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Abstract
Background: Liver surgery requires mobilization of the liver resulting in injury. Mobilization is
the predominant cause of hepatocyte damage during liver surgery and jeopardizes post-operative
liver function. Previously, mobilization-induced liver injury was found to be associated with inflammation. So far, anti-inflammatory drugs to potentially prevent liver inflammation following
liver mobilization were not tested. In this study, we aimed to establish an in vivo mouse model of
mobilization-induced liver injury and to evaluate the effect of anti-inflammatory pre-treatment
before liver mobilization on liver inflammation. Methods: To develop a mouse model for mobilization-induced liver injury, C57BL/6 mice (n = 8) underwent surgery during which the liver was
mobilized by gentle manipulation of the lobes with cotton-wool applicators for 15 minutes. In two
control groups, the liver was left alone or was subjected to laparotomy only. An additional group
was added that received anti-TNF treatment (Infliximab) 2 days prior to surgery. Liver samples
were obtained 2 hours after mobilization and liver inflammation was analyzed by histology and
inflammatory gene expression. Results: Gentle liver mobilization resulted in acute liver inflammation as indicated by increased recruitment of inflammatory cells and elevated inflammatory gene
expression compared to controls. Infliximab pre-treatment had no effect on the inflammatory response in the liver. Conclusion: Our current model provides an excellent opportunity to study the
effects of pre-treatment with anti-inflammatory drugs on mobilization-induced liver inflammation.
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Further studies are needed to investigate whether anti-inflammatory mediators can be used to
prevent liver inflammation.
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1. Introduction
During hepatic surgery, it is mandatory to dissect the liver from surrounding ligaments, a procedure known as
“liver mobilization”. During mobilization it is necessary to maneuver, manipulate and retract the liver to have a
better view of the dissection area. However, previously it has been shown that this procedure often results in
liver damage due to squeezing of the organ, resulting in post-operative problems in patients undergoing hepatic
surgery [1]-[3].
In humans, we have previously demonstrated that liver mobilization is the predominant cause of hepatocyte
damage during liver surgery [4]. As shown by infiltration of inflammatory cells and up-regulation of genes involved in acute inflammation, liver mobilization was found to be associated with hepatocellular damage and
liver inflammation [4] [5]. So far, the potential protective effect of anti-inflammatory pre-treatment in an in vivo
mouse model of mobilization-induced liver injury has not been investigated.
In this study, our aim was to establish a mouse model to study mobilization-induced liver injury in vivo. Additionally we aimed to assess the effect of anti-inflammatory pre-treatment on liver inflammation after mobilization. As tumour necrosis alpha (TNF-α) is an important pro-inflammatory cytokine released by Kupffer cells [6]
and Kupffer cells were shown to play an important role during mobilization-induced liver inflammation before
[7], we were keen to study the effect of anti-TNF-α (Infliximab) [8] pre-treatment in mice undergoing gentle
liver manipulation. Whereas gentle liver mobilization resulted in acute hepatic inflammation, Infliximab pretreatment in our current settings was not able to protect mice from mobilization-induced liver inflammation. Our
data show that our model provides an excellent opportunity to study the effects of liver mobilization in vivo.
Further studies are needed to investigate whether anti-inflammatory mediators can be used to prevent liver inflammation following liver mobilization in order to improve post-operative outcome.

2. Materials and Methods
2.1. Mice
All animal experiments were conducted according to Home Office guidelines under the UK Animals in Scientific Procedures Act 1986. Ten- to twelve-week old C57BL6 male mice were obtained from Charles Rivers
(Margate, UK). The mice were housed in the comparative biological unit at the Royal Fee and University College Medical School, University College London at least a week before start of the experiments. They were
given free access to standard chow (RM1 Expanded, SDS Diets, Essex, UK) and water ad libitum, with a light/
dark cycle of 12 hours, at a temperature of 19˚C to 23˚C and a humidity grade of approximately 50%.

2.2. Experimental Design
C57BL/6 mice were randomized into five groups (n = 8/group) before start of the experiment. In two control
groups, the liver was left alone or was subjected to laparotomy only. One group underwent surgery during which
the liver was mobilized by gentle manipulation of the lobes with cotton-wool applicators for 15 minutes. Two
additional groups were added that received Infliximab (10 mg/g body weight per day) by subcutaneous injection
2 days prior to surgery, one with mobilization and one without as control. Control groups received saline injection. Livers were taken, snap-frozen in liquid nitrogen and stored at −80˚C.

2.3. Immunohistochemistry
Immunohistochemical stainings for inflammatory markers were performed on frozen liver sections (7 µm). In

2

T. Hendrikx et al.

summary, frozen liver sections were fixed in acetone and subsequently blocked for endogenous peroxidase by
incubation with 0.03% H2O2 for 5 minutes. After blocking with 4% fetal calf serum in 1 × PBS for 30 min., sections were stained for the presence of infiltrating macrophages and neutrophils by incubating with rat-antimouse Mac-1 [M1/70] (MAB 1124; R&D Systems; Minneapolis, USA, 1:500) and rat-anti-mouse Ly6-C
[NIMP-R14] (HM1039; Hycult Biotech, Uden, the Netherlands, 1:100), respectively for 1 h. Next, slides were
incubated with polyclonal biotinylated rabbit anti rat immunoglobulins (IgG) as secondary antibody (1:200) for
1 h followed by peroxidase detection using the Avidin Biotin Complex (ABC) kit (PK-6100; Vector Laboratories, Burlingame, USA) for 30 min. The 3-Amino-9-ethylcarbazole (AEC) peroxidase substrate kit (A85SK4200.S1; Bio-connect, Huissen, The Netherlands) was used as color substrate to give the red colour in presence
of peroxidase. Hematoxylin (4085.9002, Klinipath, Duiven, The Netherlands) was used for nuclear counterstaining. Sections were mounted with Faramount aqueous mounting medium (S302580; DAKO, Glostrup, Denmark). Washing between all steps was performed using 1 × PBS (3 × 3 min). Pictures were taken with a Nikon
digital camera DMX1200 and ACT-1 v2.63 software (Nikon Corporation, Tokyo, Japan). The number of positive-stained cells was counted in six pictures (200×) per liver per mouse to determine the level of infiltrating
cells/mm2 as described before [9].

2.4. Gene Expression Analysis
Total RNA was isolated from 25 mg of mouse liver tissue by using Tri-reagent (Sigma-Aldrich, St. Louis, USA)
and was reversely transcribed into cDNA using the iScript cDNA synthesis kit (Bio-Rad, Hercules, USA), according to manufacturer’s instructions. Real-time PCR was performed on a Bio-Rad MyIQ with the IQ5 v2
software using IQ SYBR Green Supermix (Bio-rad, Hercules, USA) and 10 ng of cDNA. Primers for target
genes were developed using Primer Express version 2.0 [Applied Biosystems, Foster City, USA). To standardize for cDNA concentration in the samples, cyclophylin A (peptidylprolyl isomerase A, PPIA) was used as
housekeeping gene. For calculations of the initial amount of mRNA present in the sample, the relative standard
curve method was used.

2.5. Surgical Procedure
To determine the influence of gentle organ manipulation, we used a standardized protocol adapted from Schemmer et al. [3]. After 2 days of pre-treatment, all mice underwent standardized surgery. The abdomen was opened
by midline incision. Dissection of livers was performed in a standardized fashion during the first minute of the
procedure, during which the organ was disconnected from ligaments. Subsequently the major part of the liver
was manipulated gently during 15 minutes. To maintain standard conditions, gentle manipulation was carried
out with cotton-wool applicators by touching the liver lobes in situ for a specific time interval uniformly and
continuously. Care was taken to use the same manipulation routine and to apply the same amount of pressure in
each experiment. In the control group, no manipulation was performed after opening of the abdomen. During
surgery, surgeons were blinded to the allocation of the groups.

2.6. Statistical Analysis
Statistical analysis was performed using GraphPad Prism 5, (GraphPad Software, La Jolla, California, USA).
Differences in hepatic inflammation were calculated using the unpaired t-test or one-way ANOVA with Bonferroni correction for multiple comparisons. A p-value < 0.05 was considered statistically significant.

3. Results
3.1. Gentle in Vivo Liver Mobilization Leads to Increased Hepatic Inflammation in Mice
In order to develop a mouse model for mobilization-induced liver damage, mice underwent a procedure mimicking hepatic surgery. To investigate the inflammatory state of the liver upon this procedure, immunohistochemical stainings for inflammatory markers were performed. Compared to the control group in which the abdomen was not opened prior to collection of liver, the number of infiltrating macrophages (Mac1), neutrophils
(Nimp) and T-cells (KT3) were significantly increased in mice undergoing liver mobilization (Figures 1(a)-(c)).
Representative pictures for Mac1, Nimp and KT3 staining in the control versus the mobilization group are
shown in Figures 2(a)-(f). Furthermore, mice with liver mobilization had increased numbers of inflammatory
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(a)
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(c)

Figure 1. Immunohistochemical stainings for inflammation. Liver sections were stained for infiltrating macrophages and neutrophils (Mac-1) (a), neutrophils (NIMP) (b) and T-cells (KT3) (c) and the positive cells
counted. Results are expressed as number of cells per square millimeter. *p < 0.05 and **p < 0.01 and ***p <
0.001 significant difference between indicated groups.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 2. Immunohistochemical stainings for inflammation. Representative pictures of Mac1 (a) (b), NIMP
(c) (d) and KT3 (e) (f) staining in the control group and in the group of mice undergoing liver mobilization,
respectively (200× magnification).
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cells compared to mice that underwent laparotomy only as a sham treatment. Additionally, sham treated mice
had only increased numbers of neutrophils compared to the control group.
To further determine whether liver mobilization affects acute inflammation, expression of genes related to inflammation was measured. In line with our immunohistochemical findings, increased inflammatory gene expression was observed in the livers of mice undergoing liver mobilization. Compared to the control group, gene
expression of monocyt chemo-attractant protein 1 (Mcp-1) and interleukin-1 beta (IL-1β) was increased after
liver mobilization (Figure 3(a) and Figure 3(b)). Furthermore, expression of Mcp-1, IL-1β and tumor necrosis
factor alpha (Tnf-α) was significantly increased compared to the sham group (Figures 3(a)-(c)). Taken together,
these data indicate that gentle in vivo manipulation of the liver in mice leads to an increased inflammatory response in the liver and therefore can be used as a model to investigate the underlying mechanism.

3.2. Anti-Inflammatory Pre-Treatment Does Not Protect against Mobilization-Induced
Liver inflammation.
To investigate the potential beneficial effect of anti-inflammatory pre-treatment on mobilization-induced liver
inflammation, an additional group received Infliximab two days before the surgical procedure. Infliximab pretreatment did not affect the amount of infiltrating macrophages, neutrophils and T-cells compared to saline injected mice. Whereas liver mobilization led to increased inflammation compared to controls, there was no difference observed between mice undergoing liver mobilization with saline and with Infliximab pre-treatment
(Figures 1(a)-(c)).
Further, gene expression analysis was performed to study the effect of anti-inflammatory pre-treatment on inflammatory genes. Confirming our histology findings, Infliximab pre-treatment did not alter gene expression of
Mcp-1, IL-1β and TNF-α compared to saline injected mice undergoing mobilization (Figures 3(a)-(c)). Next to
that, there was no difference observed between saline and Infliximab treatment in the control group. Taken together, these data indicate that Infliximab pre-treatment does not affect the hepatic inflammatory response during gentle manipulation of the liver in mice.

4. Discussion
During hepatic surgery liver mobilization results in increased liver damage associated with inflammation, causing post-operative risks (1]. So far, the potential protective effect of anti-inflammatory pre-treatment in an in vivo model to study mobilization-induced liver injury has not been investigated. To develop an appropriate in vivo
mouse model, we investigated whether gentle liver manipulation in mice does trigger an inflammatory response.
Additionally, the potential protective effect of anti-TNF-α pre-treatment using Infliximab was investigated. Our
results indicate that liver mobilization results in acute liver inflammation in mice and therefore can be used as a
model to investigate mobilization-induced liver inflammation to improve post-operative outcome in patients
undergoing surgery. In our settings, anti-TNF-α pre-treatment did not prevent the development of liver inflame-

(a)

(b)

(c)

Figure 3. Hepatic inflammatory gene expression. Hepatic gene expression analysis of monocyte chemo-attractant protein 1
(Mcp-1), interleukin 1 beta (IL-1β) and tumor necrosis factor alpha (TNF-α). Gene expression data were set relative to control mice injected with saline. *indicates p < 0.05 and **p < 0.01.
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mation.
Previously, the underlying mechanism of liver damage induced by liver mobilization was investigated in a rat
model for liver transplantation [1] [7]. Whereas in this study the focus was on liver damage and the role of
Kupffer cells, general information regarding the inflammatory state of the liver was not described [1] [7]. Our
data indicate for the first time that already 2 h after liver mobilization in mice increased numbers of macrophages, neutrophils and T-cells are redirected to the liver. These data are in line with our recent findings in humans,
showing that inflammation is a key process after liver mobilization in patients undergoing surgery [4] [5]. Furthermore, this fast response, indicative of an increased inflammatory response, suggests that certain chemokines
are released upon liver mobilization leading to increased recruitment of inflammatory cells. Further, anti-inflammatory drugs may have the potential to prevent mobilization-induced liver injury as a result of inflammation. Once activated, Kupffer cells release numerous inflammatory mediators, including tumor necrosis factor
alpha (TNF-α) [10]. As we were interested to study the potential beneficial effect of anti-inflammatory pretreatment on mobilization-induced liver injury, anti-TNF-α treatment (Infliximab) was chosen to prevent liver
inflammation. However, our data did not show any significant differences between treated mice and controls.
One possible explanation for this outcome may be the dosage and time-point of treatment. While it was previously shown that high dosage or long-term treatment of Infliximab may lead to different forms of liver injury in
human [11] [12], our current settings consist of a lower dose (10 mg/g body weight) and short time-frame before
operation. Further, it is possible that there is only a minor TNF-α involvement during mobilization-induced liver
inflammation. Rather, the liver mobilization induced inflammation could be attributed to another important
pro-inflammatory cytokine that plays an important role during liver inflammation, namely IL-1β. Although also
other pathways are involved, the cleavage and release of IL-1β is partly mediated by the inflammasome, a protein complex shown to be activated during liver inflammation by cholesterol crystals [13] [14]. Therefore, inhibiting inflammasome activation or targeting IL-1β release may be useful to reduce the inflammatory response
following liver mobilization, thereby improving post-operative outcome.
So far, data regarding the effect of anti-inflammatory pre-treatment on mobilization-induced liver inflammation is lacking. Therefore, further studies are needed to evaluate our findings and other anti-inflammatory mediators in multiple dosages should be investigated to test their potential usage to decrease liver inflammation
during the period of mobilization. In addition, further studies are needed to investigate the potential involvement
of certain chemokines in liver injury as consequence of liver-mobilization, thereby potentially identifying new
targets for prevention of mobilization-induced liver inflammation. The mouse model we established gives us the
opportunity to further investigate surgery related liver damage and post-resection liver failure. This will be
beneficial to improve the safety of liver surgery and to diminish graft damage during organ retrieval.
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