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Background: The resection and partial liver segment II/III transplantation with delayed total hepatec-
tomy (RAPID) concept is a novel transplantation technique for removal of non-resectable liver tumours.
The aim of this study was to establish a simulated RAPID model to explore the mechanism involved in
the liver regeneration.

Methods: A RAPID model was created in rats involving cold ischaemia and reperfusion of the selected
future liver remnant (FLR), portal vein ligation, followed by resection of the deportalized lobes in a second
step. Histology, liver regeneration and inflammatory markers in RAPID-treated rats were compared
with those in controls that underwent 70 per cent hepatectomy with the same FLR size. The effects
of interleukin (IL) 6 and macrophage polarization on hepatocyte viability were evaluated in an in vitro
co-culture system of macrophages and BRL hepatocytes.

Results: The survival rate in RAPID and control hepatectomy groups was 100 per cent. The regen-
eration rate was higher in the RAPID-treated rats, with higher levels of IL-6 and M1 macrophage
polarization (P < 0-050). BRL hepatocytes co-cultured with M1 macrophages showed a higher prolifera-
tion rate through activation of the IL-6/signal transducer and activator of transcription 3/extracellular
signal-regulated kinase pathway. This enhancement of proliferation was inhibited by tocilizumab or
gadolinium trichloride (P < 0-050).

Conclusion: The surgical model provides a simulation of RAPID that can be used to study the liver

regeneration profile.

Surgical Relevance

The mechanisms sustaining liver regeneration are a relevant field
of research to reduce the ‘small for size’ liver syndrome when
the future liver remnant is not adequate. Several surgical strate-
gies have been introduced both for liver resection and transplant
surgery, mostly related to this issue and to the scarcity of grafts,
among these the RAPID concept involving the use of an auxiliary
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segment II/III donor liver that expands to a sufficient size until
a safe second-stage hepatectomy can be performed. Understand-
ing the mechanisms and pitfalls of the liver regeneration profile
may help in tailoring surgical strategies and in selecting patients.
In this experimental model the authors investigated liver histol-
ogy, regeneration and inflammatory markers in RAPID-treated
rats.
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Introduction

Liver resection is a potential curative treatment option
for patients with primary and secondary liver tumours.
Most patients are not suitable for resection owing to
large tumour load or multiple tumours that cannot be
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removed completely because of an insufficient size of the
future liver remnant (FLR). The remnant liver needs to be
of adequate size and quality to avoid small-for-size liver
syndrome with associated high morbidity and mortality

rates. Various strategies such as portal vein embolization!,
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two-stage hepatectomy? and associating liver partition and
portal vein ligation for staged hepatectomy (ALPPS)? have
been developed to increase the FLR and enable surgery
in patients otherwise deemed to have unresectable disease.
Previous studies indicated that the size of the FLR should
be at least 25-30 per cent of standard liver volume?, or that
the ratio between liver graft mass and recipient bodyweight
should be above 0-5-0-8 per cent’®.

Liver transplantation is standard of care for selected
patients with hepatocellular carcinoma, and high overall
survival rates might also be obtained in highly selected
patients with non-resectable colorectal liver metastases’-®.
Scarcity of liver grafts is, however, severely limiting the fea-
sibility of introducing liver transplantation as a treatment
for secondary liver tumours. The resection and partial liver
segment II/III transplantation with delayed total hepatec-
tomy (RAPID) concept, involving use of an auxiliary seg-
ment II+1II donor liver that expands to a sufficient size
until a safe second-stage hepatectomy can be performed,
was recently reported by Line and colleagues’. This tech-
nique might provide more patients with the option of liver
transplantation for non-resectable liver tumours. In the
RAPID setting, the size of the transplanted graft relative
to standard liver volume and graft mass is far below the
minimum graft size for transplantation, and few studies
have reported successful results with such a small FLR!?.
However, the exact mechanism of RAPID-associated liver
regeneration remains unclear.

Portal vein ligation and transection alone in humans and
mice has been shown to trigger the systemic release of
interleukin (IL) 6, and comparable intrahepatic expression
of F4/80, an M1 macrophage marker, in liver regeneration
after ALPPS!!, indicating that a rapid increase in liver vol-
ume might be mediated by systemic release of the pro-
inflammatory cytokine after ALPPS. Liver macrophages
are well known to release IL-6 for the priming of hep-
atocyte proliferation in liver regeneration after partial
hepatectomy'>!*. However, the role of macrophages and
IL-6 in liver regeneration is still debated because the results
of macrophage depletion and IL-6 treatment are contro-
%15 found that macrophage depletion
before hepatectomy enhanced liver regeneration after par-
tial hepatectomy, whereas others! reported that the regen-
eration process was inhibited'®. Inoculation of IL-6 into
hepatocytes seemed to result in either stimulation or inhi-
bition of DNA synthesis!”!8.

"To further elucidate the mechanism underlying the post-
operative regeneration and functional restoration in a small
liver graft, an animal model mimicking the physiological
conditions in the RAPID setting was developed to simulate
a clinically relevant setting. The primary aim of this study

versial. Some studies
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was to compare the liver regeneration profile between a
RAPID protocol and a hepatectomy group that had an
identical FLR. The macrophage activation involved in the
RAPID-related regenerative process was also evaluated.

Methods

A total of 33 12-week-old male SD rats (Keli China Experi-
mental Animal Centre, Beijing, China) from Henan Exper-
imental Animal Centre (Zhengzhou, China) were used in
all experiments. Rats were allowed free access to chow and
water before and after surgical procedures. Experimental
protocols were approved by the animal ethics committee
of the First Affiliated Hospital of Zhengzhou University
(registration number 2019-KY-183), and were carried out
according to institutional guidelines in accordance with the
ARRIVE guidelines!®. Bodyweight, survival rate and com-
plications were recorded daily.

Experimental model

Based on research on rodent liver anatomy for the
partial hepatectomy and ALPPS model?’, a previous
model intended to mimic the RAPID procedure was
modified, whereby the FLR was subjected to cold
ischaemia—reperfusion injury, and the rest of the liver
was deportalized before further resection (Fig. S1, sup-
porting information). Anaesthesia was induced with a
subcutaneous injection of 1:1 fentanyl/midazolam at a
dose of 0-15-0-30ml per 100 g bodyweight’!. On day 0,
the first step (step I) was performed to obtain a suitably
small FLR (left lobe, 30 per cent of total liver volume); this
comprised parenchymal transection in the median lobe, in
situ ischaemia of the left lobe for 60 min by clamping both
the portal vein and hepatic artery in the left lobe pedicle,
and liver preservation at 0—4°C in a plastic bag containing
saline and ice, followed by reperfusion by declamping of
the left lobe, and ultimately portal vein ligation of the
remaining 70 per cent of liver parenchyma. Heparin was
administered intravenously at a dose of 300 units/kg 10 min
before in situ ischaemia of the left lobe. Three days after
step I surgery, the animals underwent a second laparotomy
to remove the deportalized liver lobes after ligation of
the lobar arteries and bile ducts (step II). In the control
(hepatectomy) group, a standard 70 per cent hepatectomy
was performed, with removal of the median and left lobes,
resulting in the same FLR as the RAPID group.

To harvest samples, three rats were killed at each of the
following time points in the RAPID group (# = 21): before
surgery (baseline), on days 1 and 3 after step I surgery,
and days 1, 3, 7 and 21 after step II. In the hepatectomy
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group (n = 12), three animals were killed on days 1, 3, 7
and 21 after partial hepatectomy. The rats killed before
surgery (baseline) in the RAPID group were regarded as
the sham operative control for each group. Plasma samples
were obtained from the infrahepatic vena cava after death
to measure the protein levels of IL-6, and liver samples
were harvested from the remnant liver to assess parameters
of hepatic sinusoidal injury and liver regeneration.

In vivo liver regeneration

The FLR weight was recorded after step I and step
IT surgery. Kinetic growth rate (KGR), describing the
percentage increase in remnant liver per day, and the ratio
of remnant liver weight relative to bodyweight (LBW)
were calculated?’. Formalin-fixed and frozen liver tissue
specimens were stained with haematoxylin and eosin, and
immunostained for assessment of hepatocyte proliferation.
Proliferation was further evaluated by assessment of Ki-67
using immunohistochemistry (IHC), and proliferating cell
nuclear antigen (PCNA) by means of western blotting?°.

Isolation of bone marrow-derived macrophages
and macrophage polarization assay

Bone marrow-derived macrophages (BMDMs) were pre-
pared as described previously??, from the femurs and tibias
of naive control rats. BMDMs were cultured in 1929 con-
ditioned medium (Shanghai Cell Bank, Chinese Academy
of Sciences, Shanghai, China) for 7 days and allowed to
differentiate into mature macrophages (MO0). Polarization
of BMDMs to M1 macrophages was induced by treat-
ment with lipopolysaccharide (100 ng/ml; Sigma Aldrich,
St Louis, Missouri, USA) for 24h before further bio-
chemical analysis. Immunofluorescence and IHC were
performed to detect expression levels of the M1-related
marker CD68, and inducible nitric oxide synthase (iNOS),
related to macrophage polarization from #n vitro culture
and tissue slices.

Co-culture of hepatocytes with bone
marrow-derived macrophages and cell
proliferation assay

Rat hepatocytes, BRL (Shanghai Cell Bank), were
co-cultured with the conditioned medium from induced rat
macrophages, in the following treatment groups: control
(BRL cells without any treatment); BRL + MO (BRL cells
co-cultured with conditioned medium from non-polarized
macrophages); BRL+M1 (BRL cells

with conditioned medium from M1 macrophages);

co-cultured
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BRL + M1 +anti-IL-6 (BRL cells co-cultured with con-
ditioned medium from M1 macrophages and anti-IL-6);
and BRL + antimacrophage-treated M1 macrophages
(BRL cells co-cultured with conditioned medium from
antimacrophage-treated M1 macrophages).

BRL cells were treated with the IL-6 receptor inhibitor
tocilizumab?*  (0-5 mg/ml; Roche, Basle, Switzerland)
1h before addition of conditioned medium from MI
macrophages. For depletion of M1, BRL cells were cul-
tured with conditioned medium from M1 macrophages
that had been treated with the macrophage inhibitor
gadolinium trichloride?* (100 pmol/l; Sigma-Aldrich).

The viability of co-cultured BRL cells was determined
using 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-
tetrazolium bromide (MTT) at 24 and 48h after stim-
ulation with 10nmol/l epidermal growth factor (EGF;
E-1257; Sigma-Aldrich)?.

Immunohistochemical assessment

Formalin-fixed and paraffin-embedded liver tissue spec-
imens were stained with haematoxylin and eosin, and
immunostained using antibodies against Ki-67 (1:200;
Abcam, Cambridge, UK), macrophage-related marker
CD68 (1:200; Chemicon International, Temecula, Cal-
ifornia, USA), M1-related marker iNOS (1:100; Santa
Cruz Biotechnology, Santa Cruz, California, USA) and
M2-related marker CD163 (1:500; Abcam), as described
previously?®. The histological analyses were performed
in a blinded fashion and the number of positive cells was
determined in five random visual fields (original mag-
nification x200) per section using a Nikon ECLIPSE
Ni-E400 microscope and NIS Elements Basic Research
Microscope Imaging Software (Nikon, Tokyo, Japan).

Western blotting

A standard western blot assay was used to analyse protein
expression, using primary antibodies against signal trans-
ducer and activator of transcription 3 (STAT3) (1:1000;
Cell Signaling Technology, Beverly, Massachusetts, USA),
phosphorylated STAT3 (1:1000; Cell Signaling Tech-
nology), extracellular signal-regulated kinase (ERK) 1
(1:1000; Santa Cruz Biotechnology, Santa Cruz, USA),
phosphorylated ERK (1:2000; Cell Signaling Tech-
nology), PCNA (1:1000; Cell Signaling Technology)
and p-tubulin (1:5000; Sigma Aldrich), as described
previously?®. The immunoreactive signals were visual-
ized by scanning densitometry with the ChemiDoc™
Touch Imaging System (Bio-Rad Laboratories, Hercules,
California, USA).
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and RAPID procedure

Fig. 1 Typical microscopic changes, quantification of sinusoidal injury and plasma interleukin 6 levels after 70 per cent hepatectomy
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a Histology (haematoxylin and eosin staining, original magnification x 200, scale bars 50 pm); b sinusoidal injury scores, on a scale from 0 to 4; and ¢
plasma interleukin (IL) 6 levels. Values are mean(s.d.) (n= 3 per group). *P < 0-050 versus day 0 (control) (ANOVA); 1P < 0-050 versus same time point in

hepatectomy group (Student’s # test).

Enzyme-linked immunosorbent assay

Plasma levels of the proinflammatory cytokine IL-6 were
determined using commercially available enzyme-linked
immunosorbentassays (Solarbio, Beijing, China) according

to the manufacturer’s instructions?!.

Statistical analysis

Values are reported as mean(s.d.), unless stated other-
wise. Differences were analysed using ANOVA (among
time points) and Student’s ¢ test (between RAPID and
hepatectomy groups), with F and ¢ values calculated
respectively. A probability level of less than 5 per cent was

© 2020 The Authors.
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considered statistically significant. SPSS® version 21.0
(IBM, Armonk, New York, USA) was used for statistical

analysis.

Results

All the animals tolerated the surgical procedures well.
The survival rate after surgery was 100 per cent, with no
significant morbidity.

Histology

Histological analysis of the remnant liver revealed hepatic
sinusoidal injury and hepatocyte mitosis. The sinusoidal

www.bjsopen.com
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injury was characterized by sinusoidal inflammation in the
periportal area, sinusoidal dilatation and microvesicular
steatosis (Fig. 14)*°. These microscopic changes, evaluated
using the sinusoidal injury score, were most prominent
on days 1 and 3 after operation in the hepatectomy group
(day3: F =3-360, P=0-044), and on days1 and 3 after
step II surgery in the RAPID group (day3: F =8-367,
P=0-001). The sinusoidal injury within 3 days after step
I surgery in the RAPID group was notably different from
that in the hepatectomy group (z= 3-055, P= 0-018 on day
1; = 6:000, P= 0-001 on day 3) (Fig. 15).

Inflammatory markers

Plasma levels of IL-6 are shown in Fig. Ic. The levels of
IL-6 increased in response to surgery in both groups on
day 1 and were still raised on day 3 (day 1: F =23-233,
P=0-001 and F=6-717, P =0-007 in hepatectomy and
RAPID groups respectively). In RAPID-treated animals,
the IL-6 level on day 1 after step I surgery was signif-
icantly higher than that in the hepatectomy group on
day 1 (r =6-203, P= 0-003). There was a further substan-
tial increase in IL-6 level by day 1 after step II surgery
(F = 6-405, P=0-003), and this was raised compared with
the level in the hepatectomy group.

Expression of proteins characteristic of the proinflamma-
tory macrophage (M1) phenotype, CD68 and iNOS, in the
regenerating liver is shown in Fig. 2. In the hepatectomy
group, the staining of CD68 and iNOS was most promi-
nent on days 1 and 3 (day 1: F =28-385, P =0-001 and
F =34-562, P=0-001 respectively), whereas in the RAPID
group the strongest expression was observed on days 1
and 3 after step II surgery (day 1: F = 10-629, P=0-001
and F =11.704, P=0-001). The maximum intrahepatic
expression of CD68 and iNOS was comparable on day
1 after RAPID step II surgery and day 1 after hepatec-
tomy (both ¢ = 0-707, P=0-519); RAPID treatment trig-
gered sustained activation of M1 macrophages following
the two steps of surgery. Expression of CD68 and iNOS
on day 1 after step I surgery was significantly lower than
that 1day after hepatectomy alone (z = 4-000, P=0-016
and r=4-111, P=0-015 respectively). CD68 and iNOS
were initially localized in the periportal zone (zone I),
which was highlighted on day 1 after hepatectomy, and
gradually moved to the pericentral zone (zone II and III)
of the liver acinus. The distribution of anti-inflammatory
(M2) macrophages visualized by CD163 staining was not
significantly changed (data not shown).

RAPID-induced liver regeneration profile

The magnitude of liver regeneration following the sur-
gical interventions was first evaluated by assessment of

© 2020 The Authors.
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the KGR and LBW ratio. Dynamic changes in the FLR
weight with time in the RAPID group correlated with
KGR (Fig. 34). In the RAPID group, mean(s.d.) KGR
between days 0 and 1 (KGR;,_;) and days 1 and 3
after step I surgery was 45-4(10-1) and 36-1(5-7), and
that between days 0 and 1, days 1 and 3, days 3 and 7,
and days 7 and 21 after step II surgery was 12-5(2-8),
1-6(1-1), 1-7(1-9) and 1-6(1-2) per cent/day, respectively.
In the hepatectomy group, the mean KGR between days
0 and 1 (KGR,_;), days 1 and 3, days 3 and 7, and days
7 and 21 was 33-8(8-6), 36-5(4-2), 7-2(2-5) and 0-5(0-5)
per cent/day. Mean KGR;,_; in the RAPID group was
higher than KGR,,_; in the hepatectomy group but the
difference did not reach statistical significance (¢ = 1-706,
P=0-163).

The LBW ratio in the RAPID group on day 1 after step
II surgery was not significantly different from that 7 days
after hepatectomy (z = 0-069, P= 0-948), indicating that it
took 4 days to restore the complete liver mass in the RAPID
group whereas it took 7 days to restore the original liver
size after hepatectomy. To further compare the regener-
ation profile in the two groups, Ki-67 and PCNA were
evaluated in tissue samples of the FLR by IHC and west-
ern blot respectively. Ki-67 and PCNA expression were
maximal within 3 days after step I surgery (F =20-941,
P=0-001and F = 81-563, P= 0-001 respectively). Expres-
sion of Ki-67 and PCNA on day 1 after RAPID step I
surgery was significantly higher than that 1 day after hep-
atectomy (¢ = 10-126, P=0-001 and ¢ = 8-506, P= 0-001)
(Fig. 3).

M1 macrophage polarization and interleukin
6-STAT3-ERK signalling pathway

At 24 and 48h after stimulation with EGEF, BRL
hepatocytes  co-cultured with
from M1 macrophages showed increased cell via-
bility compared with hepatocytes cultured with MO
medium and untransformed hepatocytes (F =4-081,
P=0-026 and F=3-030, P=0-043 at 24 and 48h
respectively). Cell viability was lower when the BRL
hepatocytes were co-cultured with medium pretreated
with anti-IL-6 (tocilizumab) or anti-M1 macrophage
(gadolinium trichloride) (24h: ¢=2-160, P =0-042
and t=2-088, P=0-049 respectively; 48h: r=2-205,
P=0-025 and r=2-411, P=0-038 respectively)
(Fig. 4a).

In vitro co-culture of BRL hepatocytes with M1 showed
that M1 activated signalling pathways of STAT3 and ERK
by 30min after EGF stimulation. PCNA was upregu-
lated at 24 h. Activation of both STAT?3 and ERK, and

conditioned medium
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Fig. 2 Assessment of type | macrophage (M1) markers in regenerating liver
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Examples of immunostaining of a CD68 and b inducible nitric oxide synthase (iNOS) in control, after 70 per cent hepatectomy, and after steps I and II of
the simulated RAPID procedure (haematoxylin counterstain, original magnification x 200). Semiquantification of ¢ CD68 and d iNOS immunostaining.
Values are mean(s.d.) (z= 3 per group). *P < 0-050 versus day 0 (control) (ANOVA); 1P <0-050 versus same time point in hepatectomy group (Student’s ¢
test).
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Fig. 3 Evaluation of liver regeneration after surgical interventions
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Fig. 4 Effect of M1 macrophages on hepatocyte proliferation through interleukin 6 signalling pathway
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a Viability of BRL hepatocytes co-cultured with non-polarized (M0) macrophages, or M1 macrophages stimulated with epidermal growth factor (EGF)
for 24 or 48 h, measured using 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide assay, and effect of inhibition of interleukin (IL) 6
with tocilizumab or M1 with gadolinium trichloride (GdCl;). Values are mean(s.d.) (z= 3 per group). *P < 0-050 versus BRL and BRL + M0 (ANOVA),
P <0-050 versus BRL + M1 +anti-IL-6 and BRL + M1 +anti-M1 (Student’s ¢ test) at same time point. b Western blots showing expression of signal
transducer and activator of transcription 3 (STAT3), phosphorylated STAT3 (pSTAT3), extracellular signal-regulated kinase (ERK), phosphorylated ERK
(pPERK), proliferating cell nuclear antigen (PCNA) and p-tubulin in each BRL hepatocyte treatment group. STAT3 and ERK were activated at 30 min after
stimulation with EGF, and PCNA was evaluated at 24 h after stimulation with EGF.

PCNA upregulation were inhibited by either tocilizumab
or gadolinium trichloride (Fig. 4b).

Discussion

The delicate RAPID process comprises auxiliary partial
liver transplantation and two-stage hepatectomy, rely-
ing on fast liver regeneration in the small graft with
avoidance of small-for-size syndrome by portal inflow
modulation. A simplified animal model with good repro-
ducibility is needed to clarify the physiological processes
involved. As this complex process requires specialized
surgical skills, it is difficult to realize with an ideal research
model.

Based on a previous ALPPS model, a FLR volume
of 20-30 per cent appears to be a safe and reliable
model for investigation of liver regeneration in small liver
remnants’’. The simulated RAPID model described here
was designed to mimic the RAPID procedure. The over-
all good tolerability was in line with the previous result of
an experimental ALPPS study with a FLR size of 30 per
cent?® and clinical experience reported after the RAPID

© 2020 The Authors.
B7S Open published by John Wiley & Sons Ltd on behalf of BJS Society Ltd

procedure’. To avoid the complexity of performing an
auxiliary partial liver transplantation, the transplant step
was replaced by 60 min of cold preservation of the FLR
with subsequent reperfusion in the animal model. As the
RAPID procedure also entails partial liver resection to
make space for an auxiliary graft, parenchymal transec-
tion of the median lobe was performed. After reperfu-
sion of the remnant liver, the portal veins of the remain-
ing liver segments were ligated. Although the model does
not actually involve transplantation of a small segment,
the main physiological (cold ischaemia—reperfusion injury
and surgical stress) and anatomical alterations following a
RAPID operation are similar. In addition, for practical rea-
sons, it was not possible to obtain reliable measurements
of portal pressure in conjunction with the surgical inter-
ventions in the two rodent groups. In the clinic, liver vol-
umetry on CT and functional parameters are used mostly
to assess liver regeneration kinetics, which may not be
feasible in animal laboratories. Biological markers (Ki-67
and PCNA) may provide more precise information on

www.bjsopen.com B7S Open 2020; 4: 893-903
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proliferation and have been used in the most experimental
studies! 20

An exceptional regenerative capacity of the liver remnant
was demonstrated using the simulation model. The level
of hepatic sinusoidal injury was moderate, and less pro-
nounced after RAPID than after 70 per cent hepatectomy.
It is still not clear why the RAPID-treated segment, which
was subjected to cold ischaemia—reperfusion injury and
the stress of parenchymal transection and portal vein lig-
ation, showed less sinusoidal injury in the FLR after step I
surgery compared with that after simple 70 per cent hepate-
ctomy. The well preserved liver architecture and sustained
stronger regeneration of the small remnant liver after the
RAPID step I surgery enabled safe resection of the depor-
talized liver in step IL.

It is well established that IL-6 acts as a complete mito-
gen during the initiation of hepatocyte proliferation!?. Fur-
thermore, liver macrophages can act as primer for liver
regeneration after partial hepatectomy!®. However, the
role of either macrophages or IL-6 in liver regeneration
is still controversial owing to the diverse results from in
vivo and in vitro depletion experiments!*~18. A study!! of
a mouse ALPPS model demonstrated that the enhanced
liver regeneration was associated with systemic release of
the inflammatory cytokines IL-6 and tumour necrosis fac-
tor , but the maximal intrahepatic expression of the M1
macrophage marker F4/80 after ALPPS was comparable to
that observed after portal vein ligation or liver transection
alone.

In the present study, both in vive and in vitro results
suggested that M1 macrophage polarization is involved in
the accelerated regenerative ability of the remnant liver
through upregulation of the IL-6 signal pathway. The
levels of IL-6 were higher and sustained over a longer
period in the RAPID group. Furthermore, there was a sus-
tained and stronger activation of M1 macrophages visu-
alized by CD68 and iNOS immunostaining. This proin-
flammatory profile might be related to the combined effect
of multiple surgical traumas, such as cold ischaemia and
reperfusion injury, parenchymal transection and portal vein
ligation, in the RAPID group. To verify whether IL-6
and M1 macrophage polarization influences hepatocyte
proliferation, an in vitro co-culture experiment was con-
ducted. Hepatocytes co-cultured with M1 macrophages
and stimulated via EGF pathways showed a higher hepa-
tocyte proliferation rate and viability. These effects were
reversed by inhibition of M1 macrophages or IL-6, sug-
gesting that the findings of the iz vivo model are important
for the magnitude of regeneration in the RAPID setting.
This is in line with other model studies of ALPPS and
two-stage hepatectomy that suggested a decisive regulatory
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role for M1 macrophages that enhance cell proliferation
through the synergistic effect of IL-6 in the regenerative
process! 12627,

Macrophages play a crucial role in both hepatic injury
and liver regeneration through innate inflammatory
cytokines'®. However, the functional role of their activated
phenotype (M1/M2) in liver regeneration remains
uncertain?®??. As regards the effect of IL-6 on liver regen-
eration, IL-6 may induce liver regeneration and reduce
hepatic ischaemia—reperfusion injury’®. Furthermore,
IL-6 as a proinflammatory cytokine mirrors the severity of
hepatic injury; a decreased IL-6 level at an early phase after
partial liver transplantation was associated with decreased
sinusoidal injury and improved animal survival’!. The
present study investigated the relationship between M1
macrophage polarization and liver regeneration, and the
results indicated that M1 polarization benefits hepatocyte
proliferation through IL-6. During the priming phase
of regeneration, IL-6 is an important proinflammatory
(M1-type) cytokine, activating immediate-to-early gene
expression in hepatocytes through STAT33?, and thus pro-
moted hepatocyte proliferation in the present co-culture
system. Whether exogenous IL-6 administration and
specific introduction of M1 macrophages would promote
postoperative liver regeneration in small-for-size liver
remnants after RAPID needs further investigation. The
regulatory mechanisms of RAPID-related liver injury
and regeneration are being investigated in a clinical
study’, and the model described here may be suitable
for testing the major research findings before clinical
translation.
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