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Abstract: Background: Excessive postoperative portal pressure is associated with post-hepatectomy liver failure and
small-for-size syndrome after partial liver transplantation. This study aimed to identify the portal modulation effects
of terlipressin on liver regeneration and survival in a porcine model subjected to 90% hepatectomy. Methods: Twenty
pigs undergoing 90% hepatectomy were divided into control (n = 10) and terlipressin (n = 10) groups. Terlipressin
0.5 mg was injected subcutaneously three times a day, from immediately before hepatectomy to 7 days after sur-
gery, for surviving pigs in the terlipressin group. Portal pressure measurement, biochemical analysis, assessment of
molecular markers for liver regeneration, and immunohistochemistry were performed in both groups. Results: The
7-day survival rate was significantly higher in the terlipressin group than that in the control group. Portal pressure in
the terlipressin group was lower than that in the control group at 30 min and 1 h after hepatectomy. Total bilirubin
level was lower in the terlipressin group than that in the control group at 1 h and 6 h after hepatectomy. Proliferat-
ing cell nuclear antigen expression was higher in the control group than that in the terlipressin group at 6 h after
hepatectomy, while the proportion of Ki-67-positive cells was higher in the terlipressin group than that in the control
group at 7 days after hepatectomy. Endothelin-1 level reflecting liver injury was lower in the terlipressin group than
that in the control group at 1 h and 6 h after hepatectomy. Conclusion: Terlipressin could optimize liver regeneration
and improve survival through rapid and effective portal modulation after extensive hepatectomy.
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Introduction

Liver resection and transplantation are the pri-
mary strategies of curative treatment for vari-
ous hepatic tumors and end-stage liver disease
[1]. These surgical interventions are the best
treatment options considering the long-term
outcomes but could cause severe and fatal
complications. Post-hepatectomy liver failure
(PHLF) occurs when the small remnant liver
fails to meet metabolic demands after exten-
sive hepatectomy [2]. Small-for-size syndrome
(SFSS) occurs when hepatic dysfunction devel-
ops without a specific cause after partial liver
transplantation using a small-for-size graft [3].
In the early postoperative period, increased
portal pressure functions as an initial signal for

liver regeneration [4]. However, excessively high
portal pressure may cause the small remnant
liver or graft to experience shear stress, result-
ing in sinusoidal endothelial injury with microcir-
culatory impairment and irreversible liver failure
due to the disturbance of effective liver regen-
eration [5, 6]. Therefore, excessively high portal
pressure is regarded as a common pathophysi-
ology in the development of PHLF and SFSS
[7, 8]. Several invasive procedures, including
splenic artery ligation, splenectomy, and hemi-
portocaval shunt, have been used to modulate
increased portal pressure after partial liver
transplantation [9, 10]. However, such proce-
dures increase the risk of severe complications
and cannot be adjusted in situations where the
portal pressure needs to be modified [11]. Al-
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Figure 1. Schematic diagram of the experimental design. A total of 20 pigs were divided into two groups: control (n =
10), terlipressin (n = 10). Portal pressure measurement, blood sampling, and liver biopsy were performed according

to the scheduled time frame.

ternatively, some studies have focused on
pharmacologic portal modulation using splan-
chnic vasoactive agents [12]. A previous study
in which a porcine model was subjected to 70%
hepatectomy reported that terlipressin and
octreotide effectively reduced excessive portal
pressure and attenuated liver injury after mas-
sive hepatectomy [13]. However, to validate the
effectiveness of pharmacologic portal modula-
tion for the treatment or prevention of aggres-
sive PHLF or SFSS in clinical settings, its effects
have to be proven in a more extensive hepatec-
tomy animal model.

Therefore, in the present study, we aimed to
elucidate the mechanism underlying the portal
modulation effects of terlipressin on liver re-
generation and survival using a porcine model
subjected to 90% hepatectomy.

Materials and methods
Study design

This study was approved by the Korea Univer-
sity Institutional Animal Care and Use Com-
mittee (KOREA-2016-0129-C1) and strictly fol-
lowed the guideline for the “Animal Research:
Reporting in Vivo Experiments” [14]. The study
included 65 to 85 days-old female domestic
pigs [median weight 34.9 (range 28.0-39.4)
kg]. Pigs were housed in a room with regulated
temperature and humidity. All pigs were ex-
posed to a 12 h light/dark cycle. Pigs fasted for
8 h prior to surgery, and all procedures were
conducted under sterile conditions.
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A total of 20 pigs were divided into the control
(n = 10) and terlipressin (n = 10) groups. As
previously described [13], the initial dose of ter-
lipressin was determined based on that used
for variceal bleeding or hepatorenal syndrome
treatments in clinical settings. However, the
dose was reduced due to side effects such as
peripheral cyanosis or sustained tachycardia
in initial cases. Therefore, 0.5 mg terlipressin
(Glypressin®, Ferring, Switzerland) was injected
intramuscularly three times a day just before
hepatectomy to 7 days after surgery for surviv-
ing pigs. Blood samples and liver tissues were
obtained, and portal pressure was measured
according to the scheduled time frame (Figure
1). All pigs were followed up until 7 days after
surgery, at which time the surviving pigs were
sacrificed.

Surgical procedure for 90% hepatectomy in
the porcine model

General anesthesia and 70% hepatectomy we-
re performed as previously described [13]. In
addition to 70% hepatectomy, half of the right
lateral lobe was resected to achieve 90% hepa-
tectomy. Glisson’s pedicles to each lobe except
the right lateral lobe were ligated and divided.
According to the ischemic color change on the
liver surface, hepatic parenchyma was tran-
sected using the clamp crushing technique.
After performing 70% hepatectomy, the lateral
half of the right lateral lobe was transected,
paying attention not to damage the hepatic
inflow and outflow. Glisson’s pedicle to the right
lateral lobe was temporarily clamped to reduce
bleeding during parenchymal transection.
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Table 1. Antibodies used in western blot analysis

PBS. The reaction was stopped

by adding 50 pl of stop solution.

Antigen Company, serial number Dilution Optical d ity at 450

PCNA Cell Signaling, 2586 1:2,000 pical density a nm was
i determined using a microplate

SOCS3 Santa Cruz Biotechnology, sc-9023 1:5,000 reader

Total-STAT3 Fitzgerald, 70R-50433 1:1,000

Phospho-STAT3 LifeSpan BioSciences, LS-C352904/70254 1:1,000

GAPDH Novus Biologicals, NB300-221

Western blot
1:10,000

PCNA, proliferating cell nuclear antigen; SOCS3, suppressor of cytokine signaling
3; STAT3, signal transducer and activator of transcription 3; GAPDH, glyceralde-

hyde-3-phosphate dehydrogenase.

Portal pressure measurement and biochemi-
cal analysis

Portal pressure was measured via direct punc-
ture using a 24-gauge needle connected to an
invasive pressure monitoring device (Vigileo
Monitor, Edwards Lifesciences, Irvine, CA, USA)
before administration of terlipressin, 30 min, 1
h and 6 h after hepatectomy, and on the sev-
enth postoperative day before sacrifice. Blood
samples were collected from the femoral vein
before administering terlipressin, 1 h and 6 h
after hepatectomy, and on the seventh postop-
erative day. Serum aspartate aminotransferase
(AST), alanine aminotransferase (ALT), and total
bilirubin levels were measured using a bio-
chemical analyzer (Chemical analyzer AU5800,
Beckman Coulter Inc., Brea, CA, USA), while
prothrombin time (PT) was measured using
automated coagulation analyzer (Blood Coa-
gulation Diagnosis analyzer, Diagnostica Stago
Inc., Parsippany, NJ, USA).

Enzyme-linked immunosorbent assay (ELISA)

Interleukin 6 (IL-6), hepatocyte growth factor
(HGF), and endothelin-1 (ET-1) serum levels
were measured using commercially available
ELISA kits (IL-6; Porcine IL-6 Quantikine ELISA
Kit, P6000B, R&D systems, USA) (HGF; Pig
hepatocyte growth factor, HGF ELISA Kit, CSB-
EO06795p, CUSABIO, China) (ET-1; Endothelin-1
Quantikine ELISA Kit, DET100, R&D systems,
USA). Blood samples kept in the BD Vacutainer
SST tube (Becton Dickinson, Franklin Lakes,
NJ, USA) were centrifuged at 3,500 rpm for 10
min at 4°C to obtain serum. Serum samples
were stored at -80°C. All procedures were per-
formed according to the manufacturer’s proto-
col. Briefly, 50 ul of 1:5 each diluted sample
was placed in an antibody-coated well filled
with 50 pl of assay diluent and incubated for 1
h at 37°C. Wells were washed three times with
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Suppressor of cytokine signal-
ing 3 (SOCS3), total signal tr-
ansducer and activator of tran-
scription 3 (total-STAT3), phos-
pho-STAT3, and proliferating
cell nuclear antigen (PCNA) protein expression
were examined using western blot. After mixing
the protease inhibitor cocktail (Sigma Aldrich)
in RIPA buffer, 1 mL of the mixture was added
per tissue sample, and the tissue was smashed
with a biomasher. Samples were centrifuged at
15,000 rpm for 15 min at 4°C, and the super-
natants were sonicated four times with 30 s
bursts. Samples were re-centrifuged at 15,000
rom for 15 min at 4°C, and the supernatant
was used for western blot. According to the
manufacturer’s protocol, 20 ug protein from
each tissue sample was quantified using BCA
protein assay and used for the experiment. As
shown in Table 1, the primary antibody was
diluted in 1X TBST with 5% skim milk and incu-
bated overnight at 4°C. Furthermore, second-
ary antibodies (mouse anti-rabbit 1gG-HRP, sc-
2357, Santa Cruz Biotechnology and peroxi-
dase anti-mouse IgG (H+L), PI-2000, Vector
Laboratories) were all diluted at 1:1000 in the
blocking solution (1X TBST with 5% skim milk
solution) and incubated at room temperature
for 1 h. Intensity for each protein was quanti-
fied using Image J (National Institutes of Heal-
th, Bethesda, USA). Data were normalized to
the reference protein glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) expression.

Sinusoidal hemorrhage and Ki-67 immunohis-
tochemical staining

Liver tissues were fixed in 10% formalin and
stained with hematoxylin and eosin to quantify
the area with sinusoidal hemorrhage (%). Sam-
ples were also prepared for immunohistochem-
istry with Ki-67. Tissue samples were cut into 4
pMm sections and mounted on glass slide. After
rehydration of sections in graded ethanol solu-
tions, slides were blocked in 3% H,O, solution
for 10 min at room temperature. Slides were
then boiled in 1X sodium citrate buffer in the
microwave for 10 min for antigen retrieval.
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Figure 2. Cumulative survival curves in each group after 90% hepatectomy.
The 7-day survival was 20% in the control group and 60% in the terlipressin
group (P =0.035).
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Figure 3. Portal pressure change in each group after 90% hepatectomy. The
portal pressure of the terlipressin group was lower than that of the control
group at 30 min after hepatectomy with a borderline significance (6.2 vs.
7.7 mmHg, P = 0.052) and a notable significance 1 h after hepatectomy
(5.8 vs. 7.7 mmHg, P = 0.035). Dots indicate means, and whiskers indicate
the standard error of means. *P < 0.05 and **P < 0.1 vs. control group at
the same time point.

biotinylated secondary anti-
body in a normal blocking solu-
tion for 1 h at room tempera-
ture in a humid tray on the next
day. Sections were then incu-
bated with Avidin/Biotin block-
ing solution (VECTASTAIN ABC
Kit (Mouse 1gG), PK-4002, Ve-
ctor Laboratories, USA) for 30
min at 37°C in a humid tray.
DAB (3,3-diaminobenzidine)
solution (DAB Peroxidase Sub-
strate Kit, SK-4100, Vector
Laboratories, USA) was added
to the sections. Sections were
counterstained in Mayer’s he-
matoxylin (Hematoxylin Solu-
tion, Mayer’'s, MHS16, Sigma
Aldrich, St. Louis, MO, USA) un-
til the desired degree of stain-
ing was achieved and washed
with 1X PBS to stop further
reaction. The slides were then
scanned using a slide scan-
ner (AxioScan Z1, Carl Zeiss
Microscopy GmbH, Germany),
and 10 photos were taken
from each slide with the same
maghnification using ZEN 2 soft-
ware (blue edition; Zeiss, Jena,
Germany). The number of Ki-
67-positive hepatocytes was
determined in each photo.

Statistical analysis

All continuous values were pre-
sented as mean with standard
deviation or median with inter-
quartile range. Cumulative sur-
vival curves were analyzed us-
ing the Kaplan-Meier method
and compared using the long-
rank test. Continuous variables
were compared between two
groups using paired Student’s
t-test or Mann-Whitney U test
as appropriate depending on
the normality of data distribu-
tion. P < 0.05 was considered

Slides were fixed with diluted (1:1000) anti- to denote statistical significance, and P bet-
Ki-67 antibodies (Ki-67/MKI67 Antibody, NB- ween 0.05 to 0.1 was deemed to be borderline
500-170, Novus Biologicals, USA) and incubat- significant. All statistical analyses were per-
ed with normal blocking solution overnight at formed using SPSS software (version 24.0, IBM
4°C in a humid tray. Slides were incubated with Corp., Armonk, NY, USA).
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Figure 4. Postoperative evolutions of serum aspartate aminotransferase (AST) (A), alanine aminotransferase (ALT)
(B), total bilirubin (C), and prothrombin time (D). Total bilirubin levels were demonstrated as fold changes over the
preoperative values due to individual differences in preoperative value. Data are expressed as the median, with the
25-75% percentiles in boxes and the 5-95% percentiles as whiskers. *P < 0.05 and **P < 0.1 vs. control group at

the same time point.

Results
Survival

The terlipressin group showed higher 7-day sur-
vival rates than the control group (60% vs. 20%,
P = 0.035, Figure 2). Most deaths occurred
within 72 h after hepatectomy in both groups
(three of four pigs in the terlipressin group and
all eight pigs in the control group). The median
survival time was 124 (49-168) h in the terlip-
ressin group and 55 (6-128) h in the control
group (P = 0.043). Autopsies were performed
for all dead pigs to examine causes of death
from potential surgical complications such as
bleeding, but there was no demonstrable
reason.
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Portal pressure

Portal pressure measured before hepatectomy
was comparable between the terlipressin and
control groups (6.6 £ 1.1vs. 6.3 £ 0.8 mmHg, P
= 0.631) (Figure 3). In the control group, portal
pressure increased 30 min after hepatectomy
than that before hepatectomy with a borderline
significance (6.3 + 1.1vs. 7.7 £ 2.1, mmHg, P =
0.083). Portal pressure in the terlipressin group
tended to be lower than that in the control
group at all time points after hepatectomy. The
terlipressin group showed lower portal pres-
sure than the control group at 30 min after he-
patectomy with a borderline significance (6.2 +
0.9vs. 7.7 £ 2.1 mmHg, P = 0.052), and a nota-

Am J Transl Res 2021;13(6):5880-5891
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Figure 5. Postoperative change in
serum levels of interleukin (IL)-6 (A),
hepatocyte growth factor (HGF) (B),
and endothelin-1 (ET-1) (C) evalu-
ated using enzyme-linked immuno-
sorbent assay. Data are expressed
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ble significance 1 h after hepatectomy (5.8 +
1.1vs. 7.7 £ 2.2 mmHg, P = 0.027).

Biochemical analysis

Serum AST, ALT, total bilirubin, and PT levels
were evaluated to assess the extent of liver
injury and functional status after extensive he-
patectomy (Figure 4). In terms of serum AST,
ALT, and PT levels, no significant differences
were observed between both groups at all time
points. Total bilirubin levels were demonstrated
as a fold change over the preoperative value
due to individual differences in preoperative
values. Total bilirubin level in the terlipressin
group was significantly lower than that in the
control group 1 h after hepatectomy (1.00 vs.
1.57 fold change, P = 0.023), and at 6 h after
hepatectomy, with a borderline significance
(1.42 vs. 2.79 fold change, P = 0.052).
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Protein expression by ELISA and western blot

IL-6 and HGF are known to promote liver regen-
eration after hepatectomy, and ET-1 is a marker
of liver injury with vascular endothelial damage
[15]. IL-6 and HGF serum levels evaluated by
ELISA showed no significant difference between
the terlipressin and control groups. However,
ET-1 level was significantly lower in the terlip-
ressin group than that in the control group at 1
and 6 h after hepatectomy (P = 0.002 and P <
0.001, respectively) (Figure 5).

Total-STAT3 and phospho-STAT3 play an impor-
tant role in the process of liver regeneration,
whereas SOCS3, one of the target genes of
STAT3, functions as a negative regulator of liver
regeneration [16-18]. There were no significant
differences in total-STAT3, phospho-STAT3, and
SOCS3 between the two groups as shown by

Am J Transl Res 2021;13(6):5880-5891
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Figure 6. Postoperative change in protein expressions of total signal transducer and activator of transcription 3
(total-STAT3) (A), phospho-STAT3 (B), suppressor of cytokine signaling 3 (SOCS3) (C), and proliferating cell nuclear
antigen (PCNA) (D). Representative images are demonstrated below each figure. Data were normalized to the refer-
ence gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and expressed as means and standard error. *P <
0.05 vs. control group at the same time point.

western blot. However, PCNA expression was (P = 0.043) (Figure 6). PCNA reflects cell pro
higher in the control group than that in the liferation activity in the regenerating liver
terlipressin group at 6 h after hepatectomy [19].
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Figure 8. Postoperative change in Ki-67-positive cell number in liver tissues in each group (A) and representative
images (original magnification x400) (B). Data are expressed as the median, with the 25-75% percentiles in boxes
and the 5-95% percentiles as whiskers. **P < 0.1 vs. control group at the same time point.

Sinusoidal hemorrhage and Ki-67

Sinusoidal hemorrhage area increased in the
control group than in the terlipressin group
6 h after hepatectomy; however, the difference
was not significant (Figure 7A). Representative
images are shown in Figure 7B. The Ki-67-
positive cell number in liver tissues was higher
in the terlipressin group than that in the con-
trol group on the 7th postoperative day with a
borderline significance (P = 0.071) (Figure 8).

Discussion

Recent advances in surgical techniques and
perioperative management have enabled more
extensive liver resection and transplantation
with acceptable morbidity and mortality [20-
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22]. However, PHLF remains a major cause of
mortality that lacks an effective treatment,
while SFSS continues to be a fatal complica-
tion after partial liver transplantation [23].
Several studies have reported that excessive
portal pressure to the small remnant liver or
graft plays a critical role in the development of
both PHLF and SFSS [4, 24]. Therefore, various
invasive procedures have been tried to prevent
or treat these conditions. However, their effects
on portal modulation are not only irreversible
and unpredictable but also responsible for
other severe complication [25]. Consequently,
several studies have explored pharmacologic
portal modulation as an alternative strategy. In
addition to being non-invasive, drug dose and
duration can be adjusted in pharmacologic por-

Am J Transl Res 2021;13(6):5880-5891
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tal modulation depending on different clinical
situations. In the current study, the portal mod-
ulation effects of terlipressin, a vasopressin
analog, were identified. Terlipressin acts selec-
tively on the V1a receptor in the portal venous
system, resulting in splanchnic vasoconstric-
tion with limited impact on systemic circulation
[26]. Terlipressin is already safely used to tre-
at hepatorenal syndrome and acute variceal
bleeding [27, 28]. In a previous study conduct-
ed using rats subjected to 90% hepatectomy,
terlipressin lowered portal pressure and pro-
moted liver regeneration, resulting in the high-
est 1-week survival rate among various splan-
chnic vasoactive agents [29]. Therefore, the
present study aimed to explore the clinical
applicability of pharmacologic portal modula-
tion by determining its effects using a large ani-
mal model while investigating its mechanism.

The 70% hepatectomy model has been used
to identify pharmacologic portal modulation
effects by resecting the liver as much as the
subject could survive [13, 30]. In contrast, the
90% hepatectomy model has been used to
investigate the effects of the pharmacologic
intervention on liver regeneration and survival
under extreme conditions wherein most sub-
jects are expected to die [31]. In previous stud-
ies, portal pressure significantly increased af-
ter 90% hepatectomy in the porcine model, and
all animals died within 51 h after hepatectomy
[31, 32]. In the current study, portal pressure in
the control group was higher at 30 min after
hepatectomy than before hepatectomy, and
the pressure was maintained during the study
period. On the other hand, the terlipressin
group showed lower portal pressure than the
control group at 30 min and 1 h after hepatec-
tomy. The portal modulation effect of terlipres-
sin was rapid and highly effective, considering
that only one injection immediately before hep-
atectomy induced the changes in portal pres-
sure for 1 h after hepatectomy in the terlipres-
sin group.

One of the most important effects of terlipres-
sin was the optimized modulation of the timing
and degree of the liver regeneration process.
It was validated based on the trends in the
expression of PCNA and Ki-67, which reflected
cellular proliferation activity in the regenerating
liver. PCNA expression significantly increased in
the control group than that in the terlipressin
group at 6 h after hepatectomy. However, the
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proportion of Ki-67-positive cells was higher on
postoperative day 7 in the terlipressin group
than that in the control group. In the early stag-
es after hepatectomy, quiescent hepatocytes
enter the cell cycle (GO to S phase), and cell
division occurs to initiate liver regeneration
[33]. Consequently, explosive cell division oc-
curs as portal pressure and flow abruptly
increase immediately after hepatectomy [34].
In contrast, the liver regeneration process in
the terlipressin group occurred slowly; however,
it was prolonged due to the portal modulation
effect of terlipressin. Since dividing cells rarely
function until normal microarchitectures are
reformed, we assumed that well-controlled liv-
er regeneration, especially in the early postop-
erative period, could be more favorable for the
functional recovery of the liver [12, 35]. Fur-
thermore, after liver resection, not only paren-
chymal cells, such as hepatocytes, but also
non-parenchymal cells (e.g., Kupffer cells and
hepatic stellate cells) proliferate for liver regen-
eration at different time points [36]. Hepato-
cytes begin cellular proliferation within 24 h,
followed by biliary ductal cells, Kupffer cells,
and hepatic stellate cells in the subsequent 2
days. Lastly, sinusoidal endothelial cells usually
start active regeneration 4 days after hepa-
tectomy [16]. Therefore, the portal modulation
effect of terlipressin in slowing down the initial
process of hepatocyte proliferation may bal-
ance and optimize cellular proliferation after
extensive hepatectomy.

Cytokines activated during liver regeneration
were also analyzed to determine the molecular
mechanism underlying the effects of terlipres-
sin on portal modulation. IL-6 is an inducer
gene involved in liver regeneration that func-
tions by binding to its receptors in the hepato-
cytes and promotes STAT 3 expression [37].
Activated STAT3 induces the expression of
SOCS3, and activated SOCS3 arrests IL-6-in-
duced STAT3 through negative feedback [17].
In the present study, IL-6 and SOCS3 levels
showed no significant difference between the
two groups. However, these genes were mostly
involved in the early stages of liver regenera-
tion, and other mechanisms, such as those
associated with growth factors and metabolic
pathways, could also affect liver regeneration
collectively. Furthermore, the limitation of our
study that experimental values were not mea-
sured in short intervals of time makes it difficult
to identify serial changes over time.
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The portal modulation effect of terlipressin has
led to reduced liver injury and improved surviv-
al. The expression of ET-1, a potent vasocon-
strictive peptide, is activated by sinusoidal
endothelial injury [15, 38]. In the current study,
ET-1 levels were lower in the terlipressin group
than those in the control group. Although not a
statistically significant difference, taking into
account the results of histological examina-
tions showing consistently decreased degree of
sinusoidal hemorrhage in the terlipressin gr-
oup, these findings suggested that terlipressin
could attenuate liver injury. Furthermore, total
bilirubin levels in the terlipressin group were
significantly lower than those in the control
group. This could be due to the less endothe-
lial injury in the terlipressin group as well as
because terlipressin modulated the proportion
of hepatocytes entering the cell cycle in the
early postoperative period. Similar to previous
studies, the study showed a high mortality rate
(80%) in the control group within two days of
performing 90% hepatectomy [39]. This result
suggested the importance of early intervention
after extensive hepatectomy. However, six pigs
survived to 7 days in the terlipressin group, pre-
senting a 7-day survival rate of 60%, which was
three times higher than that of the control
group.

A limitation of this study included the long-time
interval of measurement between 6 h and 7
days after hepatectomy. If hemodynamic ch-
anges and liver generation marker levels had
been examined using a shorter interval, the
mechanism of terlipressin on portal modula-
tion could have been understood more clearly.
Further, if we identified the subcellular morpho-
logical changes between the groups, the portal
modulation effects of terlipressin after exten-
sive hepatectomy on the histologic aspect
could be more clearly understood. Another limi-
tation was that the effects of terlipressin at
various doses and durations were not evaluat-
ed. Nevertheless, we confirmed the beneficial
effect of terlipressin on portal modulation after
extensive hepatectomy using a large animal
model. Thus, this study could serve as the
foundation of clinical trials for determining the
effects of terlipressin on preventing or treating
PHLF and SFSS.

Conclusion

Terlipressin rapidly modulated excessive portal
pressure in the early postoperative period after
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extensive hepatectomy in a large animal mo-
del. Consequently, the modulated portal pres-
sure could optimize the liver regeneration pro-
cess, resulting in reduced liver injury and
improved survival.

Acknowledgements

This investigation was supported by the Na-
tional Research Foundation of Korea (NRF)
grant funded by the Korea government (MSIT;
Ministry of Education, Science and Technology)
(No. NRF-2017R1A2B2005754).

Disclosure of conflict of interest
None.
Abbreviations

PHLF, Post-hepatectomy liver failure; SFSS,
Small-for-size syndrome; AST, Aspartate amino-
transferase; ALT, Alanine aminotransferase; PT,
Prothrombin time; IL-6, Interleukin 6; HGF,
Hepatocyte growth factor; ET-1, Endothelin-1;
SOCS3, Suppressor of cytokine signaling 3;
Total-STAT3, Total signal transducer and activa-
tor of transcription 3; PCNA, Proliferating cell
nuclear antigen; GAPDH, Glyceraldehyde-3-
phosphate dehydrogenase.

Address correspondence to: Dong-Sik Kim, Division
of HBP Surgery and Liver Transplantation, Depart-
ment of Surgery, Korea University College of
Medicine, 73, Goryeodae-ro, Seongbuk-gu, Seoul
02841, Korea. Tel: +82-2-920-6620; Fax: +82-2-
921-6620; E-mail: kimds1@korea.ac.kr

References

[1] Fonseca AL and Cha CH. Hepatocellular carci-
noma: a comprehensive overview of surgical
therapy. J Surg Oncol 2014; 110: 712-719.

[2] Rahbari NN, Garden 0J, Padbury R, Brooke-
Smith M, Crawford M, Adam R, Koch M, Makuu-
chi M, Dematteo RP, Christophi C, Banting S,
Usatoff V, Nagino M, Maddern G, Hugh TJ, Vau-
they JN, Greig P, Rees M, Yokoyama Y, Fan ST,
Nimura Y, Figueras J, Capussotti L, Buchler
MW and Weitz J. Posthepatectomy liver failure:
a definition and grading by the International
Study Group of Liver Surgery (ISGLS). Surgery
2011; 149: 713-724.

[3] Dahm F, Georgiev P and Clavien PA. Small-for-
size syndrome after partial liver transplanta-
tion: definition, mechanisms of disease and
clinical implications. Am J Transplant 2005; 5:
2605-2610.

Am J Transl Res 2021;13(6):5880-5891


mailto:kimds1@korea.ac.kr

(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

Pharmacologic portal modulation effects in hepatectomy model

Niiya T, Murakami M, Aoki T, Murai N, Shimizu
Y and Kusano M. Immediate increase of portal
pressure, reflecting sinusoidal shear stress,
induced liver regeneration after partial hepa-
tectomy. J Hepatobiliary Pancreat Surg 1999;
6: 275-280.

Wang HS, Ohkohchi N, Enomoto Y, Usuda M,
Miyagi S, Asakura T, Masuoka H, Aiso T, Fuku-
shima K, Narita T, Yamaya H, Nakamura A,
Sekiguchi S, Kawagishi N, Sato A and Satomi
S. Excessive portal flow causes graft failure in
extremely small-for-size liver transplantation in
pigs. World J Gastroenterol 2005; 11: 6954-
6959.

Sato Y, Koyama S, Tsukada K and Hatakeyama
K. Acute portal hypertension reflecting shear
stress as a trigger of liver regeneration follow-
ing partial hepatectomy. Surg Today 1997; 27:
518-526.

Golriz M, Majlesara A, El Sakka S, Ashrafi M,
Arwin J, Fard N, Raisi H, Edalatpour A and Meh-
rabi A. Small for Size and Flow (SFSF) syn-
drome: an alternative description for pos-
thepatectomy liver failure. Clin Res Hepatol
Gastroenterol 2016; 40: 267-275.

Li J, Liang L, Ma T, Yu X, Chen W, Xu G and Li-
ang T. Sinusoidal microcirculatory changes af-
ter small-for-size liver transplantation in rats.
Transpl Int 2010; 23: 924-933.

Umeda Y, Yagi T, Sadamori H, Matsukawa H,
Matsuda H, Shinoura S, Mizuno K, Yoshida R,
Iwamoto T, Satoh D and Tanaka N. Effects of
prophylactic splenic artery modulation on por-
tal overperfusion and liver regeneration in
small-for-size graft. Transplantation 2008; 86:
673-680.

Yamada T, Tanaka K, Uryuhara K, Ito K, Takada
Y and Uemoto S. Selective hemi-portocaval
shunt based on portal vein pressure for small-
for-size graft in adult living donor liver trans-
plantation. Am J Transplant 2008; 8: 847-853.
Troisi R, Hesse UJ, Decruyenaere J, Morelli MC,
Palazzo U, Pattyn P, Colardyn F, Maene L and
de Hemptinne B. Functional, life-threatening
disorders and splenectomy following liver
transplantation. Clin Transplant 1999; 13:
380-388.

Hessheimer AJ, Escobar B, Munoz J, Flores E,
Gracia-Sancho J, Taura P, Fuster J, Rimola A,
Garcia-Valdecasas JC and Fondevila C. Soma-
tostatin therapy protects porcine livers in
small-for-size liver transplantation. Am J Trans-
plant 2014; 14: 1806-1816.

Jo HS, Han JH, Choi YY, Seok JI, Yoon YI and
Kim DS. The beneficial impacts of splanchnic
vasoactive agents on hepatic functional recov-
ery in massive hepatectomy porcine model.
Hepatobiliary Surg Nutr 2020.

5890

(14]

[15]

(16]

[17]

(18]

(19]

[20]

(21]

[22]

(23]

[24]

Kilkenny C, Browne W, Cuthill IC, Emerson M
and Altman DG. Animal research: reporting in
vivo experiments: the ARRIVE guidelines. Br J
Pharmacol 2010; 160: 1577-1579.

Rockey DC, Fouassier L, Chung JJ, Carayon A,
Vallee P, Rey C and Housset C. Cellular localiza-
tion of endothelin-1 and increased production
in liver injury in the rat: potential for autocrine
and paracrine effects on stellate cells. Hepa-
tology 1998; 27: 472-480.

Michalopoulos GK and DeFrances MC. Liver
regeneration. Science 1997; 276: 60-66.
Bohm F, Kéhler UA, Speicher T and Werner S.
Regulation of liver regeneration by growth fac-
tors and cytokines. EMBO Mol Med 2010; 2:
294-305.

Fukuda T, Fukuchi T, Yagi S and Shiojiri N. Im-
munohistochemical analyses of cell cycle pro-
gression and gene expression of biliary epithe-
lial cells during liver regeneration after partial
hepatectomy of the mouse. Exp Anim 2016;
65: 135-146.

Theocharis SE, Skopelitou AS, Margeli AP, Pav-
laki KJ and Kittas C. Proliferating cell nuclear
antigen (PCNA) expression in regenerating rat
liver after partial hepatectomy. Dig Dis Sci
1994; 39: 245-252.

de Santibanes E and Clavien PA. Playing Play-
Doh to prevent postoperative liver failure: the
“ALPPS” approach. Ann Surg 2012; 255: 415-
417.

Chan A, Zhang WY, Chok K, Dai J, Ji R, Kwan C,
Man N, Poon R and Lo CM. ALPPS versus por-
tal vein embolization for hepatitis-related he-
patocellular carcinoma: a changing paradigm
in modulation of future liver remnant before
major hepatectomy. Ann Surg 2021; 273: 957-
965.

Kim DS, Kim BW, Hatano E, Hwang S, Hasega-
wa K, Kudo A, Ariizumi S, Kaibori M, Fukumoto
T, Baba H, Kim SH, Kubo S, Kim JM, Ahn KS,
Choi SB, Jeong CY, Shima Y, Nagano H, Yama-
saki O, Yu HC, Han DH, Seo HI, Park IY, Yang
KS, Yamamoto M and Wang HJ. Surgical out-
comes of hepatocellular carcinoma with bile
duct tumor thrombus: a Korea-Japan multi-
center study. Ann Surg 2020; 271: 913-921.
van Mierlo KM, Schaap FG, Dejong CH and
Olde Damink SW. Liver resection for cancer:
new developments in prediction, prevention
and management of postresectional liver fail-
ure. J Hepatol 2016; 65: 1217-1231.

Cheng YF, Huang TL, Chen TY, Concejero A,
Tsang LL, Wang CC, Wang SH, Sun CK, Lin CC,
Liu YW, Yang CH, Yong CC, Ou SY, Yu CY, Chiu
KW, Jawan B, Eng HL and Chen CL. Liver graft-
to-recipient spleen size ratio as a novel predic-
tor of portal hyperperfusion syndrome in living

Am J Transl Res 2021;13(6):5880-5891



[25]

[26]

[27]

(28]

[29]

[30]

(31]

Pharmacologic portal modulation effects in hepatectomy model

donor liver transplantation. Am J Transplant
2006; 6: 2994-2999.

Gonzalez HD, Liu ZW, Cashman S and Fusai
GK. Small for size syndrome following living do-
nor and split liver transplantation. World J Gas-
trointest Surg 2010; 2: 389-394.

Mukhtar A and Dabbous H. Modulation of
splanchnic circulation: role in perioperative
management of liver transplant patients.
World J Gastroenterol 2016; 22: 1582-1592.
Escorsell A, Ruiz del Arbol L, Planas R, Albillos
A, Banares R, Calés P, Pateron D, Bernard B,
Vinel JP and Bosch J. Multicenter randomized
controlled trial of terlipressin versus sclero-
therapy in the treatment of acute variceal
bleeding: the TEST study. Hepatology 2000;
32: 471-476.

Sanyal AJ, Boyer T, Garcia-Tsao G, Regenstein
F, Rossaro L, Appenrodt B, Blei A, Gulberg V,
Sigal S and Teuber P. A randomized, prospec-
tive, double-blind, placebo-controlled trial of
terlipressin for type 1 hepatorenal syndrome.
Gastroenterology 2008; 134: 1360-1368.
Kim DS, Ji WB, Han JH, Choi YY, Park HJ, Yu YD
and Kim JY. Effects of splanchnic vasoconstric-
tors on liver regeneration and survival after
90% rat hepatectomy. Ann Surg Treat Res
2018; 94: 118-128.

Ferrero A, Vigano L, Polastri R, Muratore A, Em-
inefendic H, Regge D and Capussotti L. Postop-
erative liver dysfunction and future remnant
liver: where is the limit? Results of a prospec-
tive study. World J Surg 2007; 31: 1643-1651.
Chen HS, Joo DJ, Shaheen M, Li Y, Wang Y,
Yang J, Nicolas CT, Predmore K, Amiot B, Mi-
chalak G, Mounajjed T, Fidler J, Kremers WK
and Nyberg SL. Randomized trial of spheroid
reservoir bioartificial liver in porcine model of
posthepatectomy liver failure. Hepatology
2019; 69: 329-342.

5891

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

Darnis B, Mohkam K, Schmitt Z, Ledochowski
S, Vial JP, Duperret S, Vogt C, Demian H, Golse
N, Mezoughi S, Ducerf C and Mabrut JY. Subto-
tal hepatectomy in swine for studying small-for-
size syndrome and portal inflow modulation: is
it reliable? HPB (Oxford) 2015; 17: 881-888.
Fausto N. Liver regeneration. J Hepatol 2000;
32:19-31.

Sato Y, Tsukada K and Hatakeyama K. Role of
shear stress and immune responses in liver
regeneration after a partial hepatectomy. Surg
Today 1999; 29: 1-9.

Wack KE, Ross MA, Zegarra V, Sysko LR, Wat-
kins SC and Stolz DB. Sinusoidal ultrastructure
evaluated during the revascularization of re-
generating rat liver. Hepatology 2001; 33:
363-378.

Knolle P, Léhr H, Treichel U, Dienes HP, Lohse
A, Schlaack J and Gerken G. Parenchymal and
nonparenchymal liver cells and their interac-
tion in the local immune response. Z Gastroen-
terol 1995; 33: 613-620.

Fausto N, Campbell JS and Riehle KJ. Liver re-
generation. Hepatology 2006; 43: S45-53.
Kuddus RH, Nalesnik MA, Subbotin VM, Rao
AS and Gandhi CR. Enhanced synthesis and
reduced metabolism of endothelin-1 (ET-1) by
hepatocytes--an important mechanism of in-
creased endogenous levels of ET-1 in liver cir-
rhosis. J Hepatol 2000; 33: 725-732.

Golriz M, Ashrafi M, Khajeh E, Majlesara A,
Flechtenmacher C and Mehrabi A. Establishing
a porcine model of small for size syndrome fol-
lowing liver resection. Can J Gastroenterol Hep-
atol 2017; 2017: 5127178.

Am J Transl Res 2021;13(6):5880-5891



