liver remnants 24 h post PH (Fig. 5A).
The mean number of BrdU positive proliferative hepato-
cytes post PH was similar in livers treated with Beva 5 or
10 alone compared to the control group. The addition of
Bevacizumab to 5-FU 100 and Oxali 10 was not associated
with a significant increase in BrdU incorporation (Fig. 5B).

Discussion

Pre-operative chemotherapy is increasingly used in pa-
tients with colorectal liver metastases,18,28 and in view of
mixed reports on newly introduced regimens including Ox-
aliplatin, we investigated its impact on hepatic regeneration
post 70% PH in a Wistar rat model. As expected and in
accordance with literature reports,29 most of the various
chemotherapy regimens investigated (Oxali 20, 5-FU alone,
Oxali 10 þ 5-FU, Oxali 20 þ 5-FU) induced a body weight
loss, and a significant unexplained reduction in liver weight
(Figs. 1B and 2A). However, there were no differences in
serum AST and ALT levels between controls and chemo-
therapy treated rats, as also reported for combined Oxali
and 5-FU in both a mouse and a Wistar rat model.29,30 Con-
trary to observations in human livers,11 we did not find
morphological alterations or lesions of the hepatic sinu-
soids or significant morphological damage in the liver of
rats treated with chemotherapy. The absence of sinusoidal
lesions in rats treated with Oxaliplatin is in accordance
with other reports in both mice and rats.29,31

The main point of this study was to determine if expo-
sure to chemotherapy had an impact on the ability of the
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liver to regenerate. This was assessed by measuring the
weight of the remaining liver after PH and by immunostain-
ing for BrDU. In the control group, liver cells proliferation
assessed by BrdU incorporation was maximum 24 h post
PH and the liver recovered 63% of its initial mass 7 days
post PH.

The addition of 5-FU 100 to Oxali 10 led to a significant
reduction of positive BrdU hepatocytes, although 5-FU
alone did not significantly decrease hepatocyte proliferation
rate (Fig. 3C). This 5-FU effect on hepatocytes could not be
observed with Oxali 20 as the proliferation rate was already
significantly lower than controls on Day 1. Similar results
were found in the study of Manekeller et al.30 where, in a
Wistar rat model, liver regeneration was impaired after
PH performed 24 h following IP injection of similar doses
of Oxaliplatin (85 mg/m2) þ 5-FU (1000 mg/m2). Impor-
tantly, we observed that hepatocyte proliferation at later
time points remained low until Day 3, confirming that
chemotherapy impedes rather than delays regeneration,
fully recovered on Day 7, as reported by Manekeler
et al.30 Despite defective hepatocyte proliferation, regrowth
of the remnant liver appeared similar in controls and
chemotherapy treated rats. In summary, we observed in
all rats pre-treated with chemotherapy an early impairment
of hepatocyte proliferation (24 h), which was not associated
with morphological damage of the liver sinusoids nor with
delayed recovery of liver mass.

To treat colorectal liver metastases in human, recent pro-
tocols combine anti-VEGF treatment (Bevacizumab) with
5-FU and Oxaliplatin with a global benefit on carcinogenic
control and postoperative recovery. Indeed, blocking
VEGF-A dependent signalling is thought to not only
decrease the severity of SOS but also prevent liver failure
by improving liver mass recovery.19e22 However, several
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reports suggest that anti-VEGF treatment alters liver regen-
eration. Bockhorn et al.23 reported that VEGF blockade
almost completely suppressed hepatocyte proliferation
measured by Ki67 immunostaining 24 h post PH in rats.
Similarly, Taniguchi et al.32 reported an inhibition of prolif-
erative activity (Ki 67 immunostaining) of hepatocytes as
well as of endothelial cells 48 h and 96 h after 70% PH
in rats pre-treated with anti-VEGF. Our findings contradict
these results. Indeed, we found that Bevacizumab did not
significantly alter early hepatocyte proliferation post PH
in control rats. Kasuya et al.24 also reported the absence
of effect of Bevacizumab (4 mg/kg, administered IP 6 times
from D1 to D10 after PH), on liver regeneration in mice. In
chemotherapy pre-treated rats that exhibited a decreased
proliferative response post PH, we observed that Bevacizu-
mab tended to enhance hepatocyte proliferation early post
PH in a dose-dependent manner.

VEGF plays a major role in angiogenesis that is neces-
sary for healing of injured tissue as it is in liver regenera-
tion after partial hepatectomy.

In our control rats, VEGF-A mRNA expression and its
receptor 2 (KDR) were decreased 24 h post PH. This is
in contradiction with reports of increases in VEGF expres-
sion (48 he72 h post PH) and in its receptors Flt-1 and
KDR expression (72e168 h post PH).32,33 We also
observed that both control and chemotherapy treated rats
had decreased expressions of VEGF-A and receptor 2
(RKDR) 24 h post PH. This suggests that the studied
chemotherapy agents, though leading to decreased hepato-
cyte proliferation, do not have additional specific effects on
hepatic VEGF-A and VEGF receptors’ expression. The
observed decreased hepatocyte proliferation cannot be
explained by a direct chemotherapeutic toxic effect on
either VGF-A or its receptors. Bevacizumab treatment
had no significant effect on liver cells proliferation post
PH in rats treated with chemotherapy. The latter observa-
tion supports the hypothesis that anti-VEGF therapy has
no direct effect on liver regeneration, except when SOS is
present, as reported in human studies.19,20,22 In rats
receiving Oxaliplatin, the impairment of liver regeneration
in the early phase is not due to SOS. In the absence of SOS,
Bevacizumab has no effect on liver regeneration.

Conclusions

Oxaliplatin, alone or combined to 5-FU, impaired early
hepatocyte proliferation post PH, which was unrelated to si-
nusoidal alteration and did not compromise further liver
regeneration in a Wistar rat model. Bevacizumab alone
does not alter (nor improve) liver regeneration compared
to controls. Even when combined to 5-FU 100 and Oxali-
platin 10, Bevacizumab did not improve the significantly
altered liver regeneration process linked to chemotherapy.
The mechanism of hepatocyte proliferation impairment
due to chemotherapy cannot be explained by a change of
VEGF-A or of its receptors’ expression. Future studies
would be necessary to investigate both liver weight reduc-
tion on D0 and hepatocyte proliferation impairment linked
to Oxaliplatin and 5-FU.

Funding source

There are no financial disclosures from any authors.

Conflict of interest statement

All authors disclose any financial and personal relation-
ships with other people or organisations that could inappro-
priately influence their work.
Acknowledgements

The authors are particularly grateful to Prof. Zech for
expert and critical insights on statistical analyses, to
Pierre-Yves Adnet, Val�erie Lebrun and Eric Legrand for
their technical assistance, and to Dr Claire Craddock-de
Burbure for her judicious comments and proofreading of
the manuscript.
References

1. Stangl R, Altendorf-Hofmann A, Charnley RM, Scheele J. Factors

influencing the natural history of colorectal liver metastases. Lancet

1994 Jun 4;343(8910):1405–10.

2. Fernandez FG, Drebin JA, Linehan DC, Dehdashti F, Siegel BA,

Strasberg SM. Five-year survival after resection of hepatic metastases

http://refhub.elsevier.com/S0748-7983(15)00724-6/sref1
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref1
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref1
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref2
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref2


1478 C. Hubert et al. / EJSO 41 (2015) 1471e1478
from colorectal cancer in patients screened by positron emission to-

mography with F-18 fluorodeoxyglucose (FDG-PET). Ann Surg

2004 Sep;240(3):438–47. discussion 447e50.

3. Abdalla EK, Vauthey J-N, Ellis LM, et al. Recurrence and outcomes

following hepatic resection, radiofrequency ablation, and combined

resection/ablation for colorectal liver metastases. Ann Surg 2004

Jun;239(6):818–25. discussion 825e7.

4. Pawlik TM, Scoggins CR, Zorzi D, et al. Effect of surgical margin sta-

tus on survival and site of recurrence after hepatic resection for colo-

rectal metastases. Ann Surg 2005 May;241(5):715–22. discussion

722e4.

5. Scheele J, Stang R, Altendorf-Hofmann A, Paul M. Resection of colo-

rectal liver metastases. World J Surg 1995 Jan;19(1):59–71.

6. Steele G, Ravikumar TS. Resection of hepatic metastases from

colorectal cancer. Biologic perspective. Ann Surg 1989 Aug;

210(2):127–38.

7. Bismuth H, Adam R, Levi F, et al. Resection of nonresectable liver

metastases from colorectal cancer after neoadjuvant chemotherapy.

Ann Surg 1996 Oct;224(4):509–20. discussion 520e2.
8. Levi F, Zidani R, Misset JL. Randomised multicentre trial of chrono-

therapy with oxaliplatin, fluorouracil, and folinic acid in metastatic

colorectal cancer. International Organization for Cancer Chrono-

therapy. Lancet 1997 Sep 6;350(9079):681–6.

9. de GA, Figer A, Seymour M, et al. Leucovorin and fluorouracil with or

without oxaliplatin as first-line treatment in advanced colorectal can-

cer. J Clin Oncol 2000 Aug;18(16):2938–47.

10. Douillard JY, Cunningham D, Roth AD, et al. Irinotecan combined

with fluorouracil compared with fluorouracil alone as first-line treat-

ment for metastatic colorectal cancer: a multicentre randomised trial.

Lancet 2000 Mar 25;355(9209):1041–7.

11. Rubbia-Brandt L, Audard V, Sartoretti P, et al. Severe hepatic sinusoi-

dal obstruction associated with oxaliplatin-based chemotherapy in pa-

tients with metastatic colorectal cancer. Ann Oncol 2004 Mar;15(3):

460–6.

12. Vauthey J-N, Pawlik TM, Ribero D, et al. Chemotherapy regimen pre-

dicts steatohepatitis and an increase in 90-day mortality after surgery

for hepatic colorectal metastases. J Clin Oncol Am Soc Clin Oncol

2006 May 1;24(13):2065–72.

13. Hubert C, Sempoux C, Horsmans Y, et al. Nodular regenerative hyper-

plasia: a deleterious consequence of chemotherapy for colorectal liver

metastases? Liver Int 2007 Sep;27(7):938–43. Blackwell Publishing

Ltd.

14. Rubbia-Brandt L, Lauwers GY, Wang H, et al. Sinusoidal obstruction

syndrome and nodular regenerative hyperplasia are frequent

oxaliplatin-associated liver lesions and partially prevented by bevaci-

zumab in patients with hepatic colorectal metastasis. Histopathology

2010 Mar;56(4):430–9. Blackwell Publishing Ltd.

15. Aloia T, Sebagh M, Plasse M, et al. Liver histology and surgical out-

comes after preoperative chemotherapy with fluorouracil plus oxali-

platin in colorectal cancer liver metastases. J Clin Oncol 2006 Nov

1;24(31):4983–90.

16. Karoui M, Penna C, Amin-Hashem M, et al. Influence of preoperative

chemotherapy on the risk of major hepatectomy for colorectal liver

metastases. Ann Surg 2006 Jan;243(1):1–7.

17. Nakano H, Oussoultzoglou E, Rosso E, et al. Sinusoidal injury in-

creases morbidity after major hepatectomy in patients with colorectal

liver metastases receiving preoperative chemotherapy. Ann Surg 2008

Jan;247(1):118–24.
18. Feng Q-Y, Wei Y, Chen J-W, et al. Anti-EGFR and anti-VEGF agents:

important targeted therapies of colorectal liver metastases. World J

Gastroenterol 2014 Apr 21;20(15):4263–75.

19. Ribero D, Wang H, Donadon M, et al. Bevacizumab improves patho-

logic response and protects against hepatic injury in patients treated

with oxaliplatin-based chemotherapy for colorectal liver metastases.

Cancer 2007 Dec 15;110(12):2761–7.

20. Klinger M, Eipeldauer S, Hacker S, et al. Bevacizumab protects

against sinusoidal obstruction syndrome and does not increase

response rate in neoadjuvant XELOX/FOLFOX therapy of colorectal

cancer liver metastases. Eur J Surg Oncol 2009 May;35(5):515–20.

21. Hubert C, Sempoux C, Humblet Y, et al. Sinusoidal obstruction syn-

drome (SOS) related to chemotherapy for colorectal liver metastases:

factors predictive of severe SOS lesions and protective effect of bev-

acizumab. HPB (Oxford) 2013 Jan 18;15(11):858–64.

22. Mahfud M, Breitenstein S, El-Badry AM, et al. Impact of preoperative

bevacizumab on complications after resection of colorectal liver me-

tastases: case-matched control study. World J Surg 2010 Jan;34(1):

92–100.

23. Bockhorn M, Goralski M, Prokofiev D, et al. VEGF is important for

early liver regeneration after partial hepatectomy. J Surg Res 2007

Apr;138(2):291–9.

24. Kasuya K, Suzuki M, Nagakawa Y, et al. Administration of anti-

vascular endothelial growth factor antibody following hepatectomy

does not inhibit remnant liver regeneration or growth of remnant me-

tastases. Exp Ther Med 2012 Feb;3(2):347–50. Spandidos

Publications.

25. Palmes D, Spiegel H-U. Animal models of liver regeneration. Bioma-

terials 2004 Apr;25(9):1601–11.

26. Experimental pathology of the liver. Arch Pathol 1931;12:186–202.

Available from: http://ci.nii.ac.jp/naid/10004477070/.

27. Akritas MG, Arnold SF, Brunner E. Nonparametric hypotheses and

rank statistics for unbalanced factorial designs. J Am Stat Assoc

1997 Mar;92(437):258–65.

28. Gruenberger T, Scheithauer W, Van CE, et al. Perioperative chemo-

therapy with FOLFOX4 and surgery versus surgery alone for resect-

able liver metastases from colorectal cancer (EORTC Intergroup

trial 40983): a randomised controlled trial. Lancet 2008;371:1007–16.

29. Rickenbacher A, DeOliveira ML, Tian Y, et al. Arguments against

toxic effects of chemotherapy on liver injury and regeneration in an

experimental model of partial hepatectomy. Liver Int 2011 Mar;

31(3):313–21. Blackwell Publishing Ltd.

30. Extended liver resection after preoperative chemotherapy: influence

on regeneration and endoplasmic reticulum stress response. Langen-

becks Arch Surg 2009 Jul;394(4):681–8. Springer-Verlag. Available

from: http://link.springer.com/10.1007/s00423-008-0402-7.

31. Zafiriou G, Grekou A, Stravoravdi P, Natsis K, Barich A. Histological

and ultrastructural study of the effect of chemotherapy with 5-fluoro-

uracil on normal liver of Wistar rats. Chemotherapy 2002;48(6):298–

302.

32. Taniguchi E, Sakisaka S, Matsuo K, Tanikawa K, Sata M. Expression

and role of vascular endothelial growth factor in liver regeneration af-

ter partial hepatectomy in rats. J Histochem Cytochem 2001 Jan;49(1):

121–30.

33. Increased expressions of vascular endothelial growth factor and its re-

ceptors, flt-1 and KDR/flk-1, in regenerating rat liver. Biochem Bio-

phys Res Commun 1996 Sep 4;226(1):176–9. Available from: http://

linkinghub.elsevier.com/retrieve/pii/S0006291X96913297.

http://refhub.elsevier.com/S0748-7983(15)00724-6/sref2
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref2
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref2
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref2
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref3
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref3
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref3
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref3
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref3
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref4
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref4
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref4
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref4
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref4
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref5
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref5
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref6
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref6
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref6
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref7
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref7
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref7
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref7
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref8
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref8
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref8
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref8
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref9
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref9
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref9
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref10
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref10
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref10
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref10
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref11
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref11
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref11
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref11
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref12
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref12
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref12
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref12
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref13
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref13
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref13
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref13
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref14
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref14
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref14
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref14
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref14
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref15
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref15
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref15
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref15
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref16
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref16
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref16
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref17
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref17
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref17
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref17
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref18
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref18
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref18
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref19
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref19
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref19
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref19
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref20
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref20
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref20
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref20
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref21
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref21
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref21
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref21
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref22
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref22
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref22
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref22
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref23
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref23
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref23
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref24
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref24
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref24
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref24
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref24
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref25
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref25
http://ci.nii.ac.jp/naid/10004477070/
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref27
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref27
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref27
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref28
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref28
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref28
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref28
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref29
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref29
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref29
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref29
http://link.springer.com/10.1007/s00423-008-0402-7
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref31
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref31
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref31
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref31
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref32
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref32
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref32
http://refhub.elsevier.com/S0748-7983(15)00724-6/sref32
http://linkinghub.elsevier.com/retrieve/pii/S0006291X96913297
http://linkinghub.elsevier.com/retrieve/pii/S0006291X96913297

	Hepatic regeneration in a rat model is impaired by chemotherapy agents used in metastatic colorectal cancer
	Introduction
	Material and methods
	Animals
	Chemotherapy
	Partial hepatectomy
	Clinical measurement and biological and specimen collection
	Histology, immunochemistry, BrdU immunostaining
	Liver regeneration
	Growth factor mRNA expression
	Statistics

	Results
	Discussion
	Conclusions
	Funding source
	Conflict of interest statement
	Acknowledgements
	References


