
Abstract. Background: The aim of this study was to evaluate
the impact of pretreatment with bevacizumab on liver damage in
a rat model of massive hepatectomy (Hx) model, as a surrogate
model of massive Hx for liver metastasis from colorectal cancer.
Materials and Methods: Male Wister rats (n=24) were separated
into the following two groups: 90% Hx and 90% Hx plus
bevacizumab group. Bevacizumab (5 mg/kg) was injected
intraperitoneally 7 days before Hx. Samples of blood and
remnant liver tissue were obtained 24 hours after hepatectomy
and the following parameters were evaluated: Biochemical
analysis; liver regeneration rate; survival rate; and real-time
polymerase chain reaction for interleukin-1 beta (Il1b), tumor
necrosis factor alpha (Tnfa), matrix metalloproteinase (Mmp) 2
and Mmp9 mRNA. In addition, samples of whole liver tissue
were obtained immediately before Hx and real-time polymerase
chain reaction was performed for X-box binding protein 1
(Xbp1), activating transcription factor 6 (Atf6), C/EBP
homologous protein (Chop), glucose-regulated protein 78
(Grp78) and heat-shock protein 70 (Hsp70), as markers of
endoplasmic reticulum stress response. Results: The levels of
transaminases 24 hours after Hx were significantly reduced in
the group pretreated with bevacizumab compared to that not
pretreated (p<0.05). The liver regeneration rate at 24 hours after
Hx was significantly increased in the group pretreated with
bevacizumab compared with the group which underwent Hx
alone (p<0.05). The survival rate for the group pretreated with
bevacizumab tended to be higher than that of the Hx-only group,
72 hours after Hx (p=0.09). The expressions of Il1b, Mmp2 and
Mmp9 mRNA 24 hours after Hx in the group pretreated with

bevacizumab tended to be lower than that of rats which
underwent Hx alone (p=0.11, 0.09 and 0.15, respectively). The
expression of Xbp1, Chop, Grp78 and Hsp70 mRNA immediately
before Hx in the group pretreated with bevacizumab were
significantly higher than the 90% Hx group (p<0.05).
Conclusion: Bevacizumab pretreatment had protective effects on
liver injury after massive hepatectomy in rats, apparently via the
induction of the endoplasmic reticulum stress response, i.e. the
so-called unfolded protein response.  

Bevacizumab is a humanized monoclonal antibody and
prevents angiogenesis by inhibiting the function of vascular
endothelial growth factor (VEGF), a dominant natural protein
that stimulates neovascularization (1). Bevacizumab has been
widely used for patients with unresectable liver metastases of
colorectal cancer as a molecular targeted therapy (2). The
addition of bevacizumab to standard chemotherapy for
patients with metastatic colorectal cancer has improved
overall and progression-free survival, downsized unresectable
tumors and made hepatic resection possible (3-5). Therefore,
among patients with originally unresectable liver metastases,
an increase in the number of patients for whom hepatic
resection can become possible can be expected after
chemotherapy with bevacizumab. Even though the use of
bevacizumab is increasing, its effects on liver regeneration
after hepatectomy (Hx) have not been elucidated. 

Most proteins continue to mature under various
modifications in the endoplasmic reticulum (ER). It is well-
known that unfolded proteins or those with misfolding are
accumulated in the ER under the stimulus which inhibits the
modification of proteins in the ER (6). This condition is the
state that is called ER stress. The cell attempts to eliminate ER
stress by triggering the unfolded protein response (UPR), the
so-called ER stress response, in order to maintain homeostasis
that regulates the restoration of ER function. On the other
hand, excessive or persistent ER stress exceeds the capability
off the UPR and eventually causes apoptosis (7, 8). 

The aim of this study was to evaluate the impact of
bevacizumab pretreatment on liver damage and liver
regeneration after massive Hx, using rats as a surrogate
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model of massive Hx for liver metastasis from colorectal
cancer, focusing on the ER stress response. 

Materials and Methods
Animals. Male Wistar rats (6 weeks old, approximately 200 g body
weight) were obtained from Charles River Laboratories (Kanagawa,
Japan). Animals were given standard laboratory chow and water for
at least 1 week prior to use. Throughout this study, animals were
kept in a controlled environment and had free access to food and
drink during the perioperative period. This study was performed in
accordance with the Department of Animal Research and Resources,
Institute of Health Biosciences, Tokushima University. The present
study was approved by the Animal Experiment Committee of
Tokushima University (approval number: 05311).

Bevacizumab. Bevacizumab (Avastin, Chugai Pharmaceutical Co.,
Ltd. Japan) was given at a dose of 5 mg/kg body weight.
Bevacizumab was given intraperitoneally by the same method as
other literatures using rat (9-11). In addition, the bevacizumab dose
administered was decided according to the dose given to humans (5
mg/kg body weight). Although bevacizumab is a recombinant
humanized monoclonal antibody against VEGF, it is reported to be
cross reactive for VEGF in rats (11). 

Experimental protocol. Animals (n=24) were separated into two
groups (n=12, each): 90% Hx with pretreatment with saline; and
90% Hx with bevacizumab pretreatment. Surgical procedures
were made under general anesthesia with sevoflurane. Ninety
percent Hx was performed in rats according to the Higgins and
Anderson method (12) with slightly modified techniques (13).
Specifically, after a laparotomic incision was performed and each
Glisson sheath of the left, median, and right lobes were ligated
separately near the inferior vena cava, each of these liver lobes
were resected with the caudate lobe preserved. Bevacizumab (5
mg/kg) or saline (control) was injected intraperitoneally 7 days
before Hx. Six animals from each group were sacrificed using
deep anesthesia immediately before Hx and six 24 hours after.
Immediately prior to sacrifice, blood samples were taken from the
superior vena cava for biochemical analysis. Under light
sevoflurane anesthesia, the liver was collected by laparotomy and
then dissection was performed. The entire remnant liver was
removed, and its weight was measured. In addition, a part of the
caudate lobe was placed in RNALater and stored at −80˚C until
RNA extraction for reverse transcription polymerase chain
reaction (RT-PCR).

Real time RT-PCR for Xbp1, Atf6, Chop, Hsp70, Ilb, Tnfa, matrix
metalloproteinase (Mmp)2 and Mmp9. Immediately before Hx, the
levels of mRNA expression of Xbp1, Atf6, Chop, Grp78 and Hsp70
were assessed by real time RT-PCR. Twenty-four hours after Hx,
Ilb, Tnfa, Mmp2 and Mmp9 were evaluated in the same manner.
Total RNA of each liver tissue sample was extracted using RNeasy
Mini Kit from Qiagen (Hilden, Germany) according to the
manufacturer’s instructions. cDNA was synthesized using a reverse
transcription kit (Applied Biosystems, Foster City, CA, USA). The
following primers from TaqMan gene expression assays (assay
identification number) were used: Xbp1 (Rn01443523_m1), Atf6
(Rn01490877_m1), Chop (Rn00492098_g1), Grp78 (Rn01435
769_g1), Hsp70 (Rn00596544_m1), Il1b (Rn00580432_m1), Tnfa

(Rn00562055_m1), Mmp2 (Rn01538170_m1), and Mmp9
(Rn00579162_m1). Quantification was performed using Gapdh
(4352338E), which served as the internal control. Step One Plus
Real-Time PCR System from Applied Biosystems (Thermo Fisher
Scientific Inc., Waltham, MA, USA) was used to perform
quantitative RT-PCR.  

Biochemical analysis. The serum levels of aspartate aminotransferase
(AST), alanine aminotransferase (ALT), total bilirubin (T-BIL) and
lactate dehydrogenase (LDH) were measured in order to assess the
liver damage 24 hours after Hx using the standardization matching
method recommended by Japan Society of Clinical Chemistry. The
serum level of hyaluronic acid was measured by a latex agglutination
immunoassay latex agglutination-turbidimetric immunoassay. All
parameters of biochemical analysis were measured by Shikoku
Chuken, Inc. Kagawa, Japan.

Liver regeneration and survival. The ratio of liver to body weight
was used as the postoperative liver-regeneration rate and was
compared between the two groups with and without bevacizumab
pretreatment. In addition, the survival rate was evaluated up to 3
days after Hx and compared between the two groups. 

Statistical analysis. All resulting data are reported as the mean±SD.
Comparisons between the two groups were calculated using
Student’s t-test and Mann–Whitney U-test. Log-rank test was used
in comparison of survival rates. All statistical analysis of this study
was calculated using statistic software JMP 8.0.1. (SAS, Cary, NC,
USA). Statistically significant differences were defined as p-values
of less than 0.05. 

Results

Liver damage. The levels of transaminases 24 hours after Hx
were significantly reduced in the group pretreated with
bevacizumab compared with Hx alone (AST and ALT,
p<0.05) (Figure 1). The levels of T-BIL, LDH and
hyaluronic acid 24 hours after Hx tended to be lower in the
bevacizumab-treated with group compared with the Hx-only
group (T-Bil, p=0.11; LDH, p=0.07; hyaluronic acid,
p=0.07) (Figure 1). 

Liver regeneration. The liver to body weight ratio of the
bevacizumab-treated group was significantly increased at 24
hours after Hx compared with the group treated with Hx
alone (p<0.05) (Figure 2). 

Survival rate. The survival rate 72 hours after Hx for the group
pretreated with bevacizumab tended to be higher than that for
the Hx-only group (83% vs. 50%, p=0.09) (Figure 3). 

mRNA expression of cytokines in liver 24 hours after
hepatectomy. The expressions of Il1b, Mmp2 and Mmp9
mRNA 24 hours after Hx in the bevacizumab-treated group
tended to be lower than those in 90% Hx group (Il1b,
p=0.11; Mmp2, p=0.09; Mmp9, p=0.15) (Figure 4).
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mRNA expression of ER stress markers in liver immediately
before hepatectomy. The expression of Xbp1 and Chop
mRNA immediately before Hx in the group pretreated with
bevacizumab was significantly higher than for the Hx-only
group (Xbp1, p<0.05; Chop, p<0.05) (Figure 5). The
expression of Atf6 mRNA immediately before Hx similarly
tended to be higher (p=0.16) (Figure 5). Bevacizumab

pretreatment appeared to promote the ER stress response
before hepatectomy. 

Expression of Grp78 and Hsp70 mRNA immediately before
Hx in bevacizumab-treated group was significantly higher
than in the Hx-only group (both p<0.05) (Figure 6), showing
that bevacizumab pretreatment induced cytoprotective effects
in the liver immediately before hepatectomy.
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Figure 1. Biochemical analysis: Aspartate aminotransferase (AST), alanine aminotransferase (ALT), total bilirubin (T-BIL), lactate dehydrogenase
(LDH) and hyaluronic acid levels in serum 24 hours after 90% hepatectomy with and without bevacizumab (Bev) pretreatment. Values are expressed
as the means±SD. 



Discussion

Bevacizumab is a recombinant humanized monoclonal antibody
that blocks angiogenesis by inhibiting VEGFA. In 2004, it was
first approved for use in combination with standard
chemotherapy for metastatic colon cancer (1, 14). Molecular
targeted therapy with bevacizumab has often been used as a
standard treatment in combination with oxaliplatin, 5-
fluorouracil and irinotecan for patients with metastases from
advanced colorectal cancer. The combination of bevacizumab
and cytotoxic chemotherapy has led to an increase in
radiological response and overall survival rate for patients with
advanced colorectal cancer through the preliminary data
obtained from these studies (15-17). However, the efficacy of
bevacizumab combined with chemotherapy for patients
undergoing neoadjuvant chemotherapy followed by conversion
hepatectomy from an unresectable condition has not yet been
reported as far as we know, and it is unknown whether the
combination of bevacizumab and cytotoxic chemotherapy
ameliorates pathological change or affects liver damage in the
non-cancerous liver. Therefore, in the current study, we
investigated the impact of bevacizumab pretreatment on liver
damage and liver regeneration after massive Hx, as a surrogate
model of massive Hx for liver metastasis from colorectal cancer. 

In the present study, Xbp1, Atf6 and Chop mRNA were
shown to be promoted and Grp78 and Hsp70 mRNA were
indicated to be induced in the liver following bevacizumab
treatment. This process appeared to be what is called the ER
stress response (18, 19). When various stresses, such as
hypoxia and low energy conditions, are added to ER stress,
protein folding is disrupted and unfolded protein accumulates
(20, 21). This results in the promotion of gene transcription

of ER chaperones including Grp78 and Hsp70 genes (22, 23).
In the current study, the induction of Grp78 and Hsp70 owing
to bevacizumab might been due to the ER stress response
brought about by bevacizumab pretreatment before Hx. 

It is known that the ER stress response is mainly involved
in the maintenance of protein homeostasis (24, 25). In the
present study, it was indicated that ER stress response including
bevacizumab pretreatment-induced expression of Grp78 and
Hsp70 mRNA had protective effects on liver damage after
massive hepatectomy, considering the improvement of serum
biochemical parameters and the increase of liver regeneration
rate and survival rate. Valenzuela et al. also reported that the
ER stress response, namely the UPR, enhanced locomotor
recovery after spinal cord ischemia injury and increased the
number of oligodendrocytes in a mice model (n=174) (26).
Moreover, it was reported that the using of genetic therapy
strategies to reduce ER stress or artificially induce ER stress
responses might have a positive impact to reduce tissue injury
and promote recovery of locomotor activity in conditions that
affect the spinal cord function. 

Furthermore, in our study, mRNA expression of
inflammatory cytokines, Il1b, Mmp2 and Mmp9 were shown
to be attenuated in the liver after Hx following bevacizumab
pretreatment. Oxaliplatin- based chemotherapy for
unresectable colorectal liver metastases is known to cause
hepatic sinusoidal dilation (27-29), called sinusoidal
obstruction syndrome (30, 31). Ribero et al. reported that the
addition of bevacizumab to 5-fluorouracil/oxaliplatin
chemotherapy for patients with metastatic colorectal cancer
not only reduced tumor viability but also improved the
occurrence and degree of oxaliplatin-related sinusoidal
dilation (32). Arakawa et al. also reported that bevacizumab
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Figure 2. Liver regeneration rate 24 hours after 90% hepatectomy with
and without bevacizumab (Bev) pretreatment. Values are expressed as
the means±SD. 

Figure 3. Effect of bevacizumab (Bev) pretreatment on 3-day survival
after 90% hepatectomy with and without bevacizumab pretreatment.
(83% vs 50%, p=0.09).



reduced sinusoidal obstruction syndrome in pathological
findings (33). In addition, Deleve et al. demonstrated that the
release of Mmp2 and Mmp9 from sinusoidal endothelial cells
facilitates the early stage of sinusoidal obstruction syndrome
via the degradation of extracellular matrix in the space of
Disse (34). It was also reported that bevacizumab had anti-
inflammatory and anti-fibrotic effects. Choi et al. reported
that inflammatory cell infiltration was reduced in the early
stage after extraocular muscle surgery by the intraoperative
use of bevacizumab (35). Moreover, O’Neill et al. reported
that bevacizumab disrupted fibroblast proliferation, inhibited
the ability of collagen gel contraction and induced death of
fibroblasts (36).

In conclusion, bevacizumab pretreatment might have
induced hypoxia and low energy conditions in the liver (37),

increasing the ER stress response, up-regulating the
expression of Grp78 and Hsp70 mRNA. Postoperative liver
damage was also ameliorated and liver regeneration was
promoted because massive hepatectomy was performed
under conditions where the cytoprotective effect was
preserved in the liver. In other words, potential
preconditioning effects of bevacizumab on the liver might
have occurred. These findings suggest that bevacizumab
pretreatment might have protective effects against liver
damage and in liver regeneration after massive hepatectomy
in rats via the induction of the unfolded protein response.
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Figure 4. Expression of interleukin-1 beta (Il1b) (A), tumor necrosis factor alpha (Tnfa) (B), matrix metalloproteinase (Mmp) 2 (C) and Mmp9 (D)
mRNA in the remnant liver tissue 24 hours after 90% hepatectomy with and without bevacizumab (Bev) pretreatment, as determined by real time
reverse transcription polymerase chain reaction. Values are expressed as the relative intensity (mean±SD). 
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