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Background: A strategy for accelerating liver regeneration after hepatectomy would offer great benefits
in preventing postoperative liver failure and improving surgical outcomes. Transforming growth factor
(TGF) 𝛃 is a potent inhibitor of hepatocyte proliferation. Recently, thrombospondin (TSP) 1 has
been identified as a negative regulator of liver regeneration by activation of local TGF-𝛃 signals.
This study aimed to clarify whether the LSKL (leucine–serine–lysine–leucine) peptide, which inhibits
TSP-1-mediated TGF-𝛃 activation, promotes liver regeneration after hepatectomy in mice.
Methods: Mice were operated on with a 70 per cent hepatectomy or sham procedure. Operated mice
received either LSKL peptide or normal saline intraperitoneally at abdominal closure and 6 h after
hepatectomy. Perioperative plasma TSP-1 levels were measured by enzyme-linked immunosorbent assay
in patients undergoing hepatectomy.
Results: Administration of LSKL peptide attenuated Smad2 phosphorylation at 6 h. S-phase entry
of hepatocytes was accelerated at 24 and 48 h by LSKL peptide, which resulted in faster recovery
of the residual liver and bodyweight. Haematoxylin and eosin tissue staining and blood biochemical
examinations revealed no significant adverse effects following the two LSKL peptide administrations.
In the clinical setting, plasma TSP-1 levels were lowest on the first day after hepatectomy. However,
plasma TSP-1 levels at this stage were significantly higher in patients with subsequent liver dysfunction
compared with levels in those without liver dysfunction following hepatectomy.
Conclusion: Only two doses of LSKL peptide during the early period after hepatectomy can promote
liver regeneration. The transient inhibition of TSP-1/TGF-𝛃 signal activation using LSKL peptide soon
after hepatectomy may be a promising strategy to promote subsequent liver regeneration.

Surgical relevance
Although the mechanisms of liver regeneration after hepatectomy
have been explored intensively in vivo, no therapeutic tools are
thus far available to accelerate liver regeneration after hepatec-
tomy in the clinical setting. Recently, the matricellular protein
thrombospondin (TSP) 1, a major activator of latent transform-
ing growth factor (TGF) β1, has been identified as a negative
regulator of liver regeneration after hepatectomy.

In this study, the inhibition of TSP-1-mediated TGF-β signal
activation by LSKL (leucine–serine–lysine–leucine) peptide in

the early period after hepatectomy accelerated liver regeneration
without any adverse effects. In addition, continuous high plasma
TSP-1 levels after hepatectomy were associated with liver damage
in humans.

The transient inhibition of TSP-1/TGF-β signal activation
using LSKL peptide in the early period after hepatectomy could
be a novel therapeutic strategy to accelerate liver regeneration
after hepatectomy.
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Introduction

The liver is the largest internal organ in the body, with
multiple functions such as protein synthesis, detoxifica-
tion, glycogen storage and production of various enzymes.
The liver is uniquely characterized by its ability to regen-
erate itself in response to injury1,2. Hepatectomy, which
induces loss of liver volume and the corresponding liver
functions, has been performed as the most common cura-
tive procedure for liver cancer based on the expectation
of successful liver regeneration following removal of liver
tissue3,4. However, postoperative liver failure is not elimi-
nated totally, despite advancements in surgical techniques
and perioperative care, and morbidity and mortality rates
after major hepatectomy remain high, ranging from 12⋅9 to
47⋅1 per cent5–11 and from 2⋅6 to 7⋅4 per cent5–10 respec-
tively. Therefore, a delay in liver regeneration following
hepatectomy can result in liver dysfunction and, in extreme
cases, hepatic failure12. However, in the clinical setting, no
established therapeutic strategy is yet available to accelerate
liver regeneration after hepatic resection.

The process of liver regeneration following hepatectomy
is coordinated by both proliferative and antiproliferative
factors2,13. Transforming growth factor (TGF) β1 is a
potent inhibitor of mitogen-stimulated DNA synthesis
in cultured hepatocytes. As TGF-β is synthesized and
secreted as a latent complex, an important step in reg-
ulating its biological activity is conversion of the latent
form into the active one14. Recently, the matricellular
protein thrombospondin (TSP) 1, a major activator of
latent TGF-β1, has been identified as a negative regu-
lator of liver regeneration following hepatectomy in an
experimental model15. After partial hepatectomy in mice,
TSP-1 protein expression in the regenerating liver was
induced with a peak at approximately 6 h, returning to
basal levels by 24 h15. Corresponding with this induction
of TSP-1 expression, the TGF-β–Smad signalling path-
way was activated through phosphorylation of Smad215.
Furthermore, TSP-1 deficiency resulted in a significant
reduction in local TGF-β–Smad signal activation and
accelerated liver regeneration in mice15. In patients with
liver metastasis from colorectal cancer, high levels of
plasma TSP-1 at 24 h after hepatectomy have been asso-
ciated with postoperative liver dysfunction and severe
morbidity16. These findings indicate the possibility of a
novel therapeutic strategy for accelerating liver regenera-
tion by targeting TSP-1-mediated TGF-β1 activation in
the early postoperative period after partial hepatectomy.

TGF-β is stored in the extracellular matrix by binding to
latency-associated peptide (LAP)14,17. TSP-1 can convert
latent TGF-β to its active form by binding to LAP, thereby
releasing the active TGF-β from LAP. Subsequently, active

TGF-β1 can be released from the latent TGF-β1 com-
plex and bind to the TGF-β receptor, thus inducing signal
transduction. The LSKL (leucine–serine–lysine–leucine)
peptide can inhibit TSP-1 binding to LAP. The present
study was designed to examine whether administration of
the LSKL peptide could successfully accelerate liver regen-
eration after partial hepatectomy in mice by inhibiting
local TGF-β–Smad signal activation through its effect on
TSP-1.

Methods

Partial hepatectomy in mice

Wild-type 8–12-week-old male mice (C57BL/6) were used
for all experiments. The two anterior hepatic lobes (median
and left lateral lobes), which comprise 70 per cent of the
liver weight, were resected, while the caudate and right
lobes were left intact, as described previously15. Animals
were divided into three groups: sham-operated, normal
saline and LSKL peptide groups (Fig. 1). For each group,
mice were killed at 6, 24, 48, 72 and 168 h after the oper-
ation, and the residual liver weight was measured. Post-
operative bodyweight was measured 168 h after the 70 per
cent hepatectomy and the bodyweight recovery rate was
calculated as: (postoperative bodyweight− preoperative
bodyweight)× 100/preoperative bodyweight. Six mice
per time point were used for each group, with a total
of 90 mice. The study was approved by the Kumamoto
University Animal Care and Use Committee, and followed
the Animal Research: Reporting of In Vivo Experiments
(ARRIVE) guidelines.

Intraperitoneal LSKL peptide administration

LSKL TSP-1 inhibitory peptide (AnaSpec, Freemont,
California, USA) was diluted to 5 mg/ml with normal
saline. In the LSKL peptide group, LSKL peptide
(30 mg/kg bodyweight in 6 ml/kg) was administered
intraperitoneally before abdominal wall closure and at 6 h
after the 70 per cent hepatectomy. In the normal saline
group, saline (6 ml/kg) was given intraperitoneally at the
same time points. In the sham-operated group, laparotomy
was performed and the incision was sutured after normal
saline (6 ml/kg) had been administered intraperitoneally.

Histology and immunohistochemistry

For histological analyses, liver samples (the same lobe from
each mouse) were fixed overnight in 10 per cent neutral
buffered formalin, dehydrated in a graded alcohol series,
and embedded in paraffin; 4-μm sections were prepared.
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Fig. 1 Schedule of LSKL (leucine–serine–lysine–leucine) peptide administration. C57BL/6 male mice were operated on with a 70 per
cent hepatectomy or sham procedure. In the LSKL peptide group, LSKL peptide (30 mg/kg) was administered intraperitoneally before
abdominal wall closure and 6 h after the hepatectomy. In the normal saline group, saline (6 ml/kg) was administered intraperitoneally at
the same time points. In the sham-operated group, laparotomy was performed and the incision was sutured following intraperitoneal
administration of normal saline (6 ml/kg). Mice received an intraperitoneal injection of 5-bromo-2-deoxyuridine (BrdU) 2 h before
being killed

Epitope retrieval was performed by autoclave pretreatment
in Histofine® antigen retrieval solution (pH 9) (Nichirei,
Tokyo, Japan). Endogenous peroxidase activity was blocked
with 3 per cent hydrogen peroxide, and the sections were
incubated with diluted 1 : 15 antibromodeoxyuridine per-
oxidase Fab fragments overnight at 4∘C. The sections were
also incubated with 1 : 100 Phospho-Smad2 (138D4; Cell
Signaling Technology, Danvers, Massachusetts, USA) and
1 : 100 TSP-1 (A6.1; Thermo Scientific, Waltham, Mas-
sachusetts, USA) antibodies. Diaminobenzidine solution
was used as chromogen, followed by counterstaining with
Mayer’s haematoxylin.

Western blotting

The same lobe from each mouse was used for protein
isolation and subsequent analyses. A 50-mg piece was
resected from liver tissue and homogenized in 500 μl radio-
immunoprecipitation assay buffer containing a protease
and phosphatase inhibitor cocktail (Thermo Scientific).
For immunoblotting analyses, after electrophoresis, sam-
ples were transferred on to Immun-Blot® PVDF mem-
brane (Bio-Rad Laboratories, Hercules, California, USA)
using Mini Trans-Blot® cell (Bio-Rad Laboratories) and
probed with primary antibodies as rabbit monoclonal anti-
body (mAb) against Phospho-Smad2 (138D4) and mouse
mAb against TSP-1 (D4.6; Thermo Scientific). Image J

1⋅40 software (National Institutes of Health, Bethesda,
Maryland, USA) was used for densitometric analysis.

Real-time PCR

A 25-mg piece of liver tissue was homogenized in
1500 μl TRIzol® Reagent (Thermo Scientific). Total
RNA was extracted according to the manufacturer’s
instructions. Total RNA was converted to cDNA by
reverse transcription–PCR. To measure mRNA expres-
sion, real-time PCR assay was performed using the
LightCycler® 480 system (Roche Diagnostics, Indiana-
polis, Indiana, USA). Probes and primers were designed
using Roche probe library system for each gene expression;
18S rRNA was used as reference. The probes and primers
are summarized in Table S1 (supporting information).

Assessment of 5-bromo-2-deoxyuridine
incorporation

Mice received an intraperitoneal injection of 100 mg/kg
5-bromo-2-deoxyuridine (BrdU; Roche Applied Science,
Penzberg, Germany) 2 h before killing. Five random
high-power visual fields (0⋅64 mm2 per field) per mouse
were evaluated to determine the mean number of BrdU-
positive hepatocyte nuclei per field.
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Mouse blood sample collection and analyses

Blood samples were collected at the time of mouse death
with the addition of heparin. Plasma was extracted from
the blood samples after centrifugation at 3000 r.p.m. for
15 min at 4∘C and stored at −80∘C until analysis. All
blood biochemical examinations were performed using
BioMajesty™ JCA-BM6050 analyser (JEOL Products,
Tokyo, Japan).

Human plasma collection and analyses

Plasma EDTA samples were collected from 30 patients
who underwent hepatectomy for liver tumours. Samples
were taken before and immediately after hepatectomy,
as well as on postoperative day (POD) 1, 3 and 7. Sam-
ples were stored at −80 ∘C until analysis. Plasma TSP-1
levels were measured using a commercially available
enzyme-linked immunosorbent assay kit (Quantikine®;
R&D Systems, Minneapolis, Minnesota, USA) according
to the manufacturer’s instructions.

Statistical analysis

All experiments were performed in triplicate, and data
are shown as representative results. Data are expressed
as mean(s.d.) values. Data analysis was performed with
JMP® 10.0.2 software (SAS Institute, Cary, North Car-
olina, USA). Statistical analyses were carried out using Stu-
dent’s t test or ANOVA. Student’s t test was performed if
equal variance was ascertained in two groups by an F test.
P < 0⋅050 was considered significant.

Results

LSKL peptide suppresses TSP-1-mediated
TGF-𝛃–Smad signal activation after hepatectomy

At 6 h after surgery, expression of phosphorylated
Smad2-positive nuclei in hepatocytes in the LSKL pep-
tide group was decreased in comparison with expression
in the saline group (Fig. 2a). On western blot analysis,
induction of Smad2 phosphorylation was observed at 6 h
in saline and sham groups. Administration of the LSKL
peptide significantly inhibited hepatectomy-induced
Smad2 phosphorylation (P = 0⋅004) (Fig. 2b,c).

Myc is a downstream target that is negatively regulated
by the TGF-β–Smad pathway18. Myc mRNA expression
was analysed at 6 h by real-time PCR, and was significantly
higher in the LSKL peptide group than in the normal
saline group (P < 0⋅001) (Fig. 2d). These results show that
LSKL peptide successfully upregulated Myc expression
via suppression of Smad2 phosphorylation. Thus, a single

administration of LSKL peptide during abdominal wall
closure successfully inhibited partial hepatectomy-induced
Smad2 phosphorylation at 6 h. As the TGF-β–Smad
signalling pathway is known to be activated between 6
and 12 h after hepatectomy, the optimal schedule of LSKL
peptide administration was determined by giving a further
dose of the peptide 6 h after the first dose in order to obtain
the continuous suppressive effects (Fig. 1).

No difference in TSP-1 expression between LSKL
peptide and saline groups

The effect of the LSKL peptide on TSP-1 expression
levels following hepatectomy was analysed by western blot
analysis of liver tissue. At 6 h after hepatectomy, levels of
TSP-1 in the LSKL peptide group were similar to those in
the normal saline group (Fig. 2e). On immunohistochemi-
cal staining, TSP-1 protein was confirmed to be expressed
in sinusoidal endothelial cells in both the LSKL peptide
and normal saline groups (Fig. S1, supporting information)
at 6 h after partial hepatectomy, as reported previously15.
These findings suggest that LSKL peptide successfully
attenuates TGF-β–Smad signal activation by antagonizing
TSP-1, but not by reducing TSP-1 protein expression.

Accelerated liver regeneration after LSKL peptide
treatment

To address whether the suppressed TGF-β–Smad sig-
nal activation by LSKL peptide leads to accelerated liver
regeneration, hepatocyte proliferation was evaluated using
a BrdU incorporation assay at 24 and 48 h after hepatec-
tomy. Only a few BrdU-positive hepatocytes was detectable
at 24 h in the sham and normal saline groups. In contrast,
in the LSKL peptide group a significantly increased num-
ber of BrdU-positive hepatocytes was observed, particu-
larly around the portal vein (P < 0⋅001) (Fig. 3a,b). At 48 h
after hepatectomy, a significant difference in BrdU-positive
hepatocytes was still observed between the LSKL peptide
group and the normal saline group (P = 0⋅028) (Fig. 3c).
Furthermore, the expression of cyclin A2 mRNA, a cell
cycle regulator in S-phase progression, was significantly
upregulated in the LSKL peptide group compared with
that in the saline group at 24 h (P = 0⋅012) (Fig. 3d). Cyclin
D family accumulation is needed for passage through the
restriction point in G1 phase, just before entry into S
phase19. Cyclin D1 mRNA expression was also increased in
the LSKL peptide group, compared with that in the normal
saline group (P < 0⋅001) (Fig. 3d). Furthermore, expression
of cyclin D2 mRNA, which is downstream of Myc20,21, was
also upregulated in the LSKL peptide group in comparison
with the normal saline group (P = 0⋅009) (Fig. 3d).
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Fig. 2 LSKL (leucine–serine–lysine–leucine) peptide successfully inhibits transforming growth factor (TGF) β–Smad signal activation
induced by partial hepatectomy. a Assessment of phosphorylated Smad2 (pSmad2) nuclear localization. Immunohistochemical staining
for pSmad2 at 6 h in mouse liver from normal saline and LSKL peptide groups. b Effects of LSKL peptide on pSmad2 expression in the
regenerating liver at 6 h. Western blot analysis of pSmad2 in mouse liver from sham-operated, normal saline and LSKL peptide groups.
β-Actin served as a loading control. c Densitometric analysis for western blots of pSmad2 in mouse liver for the three groups.
d Real-time PCR analysis of relative expression of Myc mRNA in mouse liver for the three groups. c,d Values are mean(s.d.).
*P < 0⋅010 (Student’s t test). e Western blotting of thrombospondin (TSP) 1 protein at 6 h after hepatectomy. Expression of TSP-1 was
similar in normal saline and LSKL peptide groups

© 2015 The Authors. BJS published by John Wiley & Sons Ltd www.bjs.co.uk BJS 2015; 102: 813–825
on behalf of BJS Society Ltd.



818 H. Kuroki, H. Hayashi, S. Nakagawa, K. Sakamoto, T. Higashi, H. Nitta et al.

0

300

600

900

H&E

BrdU

Normal saline LSKL peptide Sham operation

50 μm

50 μm

PV

PV

PV

PV

R
e
s
id

u
a
l 
liv

e
r 

re
c
o
v
e
ry

 r
a
te

 (
%

)

B
o
d
y
w

e
ig

h
t 
re

c
o
v
e
ry

 r
a
te

 a
t 
1
6
8
 h

 (
%

)

B
rd

U
-p

o
s
it
iv

e
 c

e
lls

(c
o
u
n
ts

 p
e
r 

5
 f
ie

ld
s
)

B
rd

U
-p

o
s
it
iv

e
 c

e
lls

(c
o
u
n
ts

 p
e
r 

5
 f
ie

ld
s
)

∗

Sham
operation

Normal
saline

LSKL
peptide

Sham
operation

Normal
saline

LSKL
peptide

Sham
operation

Normal
saline

LSKL
peptide

Sham
operation

Normal
saline

LSKL
peptide

Sham
operation

Normal
saline

LSKL
peptide

Sham
operation

Normal
saline

LSKL
peptide

Sham
operation

Normal
saline

LSKL
peptide

0

1

2

3

4

–8

–4

0

4

8

0

10

20

30

R
e
la

ti
v
e
 e

x
p
re

s
s
io

n
o
f 
c
y
c
lin

 D
2
 

1×10–6

2×10–6

0

3×10–6

∗

R
e
la

ti
v
e
 e

x
p
re

s
s
io

n
o
f 
c
y
c
lin

 A
2

4×10–7

8×10–7

0

1.2×10–6

† ∗

R
e
la

ti
v
e
 e

x
p
re

s
s
io

n
o
f 
c
y
c
lin

 D
1

1×10–6

2×10–6

0

3×10–6

4×10–6

†

∗
∗

†

†

∗

a  Incorporation of BrdU at 24 h

d  PCR analysis of cyclin A2, D1 and D2 mRNA expression

e  Liver recovery at 48 h f  Changes in bodyweight at 168 h

c  BrdU-positive cells at 48 h

b  BrdU-positive cells at 24 h

Fig. 3 Administration of LSKL (leucine–serine–lysine–leucine) peptide accelerates hepatocyte proliferation after hepatectomy.
a Immunohistochemical assessment of 5-bromo-2-deoxyuridine (BrdU) incorporation in the regenerating liver (upper panel) at 24 h
after hepatectomy in mouse livers from sham operation, normal saline and LSKL peptide groups. PV, portal vein. Lower panel:
Haematoxylin and eosin (H&E) staining. b Analysis of BrdU-positive cells at 24 h after hepatectomy. c Analysis of BrdU-positive cells
at 48 h after hepatectomy. b,c The number of BrdU-positive hepatocytes per five high-power fields is shown (n= 6 per time point for
each group). d Real-time PCR analysis of relative expression of cyclin A2, cyclin D1 and cyclin D2 mRNA in mouse liver for the three
groups. e Residual liver recovery rate at 48 h after hepatectomy. f Changes in bodyweight at 168 h after hepatectomy. Bodyweight
recovery rate (%) was calculated as (postoperative bodyweight− preoperative bodyweight)× 100/preoperative bodyweight. b–f Values
are mean(s.d.). *P < 0⋅010, †P < 0⋅050 (Student’s t test)
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These results indicate that the administration of LSKL
peptide promoted hepatocyte proliferation by accelerat-
ing S-phase entry after hepatectomy. In addition to the
observed acceleration of hepatocyte proliferation, LSKL
peptide also significantly promoted recovery of the residual
liver weight at 48 h after hepatectomy compared with that
in the normal saline group (P = 0⋅015) (Fig. 3e), a difference
that was not significant at 72 h. Furthermore, at 168 h after
hepatectomy, the residual liver weight in the LSKL pep-
tide group was similar to that in the normal saline group,
suggesting that LSKL peptide administration did not affect
the termination of liver regeneration after hepatectomy.
Taken together, these results indicate that LSKL peptide
promoted liver regeneration by accelerating S-phase entry
of hepatocytes after hepatectomy, especially during the
early postoperative period.

LSKL peptide accelerated the recovery
of bodyweight after partial hepatectomy

As shown above, administration of LSKL peptide accel-
erated the hepatic regenerative response after partial
hepatectomy, particularly during the early postoperative
period from 24 to 48 h. However, the residual liver weight
at 168 h after hepatectomy (at the termination phase of
liver regeneration) was not significantly different in the
LSKL peptide and normal saline groups. Whether the
accelerated liver regenerative response during the early
period following LSKL peptide administration led to any
improvement in the total body nutrition was analysed. The
changes in bodyweight at 168 h after hepatectomy with
respect to preoperative bodyweight were +0⋅61, −3⋅62 and
+0⋅99 per cent in the sham operation, normal saline and
LSKL peptide groups respectively (Fig. 3f ). Thus, at 168 h
after hepatectomy, although bodyweight in the normal
saline group had not recovered to the preoperative weight,
those in the LSKL peptide group displayed significantly

faster recovery (P = 0⋅018). These results suggest that
LSKL peptide administration promoted the recovery in
bodyweight following hepatectomy.

No adverse effects following LSKL peptide
administration

Although LSKL peptide successfully promoted liver regen-
eration and recovery of bodyweight after hepatectomy, it
was important to elucidate whether LSKL peptide admin-
istration induced any adverse effects in other organs.
Haematoxylin and eosin staining of heart, lung and kid-
ney at 6 h showed no adverse effects such as inflammatory
or necrotic changes following LSKL peptide administra-
tion (Fig. 4a). To examine further whether there were any
adverse effects of LSKL peptide administration, biochemi-
cal examination of blood at 6 and 24 h after hepatectomy
were performed (Fig. 4b and Fig. S2, supporting infor-
mation, respectively); no significant adverse effects were
noted. These results suggest that only two doses of LSKL
peptide in the early period could promote liver regenera-
tion and recovery of bodyweight after hepatectomy with-
out any significant adverse effects on the function of other
organs.

Plasma TSP-1 level in patients after hepatectomy

A previous study15 showed that hepatectomy-associated
stress induces immediate TSP-1 expression in the regener-
ating liver. Furthermore, the findings of the present study
indicate that decreased TSP-1-mediated TGF-β–Smad
signalling by the LSKL peptide promotes hepatocyte pro-
liferation after hepatectomy. The perioperative changes
in plasma TSP-1 levels before and after hepatectomy
were analysed in patients, whose clinical characteristics
are shown in Table S2 (supporting information). The
plasma TSP-1 level significantly decreased to the lowest

Table 1 Efficacy of LSKL peptide in vivo

Target model Animal Dosage Efficacy TGF–Smad signal

DMN-induced liver fibrosis35 Rat 100 μg/animal (once daily for 4 weeks) Liver fibrosis ↓ pSmad2 ↓

UUO-induced renal fibrosis36 Rat 4 mg/kg (once daily for 2 weeks) Renal fibrosis ↓ pSmad2 ↓

Uninephrectomy-induced
nephropathy37

Mouse 30 mg/kg (three times weekly for 15
weeks)

Diabetic nephropathy ↓ pSmad2 ↓

Streptozocin-induced diabetic
cardiomyopathy38

Rat 4 mg/kg (three times weekly for 6
weeks)

Cardiac fibrosis ↓ pSmad2 ↓

Xenograft model of A43139 Nude mouse 500 μg/animal (once daily for 12 days) Tumour growth ↓ n.a.
Partial hepatectomy-induced liver

regeneration (present study)
Mouse 30 mg/kg (0 and 6 h after

hepatectomy)
Liver regeneration ↑ pSmad2 ↓

LSKL, leucine–serine–lysine–leucine; TGF, transforming growth factor; DMN, dimethylnitrosamine; pSmad2, phosphorylated Smad2; UUO,
unilateral ureteral obstruction; A431, squamous cell carcinoma cell line; n.a., not applicable.
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level on POD 1 compared with the pretreatment value
(P < 0⋅001) (Fig. 5a), suggesting that a reduced plasma
TSP-1 level is required for a regenerative response in
the liver after hepatectomy. The plasma TSP-1 level
returned to 55.4 per cent of the preoperative level on POD
3. In addition, the clinical significance of the decreased
plasma TSP-1 concentration between pretreatment and
POD 1 (ΔTSP-1=TSP-1Day1 −TSP-1Pre) was examined.
ΔTSP-1 was positively and significantly correlated with
the levels of total bilirubin (R2 = 0⋅286, P = 0⋅003) and
alanine aminotransferase (ALT) (R2 = 0⋅164, P = 0⋅029)
on POD 3, but not with aspartate aminotransferase (AST)
(R2 = 0⋅105, P = 0⋅086) (Fig. 5b). ΔTSP-1 was also posi-
tively and significantly correlated with the level of total
bilirubin on POD 1 and of ALT on POD 5 (data not
shown). Furthermore, ΔTSP-1 in high total bilirubin
(at least 2⋅0 mg/dl) or high ALT (at least 600 units/l)
groups on POD 3 was significantly higher than in low
total bilirubin (less than 2⋅0 mg/dl) or low ALT (less than
600 units/l) groups (P = 0⋅027 and P = 0⋅048 respectively)
(Fig. 5c). These results suggest that a high plasma TSP-1
level on POD 1 after hepatectomy reflects the liver dam-
age induced by hepatectomy, and that measurements of
ΔTSP-1 could be useful to predict further liver damage,
such as high levels of total bilirubin and ALT on POD 3.

Discussion

This study demonstrates that administration of the LSKL
peptide, which inhibits TSP-1-mediated local TGF-β
activation, successfully accelerates liver regeneration after
hepatectomy in mice. The development of a novel strategy
with the aim of accelerating liver regeneration following
hepatectomy could provide significant benefits in pre-
venting postoperative liver failure and improving surgical
outcomes. Although the mechanisms of liver regenera-
tion after hepatectomy have been explored intensively
in vivo1,2,13,22, no therapeutic tools are thus far available
to accelerate liver regeneration after hepatectomy in the
clinical setting. Although several previous studies have
investigated the accelerators of hepatic regeneration after
hepatectomy, such as epidermal growth factor (EGF)23–25,
hepatocyte growth factor (HGF)26–28 and interleukin
(IL) 629–31, the focus here was on TGF-β1, a negative
regulator of liver regeneration. As TGF-β1 is synthesized
by many cell types and plays an important role in tissue
homeostasis, complete and long-term inhibition at the
level of its synthesis has been shown to lead to severe
adverse events, such as robust inflammatory reactions in
TGF-β1 knockout mice32,33. Therefore, the inhibition of
local TGF-β1 activation is considered a more promising

strategy for accelerating liver regeneration after hepatec-
tomy. Indeed, the systemic depletion of TSP-1, one of the
major activators of local TGF-β1 signalling, is known to
accelerate liver regeneration after hepatectomy15. Previ-
ously, the local TGF-β–Smad pathway in the regenerating
liver was shown to be activated 6–12 h after partial hepa-
tectomy, corresponding with transient TSP-1 expression,
whereas local TGF-β–Smad signalling in TSP-1-null
mice was attenuated in the early period (approximately
6–12 h)15. These findings suggest that transient inhibition
of TSP-1-mediated local TGF-β signal activation in the
early period after hepatectomy could promote liver regen-
eration, although TSP-1 expression was not affected by
LSKL peptide administration.

For the clinical application of the novel therapeutic
approach, an evaluation of adverse effects of the adminis-
tered agents is crucial. Indeed, the clinical use of recom-
binant IL-6, an accelerator of liver regeneration in vivo, is
severely limited by its proinflammatory properties, which
induce influenza-like symptoms including hypotension,
fatigue and myalgia34. In the present study, the two admin-
istrations of LSKL peptide in the early period (at 0 and
6 h) did not induce any major adverse effects with respect
to the histological structure of heart, kidney or lung tissue.
Biochemical examination of blood samples at 6 and 24 h
also revealed no adverse effects. Moreover, administration
of LSKL peptide led to earlier recovery in bodyweight fol-
lowing hepatectomy. Furthermore, in other disease models
in vivo35–38 (Table 1), daily administration of LSKL peptide
for 4 weeks prevented liver fibrosis induced by dimethyl-
nitrosamine, with no adverse events35. LSKL peptide has
also been reported36,37 to reduce renal injury after uni-
lateral ureteral obstruction and unilateral nephrectomy by
suppression of TGF-β signal activation, again without any
adverse events. These findings suggest that the two doses of
LSKL peptide administered in the early period following
hepatectomy would be an effective and tolerable strategy
for accelerating liver regeneration.

A limitation of this study is the unclear mechanism of pro-
moted bodyweight recovery by LSKL peptide. There were
no significant differences in final liver volume between
the LSKL peptide and normal saline groups at 168 h after
hepatectomy, suggesting that LSKL peptide did not affect
the termination of liver regeneration after hepatectomy.
On the other hand, LSKL peptide promoted the recovery
in bodyweight following hepatectomy. It is possible that
LSKL peptide accelerated functional liver regeneration.
To see whether the accelerated growth was accompanied
by improved function, further biochemical examinations
of blood were performed at 72 and 168 h after hepatec-
tomy. Unexpectedly, there were no significant differences
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in markers of liver damage (total bilirubin, AST and ALT)
or nutrition (total protein and albumin) (data not shown).
Prealbumin is more sensitive to changes in protein syn-
thesis status than albumin, and its concentration closely
reflects recent nutrition rather than overall nutritional
status40. The rapid-turnover proteins (retinol-binding pro-
tein, prealbumin and transferrin) may be more suitable for
assessing the functional analysis within 168 h after hepatec-
tomy in mice, although the measurement of rapid-turnover
proteins in mice is still difficult. A recent in vivo study41

provided the interesting finding that functional liver regen-
eration after hepatectomy is impaired in the early phase
of liver regeneration compared with volumetric regener-
ation in rats. Such a discrepancy between liver volume
and the corresponding liver function can be detectable
by single-photon emission CT (SPECT)10. Thus, further
studies using a SPECT system in vivo might be useful for
analysing the relation between accelerated liver regenera-
tion and functional changes induced by LSKL peptide.

Partial hepatectomy is usually performed in patients with
liver tumours. However, curative resection of all cancer
cells is not always achieved by hepatectomy. Where rem-
nant cancer cells persist in the liver, it is not clear how the
administration of LSKL peptide would affect the behaviour
of these remnant cells. As TGF-β plays the dual role of a
tumour suppressor, by inhibiting cell proliferation42, and
a tumour promoter, by inducing epithelial mesenchymal
transition43, in various cancers, there is a possibility that
blocking of the TGF-β signalling pathway by LSKL pep-
tide may lead to either the progression or the suppres-
sion of cancer cells remaining in the liver after hepatec-
tomy. Similar problems relate to the use of recombinant
human HGF and EGF, known accelerators of liver regen-
eration after hepatectomy, in the clinical setting, as there is
experimental evidence that HGF and EGF promote cancer
cell regrowth, tumour recurrence and tumour metastasis
in vivo44–47. In contrast, administration of LSKL peptide
for 12 days has been reported to inhibit tumour growth in
squamous cell carcinoma in a xenograft model39. Although
a limited (two doses) administration of LSKL peptide in the
early period is likely to influence remnant cancer behaviour
minimally in comparison with complete and continuous
blocking of the TGF-β signalling pathway, further studies
are needed to elucidate the LSKL peptide-derived influ-
ence on remnant cancer behaviour following hepatectomy.

To assess further how TSP-1 affects the liver regenerative
response in the clinical setting, perioperative plasma TSP-1
levels in patients after partial hepatectomy were analysed.
A high plasma TSP-1 level on day 1 after hepatectomy
reflected the liver damage induced by hepatectomy, and

changes in TSP-1 concentration (ΔTSP-1) could poten-
tially be useful to predict further liver damage, such as high
levels of total bilirubin and ALT at later stages of recovery.
Increased plasma total bilirubin and ALT levels have been
reported48 to be associated with liver failure after hepatec-
tomy represented by low Ki-67 expression in residual hep-
atocytes. These findings suggest that a continuously high
plasma TSP-1 concentration after hepatectomy is harmful
for a normal regenerative response. There is a possibility
that LSKL peptide can promote liver regeneration after
hepatectomy in the clinical setting too.

Administration of LSKL peptide in the early period
after hepatectomy successfully attenuated TGF-β signal
activation, leading to accelerated liver regeneration with no
major adverse effects. The transient inhibition of TGF-β
signal activation in the early period after hepatectomy is
sufficient to accelerate cell cycle progression for faster liver
regeneration, and could be a novel therapeutic strategy for
improved surgical outcomes and liver function following
hepatectomy.
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