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Abstract

BACKGROUND

Although the associating liver partition and portal vein ligation for staged
hepatectomy (ALPPS) induces more rapid liver regeneration than portal vein
embolization, the mechanism remains unclear.

AIM
To assess the influence of inflammatory cytokines and endothelial nitric oxide
synthase (eNOS) activation on liver regeneration in ALPPS.

METHODS

The future liver remnant/body weight (FLR/BW) ratio, hepatocyte proliferation,
inflammatory cytokine expression, and activation of the Akt-eNOS pathway were
evaluated in rat ALPPS and portal vein ligation (PVL) models. Hepatocyte prolif-
eration was assessed based on Ki-67 expression, which was confirmed using
immunohistochemistry. The serum concentrations of inflammatory cytokines
were measured using enzyme linked immune-solvent assays. The Akt-eNOS
pathway was assessed using western blotting. To explore the role of inflammatory
cytokines and NO, Kupffer cell inhibitor gadolinium chloride (GdCL), NOS
inhibitor N-nitro-arginine methyl ester (L-NAME), and NO enhancer molsido-
mine were administered intraperitoneally.

RESULTS

The ALPPS group showed significant FLR regeneration (FLR/BW: 1.60% + 0.08%,
P < 0.05) compared with that observed in the PVL group (1.33% + 0.11%) 48 h
after surgery. In the ALPPS group, serum interleukin-6 expression was suppre-
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ssed using GdCl, to the same extent as that in the PVL group. However, the FLR/BW ratio and Ki-
67 labeling index were significantly higher in the ALPPS group administered GdCl, (1.72% +
0.19%, P < 0.05; 22.25% * 1.30%, P < 0.05) than in the PVL group (1.33% + 0.11% and 12.78% *
1.55%, respectively). Phospho-Akt Ser*” and phospho-eNOS Ser'” levels were enhanced in the
ALPPS group compared with those in the PVL group. There was no difference between the ALPPS
group treated with L-NAME and the PVL group in the FLR/BW ratio and Ki-67 labeling index. In
the PVL group treated with molsidomine, the FLR/BW ratio and Ki-67 labeling index increased to
the same level as in the ALPPS group.

CONCLUSION

Early induction of inflammatory cytokines may not be pivotal for accelerated FLR regeneration
after ALPPS, whereas Akt-eNOS pathway activation may contribute to accelerated regeneration of
the FLR.

Key Words: Hepatectomy; Nitric oxide; Liver regeneration; Cytokines; NG-Nitroarginine methyl ester;
Molsidomine

©The Author(s) 2023. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: In extended hepatectomy for hepatobiliary tumors, adequate future liver remnant (FLR) is
essential to prevent postoperative liver failure. Portal vein embolization (PVE) and associated liver
partition and portal vein ligation for staged hepatectomy (ALPPS) are performed to increase the FLR.
Although ALPPS induces more rapid liver regeneration than PVE, the mechanism remains unclear. In this
study, we compared ALPPS with portal vein ligation (PVL) in a rat model and found that activation of the
Akt-endothelial nitric oxide synthase pathway promotes liver regeneration. The combination of PVL and
nitric oxide-producing agents may induce liver regeneration comparable to ALPPS in a non-invasive
manner.

Citation: Masuo H, Shimizu A, Motoyama H, Kubota K, Notake T, Yoshizawa T, Hosoda K, Yasukawa K,
Kobayashi A, Soejima Y. Impact of endothelial nitric oxide synthase activation on accelerated liver regeneration in
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INTRODUCTION

Hepatectomy is the most curative treatment for hepatobiliary carcinomal1,2]. Extended hepatectomy is
occasionally performed to achieve RO surgical margins. However, postoperative liver failure may occur
in these cases because of an inadequate volume of the future liver remnant (FLR)[3,4]. To resolve this
issue, portal vein embolization (PVE) is widely performed before major hepatectomy to obtain a
sufficient FLR volume[5,6]. Although PVE results in a 10%-45% increase in FLR, it requires a waiting
period of 2-8 wk[6-8]. Hepatectomy cannot be performed in some cases because of tumor progression,
inadequate volume increase, or both in the FLR, even after PVE. Therefore, the resection rate after PVE
has been reported as only 70%[7,8]. Furthermore, it has been reported that hepatocellular carcinoma
(HCC) is nourished by abnormal vessels in the hepatic artery (HA). Thus, PVE may reduce blood flow
in the portal vein and increase blood flow in the HA of the liver to be resected, which may result in
rapid progression of HCC[9]. As described above, PVE has limited indications and therapeutic effects.
Therefore, the development of new surgical or therapeutic methods is desired to promote further liver
regeneration in the short term.

As an alternative to PVE, associating liver partition and portal vein ligation for staged hepatectomy
(ALPPS) was reported in 2012[6]. This method enables the FLR to increase by 70%-80% within 10 d[6].
ALPPS promotes a much faster increase of FLR than PVE[6,9], but the mechanism of this rapid liver
regeneration remains unclear. Although increases in inflammatory cytokines, such as interleukin-6 (IL-
6), which is an inducer in the early stage of liver regeneration, have been reported as a cause of rapid
liver regeneration[10-13], it remains controversial[14]. However, in previous studies on the mechanism
of liver regeneration after liver resection and portal vein ligation (PVL), shear stress caused by blood
viscosity, blood flow velocity, and endothelial nitric oxide synthase (eNOS) activation, followed by NO
induction, has been reported to promote liver regeneration[15,16]. This study aimed to explore the
mechanism of promoting liver regeneration in ALPPS and investigate the involvement of inflammatory
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cytokines and eNOS activation using PVL and ALPPS rat models.

MATERIALS AND METHODS

Animals

Eight-week-old male Wistar rats (CLEA Japan, Kanagawa, Japan) weighing 230-300 g were used in this
study. The animals were housed in wood-chip-bedded cages in an air-conditioned room (24 £ 1 °C) with
a 12 h light/ dark cycle under specific pathogen free condition. There were no diet restrictions. Based on
national and institutional regulations and guidelines, all procedures for animal experiments were
reviewed by the Committee for Animal Experiments and approved by the President of Shinshu
University (Approval numbers 270018 and 019067).

Surgical procedures and study design

Rats were divided into two groups, PVL and ALPPS, and examined 72 h after surgery. A midline
laparotomy was performed under isoflurane-induced anesthesia. In the PVL model, the portal vein
branches to the caudate lobe, left lobe, left side of the median lobe, and right lobes were ligated with 7-0
silk (Figure 1A). In the ALPPS model, in addition to PVL, liver parenchymal transection between the
right lobe and the left side of the middle lobe was performed based on the gross morphology and
demarcation line after PVL. The Glisson flowing into the left side of the median lobe was ligated with 7-
0 nylon (Figure 1B). Little bleeding occurred during the liver parenchymal transection because the
parenchyma on either side of the dissection line was ligated with 6-0 Prolene before parenchymal
transection to control intraoperative bleeding. The abdomen was then closed in layers.

The rats were sacrificed to collect blood samples and liver tissue from the right side of the median
lobe (RML) at 1, 4, 6, 24, 48, and 72 h after surgery (1 = 5 for each group per time point). Blood samples
were collected from the inferior vena cava at the time of liver removal and centrifuged at 2600 x g for 5
min. The serum was stored at -80 °C. Liver tissue samples were frozen in liquid nitrogen and stored at -
80 °C. The remaining liver tissue was fixed with 4% paraformaldehyde.

The weight of the FLR, that is, the RML, and body weight (BW) were measured before surgery and at
24, 48, and 72 h after surgery. The BW (FLR/BW) ratio (%) was used as the liver regeneration index. In
western blotting analysis and volumetric blood flow analysis, the PVL and ALPPS groups were
compared based on the control group, in which only open and closed abdomens were performed.

ELISAs of serum inflammatory cytokines and hepatocyte growth factor

Serum concentrations of IL-6, tumor necrosis factor-a (TNF-a), and hepatocyte growth factor (HGF)
were measured at 1, 4, 6, and 24 h after surgery using ELISA kits (R&D Systems, Minneapolis, MN,
United States). IL-6 concentration in the RML tissue was also quantified 1 h after surgery.

Immunohistochemistry

The liver tissues were fixed with paraformaldehyde and embedded in paraffin. After deparaffinization,
antigen retrieval, and quenching of endogenous peroxidases, the sections were incubated overnight at 4
°C with a mouse monoclonal anti-Ki-67 antibody (1:200 dilution; Dako, Glostrup, Denmark; 1:200
dilution, Abcam, Cambridge, United Kingdom), followed by incubation for 30 min at room temperature
with a peroxidase-labeled anti-mouse antibody (Histofine Simplestain Max PO; Nichirei). The sections
were immersed in diaminobenzidine solution for visualization and counterstained with hematoxylin. To
evaluate hepatocyte proliferation 48 h after surgery, the average percentage of Ki-67-positive cells to
total hepatocytes in three random high-power fields was used as the Ki-67 labeling index.

Kupffer cell inhibition in the ALPPS model

To explore the role of inflammatory cytokines in liver regeneration, the Kupffer cell inhibitor
gadolinium chloride (GdCl,; Sigma-Aldrich, St. Louis, MO, United States) was used. Another set of
animals was used for the Kupffer cell inhibition experiments. We prepared an ALPPS model for GdCl,
administration (n = 3). GACl, (10 mg/kg) was administered intraperitoneally 24 h before surgery. In the
control group, physiological saline was administered. All rats were sacrificed 48 h after surgery to
obtain liver samples.

NOS inhibition in the ALPPS model and NO enhancement in the PVL model

To explore the role of NO in liver regeneration, the NOS inhibitor NG-nitro-arginine methyl ester (L-
NAME; Sigma-Aldrich) and the NO enhancer molsidomine (Cayman Chemical, MI, United States) were
used. Another set of animals was used for the NOS inhibition and NO enhancement experiments. We
prepared the ALPPS model for L-NAME administration, the PVL model for molsidomine adminis-
tration, and the corresponding control PVL and ALPPS models (n = 5 for each group). L-NAME (100
mg/kg) or molsidomine (10 mg/kg) was administered intraperitoneally 24 h before and during surgery.
In each control group, physiological saline was administered. All rats were sacrificed 24, 48, and 72 h
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Figure 1 Schema of experimental models. A: Portal vein ligation (PVL) group. Portal vein branches were ligated, other than the right median lobe; B:
Associating liver partition and PVL for staged hepatectomy group. In addition to ligating the portal vein as performed in the PVL group, the median lobe was
transected, and the left Glisson was ligated; C: Macroscopic findings after operations in each group. ALPPS: Associating liver partition and portal vein ligation for
staged hepatectomy; PVL: Portal vein ligation; RML: Right median lobe; LML: Left median lobe; LLL: Left lateral lobe; RL: Right lobe; CL: Caudate lobe; POD:
Postoperative day.

after surgery to obtain liver samples.

Western blot analysis

The RML tissue proteins were collected at 1, 4, and 6 h after surgery using radioimmunoprecipitation
assay lysis buffer (Santa Cruz Biotechnology, Inc., CA, United States). The protein concentration was
measured using the bicinchoninic acid assay method. Samples of 10 pg proteins from FLRs of PVL and
ALPPS models were separated on 4%-12% NuPAGE Gels and transferred onto nitrocellulose
membranes. After blocking with 5% dry skim milk for 1 h, the membranes were incubated with primary
antibodies overnight at 4 °C, followed by incubation with horseradish peroxidase-conjugated secondary
antibodies for 1 h. The blots were developed with ECL Select western blotting Detection Reagent
(Amersham, GE Healthcare Life Sciences, Chicago, IL, United States) and photographed using a
Molecular Imager ChemiDoc XRS device (Bio-Rad Laboratories, Inc., Hercules, CA, United States). The
density of the bands in the immunoblots was analyzed using Image Lab Software (Bio-Rad Laboratories,
Inc.). The results are expressed as a percentage of the p-actin internal control. The anti-human antibodies
used were rabbit monoclonal antibodies against p-Akt (Ser 473) (cat. no. 4060), p-eNOS (Ser1177) (Cat.
no. 9570), p-eNOS (Thr495) (Cat. no. 9574), total eNOS (Cat. no. 32027) (Cell Signaling Technology, Inc.,
Danvers, MA, United States), and mouse monoclonal antibody against p-actin (Cat. no. A5441; Sigma-
Aldrich). Anti-B-actin antibody was used at a 1:3000 dilution, and the other antibodies were used at a
1:1000 dilution.

Volumetric blood flow analysis

Before the estimation of volumetric blood flow in the HA and PV of the FLR, blood velocity and
vascular diameter (r) were measured using ultrasonography (Vevo2100, Primetech, Tokyo, Japan).
Volumetric blood flow was estimated from the blood velocity and vascular cross-sectional area (mr?)
(volumetric blood flow = blood velocity x mr?) in mm?® per second.

Statistical analysis

The collected data were evaluated statistically using the JMP software, version 13.2 (SAS Institute, Cary,
NC, United States). Data are expressed as mean * SD. Statistical analysis was performed using an
unpaired student’s f-test. Statistical significance was defined as P < 0.05.
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RESULTS

Differences in liver regeneration in PVL and ALPPS models

The FLR/BW ratio increased over time in both groups. At 48 h after surgery, the FLR/BW ratio in the
ALPPS group was significantly higher (1.60% + 0.08%, P < 0.05) than that in the PVL group (1.33% *
0.11%) (Figures 1C and 2A). However, no significant difference was observed between the two groups
at 24 and 72 h after surgery. The Ki-67 labeling index of the RML at 48 h after surgery was significantly
increased in the ALPPS group (22.1% + 4.01%, P < 0.05) compared with that in the PVL group (12.8% *
1.73%), which was consistent with the FLR/BW ratio (Figures 2B and 2C).

Association between serum inflammatory cytokines and liver regeneration

The serum concentrations of IL-6, TNF-a, and HGF in RML were measured at 1, 4, 6, and 24 h after
surgery. Serum IL-6 and TNF-a levels increased in both groups after surgery compared with the levels
before surgery. However, no difference was found in the two groups at 1, 4, and 6 h after surgery. At 24
h after surgery, IL-6 and TNF-a concentrations were significantly higher in the ALPPS group (25.91 +
6.05 pg/mL, P <0.05 and 1.52 + 0.68 pg/mL, P < 0.05) compared with that in the PVL group (4.11 + 3.99
pg/mL and 0.54 + 0.38 pg/mL). Serum HGF concentration at 1 h after surgery was significantly higher
in the ALPPS group (68.86 * 4.89 ng/mL, P < 0.05) compared with that in the PVL group (55.34 £ 9.97
ng/mL). However, no significant difference was observed in serum HGF concentration at 4, 6, and 24 h
(Figures 3A-C).

Liver regeneration in the ALPPS model under the suppression of IL-6 using GdCl,

To evaluate the effect of IL-6 on liver regeneration, ALPPS rats were administered GdCl,, which
suppressed the activation of Kupffer cells in the liver. In the GdCl,-ALPPS group, the IL-6 concen-
trations in serum (40.3 + 11.3 pg/mL, P < 0.05) and the RML tissue (3.27 £ 0.54 ng/TP1g, P <0.05) 1 h
after surgery were significantly decreased compared with the concentrations in the corresponding
groups without administration of GdCl, (Figures 4A and 4B). However, there was no significant
difference in the FLR/BW ratio or Ki-67 labeling index at 48 h after surgery in the ALPPS group with or
without administration of GdCl, (Figures 4C and 4D).

Short-term postoperative liver regeneration induced by eNOS

Phosphorylation of Akt and eNOS in RML tissue at 1, 4, and 6 h after surgery was evaluated using
western blotting (Figure 5A). Phospho-Akt Ser*” and phospho-eNOS Ser''” levels increased in the
ALPPS group compared with those in the PVL group. The quantitative measurement revealed that the
phosphorylation levels of eNOS Ser'” in the ALPPS group was significantly higher than that in the PVL
group at 1 and 4 h after surgery. However, there was no significant difference at 6 h after surgery
Figure 5B).

( E—NAM)E, an NOS inhibitor, was administered to rats to examine whether suppression of eNOS
affected liver regeneration. The FLR/BW ratio and Ki-67 labeling index at 48 h after surgery in the L-
NAME-ALPPS group were significantly lower than those in the ALPPS group without L-NAME
administration and were comparable to those in the PVL group (Figures 6A and 6B).

Additionally, molsidomine, which induces eNOS activation, was administered to the rats to examine
whether eNOS activation affects liver regeneration. The FLR/BW ratio and Ki-67 labeling index at 48 h
after surgery in the molsidomine-administered PVL (molsidomine-PVL) group were significantly higher
than those in the PVL group without molsidomine administration and comparable with those in the
ALPPS group (Figures 6C and 6D). However, there was no significant difference in the long-term
FLR/BW ratio on a postoperative day 7 between the PVL, ALPPS, and molsidomine-administered PVL
groups (data not shown).

Increased HA blood flow in the ALPPS model

PV flow in the PVL and ALPPS groups was significantly faster than that in the control group; however,
there was no significant difference in PV flow between the PVL and ALPPS groups (180.1 + 54.4, 216.6 +
71.4 mm?®/s) (Figure 7A). HA flow in the PVL group was significantly slower than that in the control
group without surgical intervention (1.73 + 1.14 vs 3.66 + 0.74 mm®/s, P < 0.05), whereas that in the
ALPPS group was significantly faster (11.32 + 2.40 mm?/s, P < 0.05) than that in control and PVL groups
(Figure 7B). The total blood flow, that is, the sum of PV and HA, was not significantly different between
the PVL and ALPPS groups (Figure 7C).

DISCUSSION

Hepatectomy is the most curative treatment for HCC and intraductal cholangiocarcinoma[1,2].
Additionally, major hepatectomy is the standard operative procedure for perihilar cholangiocarcinoma
[17,18]. Extended hepatectomy may be required, depending on the location of the cancer. Postoperative
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Figure 2 Changes in the right side of the median lobe weight to body weight ratio and Ki-67 index after surgery. A: Future liver remnant/body
weight ratio up to 72 h after surgery; B: Immunohistochemistry of Ki-67 at 48 h after the operation; C: Ki-67 labeling index at 48 h after the surgery. Values are
expressed as the mean £ SD; n = 5 for each group; ¢P < 0.05; NS: Not significant; RML/BW: Right side of the median lobe weight/body weight; PVL: Portal vein
ligation; ALPPS: Associating liver partition and portal vein ligation for staged hepatectomy.
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liver failure that results from insufficient residual liver volume is a fatal complication of hepatectomy.
PVE and ALPPS were developed with the aim of pre-operative liver enlargement to avoid postoperative
liver failure[5,6,18]. ALPPS leads to the rapid regeneration of FLR compared with PVE, although high
mortality (90-d mortality of 9%) and morbidity (grade IIIb of 40% in the Clavien-Dindo classification)
are limitations[19]. Elucidation of the mechanism of rapid liver regeneration after ALPPS may
contribute to improving surgical outcomes for patients who undergo extended hepatectomy for hepato-
biliary malignancies and to the development of novel alternative treatments that provide effective and
safe regeneration of the FLR.

In this study, we obtained two crucial findings regarding the mechanism of liver regeneration in
ALPPS. First, the induction of inflammatory cytokines, such as IL-6, might not be pivotal for the rapid
regeneration of FLR after ALPPS in the early phase. Second, activation of the Akt-eNOS pathway may
be an important factor in promoting liver regeneration after ALPPS.

The mechanism of liver regeneration has been studied in animal models of partial hepatectomy. The
regeneration process is distinctive, complex, and well-coordinated and depends on the interactions of
several signaling pathways, cytokines, and growth factors. Additionally, endocrine hormones, such as
norepinephrine, growth hormone, insulin, and thyroid hormones, have been reported to influence these
pathways and factors[20-22]. Since Schnitzbauer et al[6] reported ALPPS in 2012, there have been several
reports to elucidate the major factors in liver regeneration of ALPPS, which promote rapid liver
regeneration compared with PVL[10-13,23]. Activation of downstream signals, such as c-Jun N-terminal
kinase-Indian hedgehog signaling from stellate cells by inflammatory cytokines[24], activation of the
Janus kinase 2/signal transducer and activator of transcription 3 pathway via regenerating islet-derived
3a/3p, and hypoxia-induced stabilization of hypoxia-inducible factor-a subunits by hypoxia[14,25,26],
have been reported as major factors. However, the mechanism of liver regeneration in ALPPS has not
yet been completely elucidated.

Previous studies have reported that the peak of cell proliferation is 48 h after surgery, and inflam-
matory cytokines and their downstream signal enhancement cause liver regeneration in ALPPS[11,12,
23]. Although the peak liver regeneration in this study was consistent with previous studies, the
relationship between the early induction of inflammatory cytokines and liver regeneration was not
consistent. In this study, serum concentrations of inflammatory cytokines, such as IL-6 and TNF-a, in
the short term (1, 4, and 6 h) after surgery did not differ between the ALPPS and PVL groups. However,
the ALPPS group showed a greater increase in FLR and a higher Ki-67 labeling index than in the PVL
group. Additionally, suppression of inflammatory cytokines using GdCl, did not suppress liver
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Figure 3 Expression of inflammatory cytokines and hepatocyte growth factor in serum and right side of the median lobe tissue. A: Serum
interleukin-6 concentrations at 1, 4, 6, and 24 h after surgery; B: Tumor necrosis factor-a concentrations at 1, 4, 6, and 24 h after surgery; C: Hepatocyte growth
factor concentration at 1, 4, 6, and 24 h after surgery. Values are expressed as the mean + SD; n = 5 for each group; 2P < 0.05; NS: Not significant; PVL: Portal vein
ligation; ALPPS: Associating liver partition and portal vein ligation for staged hepatectomy; IL: Interleukin; TNF: Tumor necrosis factor; HGF: Hepatocyte growth

factor.
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regeneration. These results suggest that the induction of inflammatory cytokines in the early phase after
ALLPS is not necessarily a major factor in accelerating liver regeneration. The reason why no difference
was observed in the expression of inflammatory cytokines may be the site of liver resection, setting of
FLR, or differences in animal models. The timing of specimen collection may have influenced the
results, as specimens collected 24 h after surgery had higher concentrations in the ALPPS group.
Activation of eNOS and NO induction have been reported to be a mechanism of liver regeneration
other than inflammatory cytokines[15,16]. In this study, we focused on the effect of eNOS activation on
liver regeneration after PVL and ALPPS. Evaluation of eNOS activation in the liver tissue showed that
eNOS Ser"”” phosphorylation was significantly increased in the ALPPS model at 1 and 4 h after surgery.
Thus, the FLR/BW ratio and Ki-67 labeling index in the ALPPS model were increased compared with
those in the PVL model. Furthermore, the activation of Akt, which is upstream of eNOS, was observed,
suggesting that the Akt-eNOS pathway contributes to the mechanism of liver regeneration in ALPPS.
The administration of L-NAME, which suppresses NO, inhibits liver regeneration. The administration
of molsidomine, which activates eNOS, promotes liver regeneration. Molsidomine is a nitrate drug used
as a coronary vasodilator for the treatment of angina pectoris; its intermediate metabolite, SIN-1
(ionidamine chlorohydrate) produces NO[27]. When endothelial cells are stimulated by shear stress or
vascular endothelial growth factor, phosphoinositide 3-kinase (PI3K) is activated and PIP3 is produced,
which activates the PI3K-Akt pathway and activates downstream signals such as eNOS[28,29]. An
increase in shear stress, which has been reported to cause NO production[30], is due to hemodynamic
changes in the residual liver caused by hepatectomy, which is expected to affect liver regeneration in
ALPPS. To evaluate the effect of increased shear stress on liver regeneration, we examined the blood
flow exchange after PVL and ALPPS. Contrary to our expectations, there was no difference in PV or
total blood flow, which might be associated with shear stress, between the PVL and ALPPS groups;
however, HA flow in the ALPPS group was significantly higher than that in the PVL and control
groups. Therefore, the difference in oxygenation of the FLR, rather than the shear stress between ALPPS
and PVL, might be associated with the difference in liver regeneration. However, Schadde et al[25]
reported that hypoxia due to reduced HA flow in the FLR promotes hepatic regeneration in patients
who underwent ALPPS and in the rat ALPPS model. However, in their study, HA flow was evaluated
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Figure 4 Interleukin-6 expression and liver regeneration in the gadolinium chloride model. A: The serum concentration of interleukin (IL)-6 at 1 h
after surgery; B: IL-6 concentration in right side of the median lobe tissue at 1 h after surgery; C: Future liver remnant/body weight ratio at 48 h after surgery; D: Ki-67
labeling index. Values are expressed as mean + SD; n = 3 or 5 for each group; 2P < 0.05; NS: Not significant; PVL: Portal vein ligation; ALPPS: Associating liver
partition and portal vein ligation for staged hepatectomy; IL: Interleukin; RML: Right median lobe; FLR/BW: Future liver remnant/body weight; CdCl,: Gadolinium

chloride.
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Figure 5 Western blotting of Akt-endothelial nitric oxide synthase pathway-related proteins. A: Western blotting was used to evaluate the
expression of phosphorylated Akt and endothelial nitric oxide synthase (eNOS) in right side of the median lobe at 1, 4, and 6 h after surgery in portal vein ligation
(PVL) and associating liver partition and portal vein ligation for staged hepatectomy (ALPPS) groups; B: Comparison of the expression of P-Akt Ser*’ and P-eNOS
Ser''” in PVL and ALPPS groups (quantification of western blots, n = 5 for each group). Values are expressed as the mean + SD; n = 5 for each group; 2P < 0.05;
NS: Not significant; eNOS: Endothelial nitric oxide synthase; PVL: Portal vein ligation; ALPPS: Associating liver partition and portal vein ligation for staged

hepatectomy.

only in patients who underwent ALPPS, and this evaluation was not compared with that in patients
who underwent PVE. Furthermore, the transition of HA flow before and after ALPPS has not been
evaluated in a rat model. In the rat ALPPS model, liver transection between the right and left median
lobes with ligation of the Glisson of the left median lobe caused a necrotic change in the left median
lobe, which is synonymous with liver resection of the left median lobe considering hemodynamics.
These results suggest that both hemodynamic changes and differences in oxygenation of the FLR affect
regeneration rates in the ALPPS and PVL models. The increased HA flow to the RML observed in the
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Figure 6 Changes in liver regeneration and cell proliferation due to drug administration. A: Future liver remnant/body weight (FLR/BW) ratio in the
N-nitro-arginine methyl ester (L-NAME)-administered associating liver partition and portal vein ligation for staged hepatectomy (ALPPS) group; B: Ki-67 labeling index
in the L-NAME-administered ALPPS group; C: FLR/BW ratio in the molsidomine-administered portal vein ligation (PVL) group; D: Ki-67 labeling index in the
molsidomine-administered PVL group; n = 5 for each group; 2P < 0.05; NS: Not significant; PVL: Portal vein ligation; ALPPS: Associating liver partition and portal vein
ligation for staged hepatectomy; FLR/BW: Future liver remnant/body weight; L-NAME: N-nitro-arginine methyl ester.
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Figure 7 Evaluation of hepatic artery and portal vein volumetric blood flow in the future liver remnant after surgery. A: Portal vein (PV) flow in
control, PV ligation (PVL), and associating liver partition and portal vein ligation for staged hepatectomy (ALPPS) groups; B: Hepatic artery flow in control, PVL, and
ALPPS groups; C: Total blood flow in control, PVL, and ALPPS groups. Values are expressed as the mean + SD; n = 4 for each group; 2P < 0.05; NS: Not significant;
PVL: Portal vein ligation; ALPPS: Associating liver partition and portal vein ligation for staged hepatectomy; HA: Hepatic artery.
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ALPPS group may have been due to a hepatic arterial buffer response derived from collateral blood
flow blockage by hepatectomy. In contrast, the reason for the observed decrease in HA flow to the RML
in the PVL group might be the effect of HA influx from the RML to the left median lobe (LML) via
collateral circulation after the PV blockade to the LML.

This study had some limitations. First, because we observed short-term changes in rat models, it is
unknown whether NO activation promotes clinically meaningful liver regeneration in humans. Second,
the mechanism underlying the activation of the Akt-eNOS pathway is unclear and requires further
investigation that includes real-time monitoring of oxygenation in the FLR. Despite these shortcomings,
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we believe that our results are of interest because few reports have focused on the relationship between
eNOS activation and liver regeneration after ALPPS.

CONCLUSION

The activation of the Akt-eNOS pathway in ALPPS may be an important factor in promoting early liver
regeneration. If a combination of NO-producing agents and PVL or PVE enables liver regeneration
within a short time after surgery, it may be an alternative to ALPPS and is expected to be applied
clinically as a less invasive procedure.

ARTICLE HIGHLIGHTS

Research background

Associating liver partition and portal vein ligation for staged hepatectomy (ALPPS) has already been
clinically applied in various countries. Although it has been reported that ALPPS offers faster and larger
liver regeneration compared to portal vein embolization (PVE), the mechanism of this phenomenon is
still unclear.

Research motivation
The aim of this study was to investigate the underlying mechanism of rapid liver regeneration after
ALPPS focusing on inflammatory cytokines and endothelial nitric oxide synthase (eNOS) activation.

Research objectives

Activation of eNOS was considered one of key points on mechanism of rapid liver regeneration after
ALPPS.

Research methods

Liver regeneration was compared between the rat portal vein ligation (PVL) model and the rat ALPPS
model. In addition, impact of administration of gadolinium chloride (GdCl,, Kupffer cell inhibitor), NG-
nitro-arginine methyl ester (L-NAME, NOS inhibitor), and molsidomine (NO enhancer) on liver
regeneration after PVL and/or ALPPS.

Research results

Administration of GdCl, before ALPPS provided no significant negative influence of liver regeneration
after ALPPS. Administration of L-NAME before ALPPS suppressed liver regeneration after ALPPS,
while administration of molsidomine before PVL accerelated liver regeneration after PVL as well as
ALPPS.

Research conclusions
ALPPS is an alternative to PVE for reducing posthepatectomy liver failure after major hepatectomy.

Research perspectives
Combination of NO-producing agents and less invasive procedure can be an alternative to ALPPS
procedure in the future.
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