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ABSTRACT
Background: Associating liver partition and portal vein ligation (ALPPS) technique is a promis-
ing strategy for unresectable primary liver tumours without sufficient future liver rem-
nants (FLRs).
Objective: Our study explored the effect of corosolic acid (CA) on inhibiting tumour growth
without compromising ALPPS-induced liver regeneration.
Methods: The ALPPS procedure was performed in Sprague–Dawley rats with orthotopic liver
cancer. Blood, tumour, and FLR samples were collected, and the effect of CA on the inhibition
of tumour progression and ALPPS-induced liver regeneration, and its possible mechanism, were
investigated.
Results: The tumour weight in the implantation/ALPPS group was higher than in the implant-
ation without ALPPS group (p< .05), and the tumour weight in the implantation/ALPPS/CA
group was lower than in the implantation/ALPPS group (p< .05). On postoperative day 15, the
hepatic regeneration rate, and the expression of Ki67þ hepatocytes in the FLRs had increased
significantly in the group that underwent ALPPS. The number of cluster of differentiation (CD)
86þ macrophages markedly increased in the FLRs and in the tumours of groups that underwent
the ALPPS procedure. Additionally, the number of CD206þ macrophages was higher than the
number of CD86þ macrophages in the tumours of the implantation and the implantation/
ALPPS groups (p< .01, respectively); however, the opposite results were observed in the CA
groups. The administration of CA downregulated the expression of transforming growth factor-
beta (TGF-b), CD31, and programmed cell death protein 1 (PD-1) but increased the number of
CD8þ lymphocytes in tumours.
Conclusion: Corosolic acid inhibits tumour growth without compromising ALPPS-induced liver
regeneration. This result may be attributed to the CA-induced downregulation of PD-1 and TGF-
b expression and the increased CD8þ lymphocyte infiltration in tumour tissue associated with
the suppression of M2 macrophage polarisation.

KEY MESSAGES

� This study aimed to investigate the effect of CA on ALPPS-induced liver regeneration and
hepatic tumour progression after ALPPS-induced liver regeneration.

� Corosolic acid inhibits tumour growth without compromising ALPPS-induced liver regener-
ation. This result may be attributed to the CA-induced downregulation of PD-1 and TGF-b
expression and the increased CD8þ lymphocyte infiltration in tumour tissue associated with
the suppression of M2 macrophage polarisation.
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Introduction

Associating liver partition and portal vein ligation
(ALPPS) was proposed as a promising therapeutic sur-
gical strategy for unresectable primary liver tumours
without sufficient future liver remnants (FLRs) [1]. The
benefit of the ALPPS technique is that it induces more

FLR growth in less time compared with classic

approaches, such as portal vein embolisation and por-

tal vein ligation [2,3]. The primary disadvantage of

ALPPS is its high morbidity and mortality rates [4,5].

Satisfyingly, the morbidity and mortality rates in this

field continue to decline with the development of
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experience and learning-curve achievements [6–8].
However, a criticism of ALPPS focuses on the simultan-
eous massive stimulation of tumour growth along with
the growth of residual tumour cells in the FLR. Several
studies [8–11] using clinical and experimental data
[3,12,13] showed inconsistent results. In addition, early
tumour recurrence in clinical practice remains one of the
main criticisms of ALPPS, the reasons for which remain
unknown [9–11]. Accordingly, there is an urgent need
for drugs that can effectively inhibit tumour growth
while minimising the effect on liver regeneration.

Corosolic acid (CA), a pentacyclic triterpene com-
pound, is one of the lipophilic triterpene acids extracted
from Lagerstroemia speciosa leaves [14,15]. It has been
shown to have excellent antitumor-promoting potency
in several types of tumours both in vitro and in vivo, and
the targets of its antitumor effects include the signal
transducer and activator of transcription (STAT)-3,
nuclear factor kappa B (NF-jB), and Wnt/b-catenin
[16,17]. However, the role of CA in liver tumours affected
by the stimulation of liver regeneration remains largely
unknown. It is also unclear whether transforming growth
factor-beta (TGF-b)/vascular endothelial growth factor
(VEGF), and programmed cell death protein (PD)-1/PD
ligand 1 (PD-L1) pathways play a pivotal role in CA-
induced tumour cell death. The current study aimed to
investigate the effect of CA on ALPPS-induced liver
regeneration and hepatic tumour progression after
ALPPS-induced liver regeneration.

Method

Animals and ethical statements

All animal experiments were performed on four-week-
old inbred male Sprague–Dawley (SD) rats weighing
180–200 g. The rats were obtained from the Animal
Laboratories of Jilin University (China). The animals
had free access to tap water and were fed a standard
laboratory diet.

Cell culture

The Walker-256 carcinosarcoma rat cell line was
obtained from the cell bank of the Experimental
Animal Centre of the Cancer Hospital of the Chinese
Academy of Sciences.

Harvesting the walker-256 tumour cells

The Walker-256 tumour cells were harvested as previ-
ously described [18]. One millilitre of cell suspension
containing approximately 2� 107 cells was inoculated

into four-week-old male SD rats (n¼ 4) at a site on
the inner thigh, 10 days after tumour-cell injection.
Subcutaneous tumours (approximately 1.5 cm in diam-
eter) were observed at the injection site.

Experimental groups

Experiments were conducted on the following animal
groups. Group 1 (mock, n¼ 5); only a midline laparos-
tomy was performed following manipulation of the
liver hilum. Group 2 (implantation without ALPPS,
n¼ 5); tumour tissue was implanted on the left and
right parts of the median lobe. Group 3 (implantation/
ALPPS, n¼ 5); tumour tissue was implanted, and the
animals underwent the ALPPS procedure. Group 4
(implantation/ALPPS/CA, n¼ 5); tumour tissue was
implanted, and the animals underwent the ALPPS pro-
cedure and were treated with CA.

Following the preoperative preparation, the skin of
rats was cleaned with iodine and 70% alcohol. The
animals were anaesthetised with 30mg/kg of barbital
sodium (Ketalar; Par Pharmaceutical Co., Inc., Spring
Valley, NY, USA) via intraperitoneal injection. Following
a midline laparotomy, the liver was dissected from its
ligaments. Portal vein ligation of the right lobe, the
common branch of the left lateral lobe, and the left
median lobe was conducted, in addition to a caudate
lobectomy, and the in situ splitting of the right and
left parts of the median lobe was performed in groups
3 and 4. Following the ALPPS procedure [19], the
median lobe was explored, and the right and left
median lobes were carefully pierced with an ortho-
paedic puncture needle [20]. Then, the tumour tissue
was inserted into the lobe, and gel foam was used to
cover the wound and to stop the bleeding. In group
2, tumour tissue was implanted within the left and
right median lobes in the same manner but in the
absence of the ALPPS procedure. In group 4, continu-
ous intraperitoneal injections of CA at a concentration
of 20mg/kg were given every two days starting on
postoperative day 3 (POD3).

At POD15, all the animals were sacrificed following
the intraperitoneal injection of an anaesthetic. Liver,
lung, kidney, and tumour tissue were dissected and
fixed in 4% buffered formalin for 24 h. Blood samples
were collected by cardiac puncture, and the sera were
stored at �80 �C.

Biochemical analysis

Serum aspartate aminotransferase (AST, C010-3), alanine
transaminase (ALT, C009-3), albumin (ALB, C028-1), urea
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nitrogen (UREA, 013-2), and creatinine (CREA, 011-1) lev-
els were measured using commercial assay kits (NanJing
JianCheng Biological Technology, Inc., China) and a
serum multiple biochemical analysers. Serum cytokine
concentrations were measured using enzyme-linked
immunosorbent assay kits (NanJing JianCheng Biological
Technology, Inc., China) for interleukin (IL)-6 (A0107),
tumour necrosis factor-alpha (TNF-a; A0119), IL-12
(A0111), TGF-b (A0134), and VEGF (A0176) according to
the manufacturer’s instructions. At POD15, all the ani-
mals were sacrificed following the intraperitoneal injec-
tion of an anaesthetic after the tumour tissue had been
inserted into the liver lobe, and we performed the quan-
tifications of biochemical analysis after the blood sam-
ples had been collected.

Histological examination

The fixed tissue samples were embedded in paraffin.
The blocks were sectioned at a thickness of 4 mm and
then de-paraffinized. The dewaxing and rehydration of
the sections were performed using the following pro-
cedure. The sections were incubated in xylene for
20min, followed by decreasing the concentrations of
ethanol (100%, 95%, and 75%), and were then washed
with double-distilled water. Antigen retrieval was per-
formed using the manufacturer’s buffer. The sections
were blocked using 3% hydrogen peroxide and phos-
phate-buffered saline containing 5% bovine serum.
Primary antibodies against cluster of differentiation
(CD) 8 (ABclonal, A11856), CD86 (ABclonal, A10795),
CD206 (ABclonal, A8301), CD31 (ABclonal, A0378), Ki67
(ABclonal, A11390), TGF-b (ABclonal, A10749), and PD-
1 (ABclonal, A11973) were used in this study.

Image analysis

Immunohistochemical (IHC) staining was performed
for each tissue slice. Cells that were treated with the
nuclear deposition of violet pigment were positive
(black arrow), while the nuclear deposition of blue pig-
ment indicated negative cells (red arrow) (original
magnification, x200). Tissue sections with primary anti-
bodies replaced by rat isotype IgG1 served as a nega-
tive control. Five visual fields were selected from the
top left, top right, bottom right, bottom left, and the
middle of each slice and were imaged using a Minmei
(v.9.5.2) microscope digital imaging system. The
images were analysed using the ImagePro Plus 6.0
software program (Media Cybernetics, Rockville, MD,
USA). The IHC images were opened in the ImagePro
Plus software. Using the count and measure functions

of the program, the positive cells were manually
selected in several images to train the software.
Following on, all the positive cells were automatically
counted and processed by the software, and the sensi-
tivity was set to level 4 [21]. The number of nucleated
cells with positive staining for the phenotypic marker
in each area was counted. Data were reported as
cells/mm2.

Statistical analysis

To conduct statistical analysis, the data were
expressed as the mean± standard deviation (SD).
Statistical analyses were performed using the
Mann–Whitney U test and a Student’s t-test.
Differences with p< .05 were considered statistically
significant. The statistical analyses were performed
using the Prism 5.0 (GraphPad) software program.

Results

Macroscopic future liver remnants and
transplanted tumour pathology

The ALPPS procedure was performed in SD rats with
orthotopic liver cancer. The experiments were con-
ducted on various groups including a mock group
(group 1), an implantation without ALPPS group
(group 2), an implantation/ALPPS group (group 3), and
an implantation/ALPPS/CA group (group 4). To exam-
ine tumour growth, we conducted another experiment
in which the animals were euthanized at POD10. We
found that in groups 2, 3, and 4, the right and left
median lobes were well-circumscribed with gray-white
nodules that were different from those of the liver
parenchyma in the area of inoculation; however, there
was no difference in the size (mean volume; group 2,
265.0mm3; group 3, 276.2mm3; group 4, 295.2mm3;
p> .05, respectively) and the weight of the tumour tis-
sue (mean weight; group 2, 0.36 g; group 3, 0.46 g;
group 4, 0.41 g; p> .05, respectively). However, there
were significant differences in the FLRs among the
various groups (Table 1).

On POD15, all the animals were sacrificed, and the
relevant markers were assayed. We found that in groups
2, 3, and 4, the right and left median lobes were well-cir-
cumscribed with gray-white nodules that were different
from those of the liver parenchyma in the area of inocu-
lation, without macroscopic signs of extrahepatic meta-
stases or inoculation. Significantly enlarged right median
lobes (FLRs) were observed in groups 3 and 4 after the
ALPPS procedure. The size of the tumours in the FLR of
group 4 was observed to be significantly smaller than
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those in group 3 (mean volume; 741.7mm3 vs.
370.1mm3, p< .05; see Table 2 and Figure 1).

Associating liver partition and portal vein
ligation-induced liver regeneration is closely
related to CD86þ Kupffer cells

We compared the hepatic regeneration rate (HRRs)
among the different groups relative to those of the
right median lobe (FLR). The HRRs of the groups that
underwent the ALPPS procedure (group 3,
197.5 ± 7.4%, and group 4, 212.6 ± 12.1%) were signifi-
cantly higher than those in the groups where the
ALPPS procedure was not performed (group 1,
15.2 ± 3.8%, and group 2, 14.6 ± 3.7%, p< .01, respect-
ively; see Figure 2A).

To verify the possible role of activated Kupffer cells
(KCs) in ALPPS-induced liver regeneration, we measured
the number of CD86þ (a specific M1 macrophage
marker) and CD206þ (a specific M2 macrophage marker)
KCs. In the liver, the number of CD86þ KCs per square
millimetre (magnification, x20) in the groups that under-
went the ALPPS procedure (group 3, 309.9±16.1, and
group 4, 283.2±10.3) was significantly higher compared
with the groups that did not undergo the ALPPS pro-
cedure (group 1, 142.2±9.9, and group 2, 138.7±6.1,
p< .01, respectively; see Figures 2B and E). Although the
number of CD206þ KCs in the groups that underwent
the ALPPS procedure (group 3, 123.4±8.7, and group 4,
108.2±8.8) was lower than in the groups where the
ALPPS procedure was not effected (group 1, 129.0±7.3,
and group 2, 134.6±8.4), there was no significant differ-
ence (all results p> .05; see Figures 2C and F). In

addition, there was no difference in the number of
CD86þ KCs between groups 1 and 2 (p> .05). There was
also no difference in the number of CD86þ KCs in group
4 compared with group 3 (p> .05). At POD15, the num-
ber of Ki67þ hepatocytes per square millimetre in the
groups that underwent the ALPPS procedure (group 3,
255.3±8.8, and group 4, 259.5±11.1) was significantly
higher than in the groups that did not undergo the
ALPPS procedure (group 1, 141.0±11.1, and group 2,
137.6±14.1, p< .01, respectively; see Figures 2D and G).

Existing studies have demonstrated that the inflam-
matory response may be among the multiple regenera-
tive stimuli driven by the ALPPS procedure and that KCs
are a source of proinflammatory mediators [22].
Therefore, we also measured the serum levels of the
proinflammatory cytokines IL-6, TNF-a, and IL-12. Our
results showed that, at POD15, there were no differences
between the groups that underwent the ALPPS proced-
ure and the groups that did not receive this surgery (no
data shown); this was similar to a previously reported
profile on proinflammatory cytokines secreted by KCs
during the early stage of liver regeneration [23,24]. Xu
et al. [23] showed that the expression of TGF-a, TNF,
and IL-6 in KCs significantly increased during this period
(24� 36h) following partial hepatectomy (PH); the
expression decreased after 36h.

Corosolic acid inhibits tumour growth without
compromising associating liver partition and
portal vein ligation-induced liver regeneration

The HRR of group 3 was significantly higher compared
with group 2 (p< .01; see Figure 2A). The number of

Table 2. The size (V ¼ ab2/2 (mm3)) of tumour in the FLR among group 2, group 3 and group 4 at POD15.
Number of rats Group 2 (V : a/b) Group 3 (V : a/b) Group 4 (V : a/b)

1 328.7 : 9.1/8.5 793.5 : 12.1/11.5 247.5 : 8.8/7.5
2 469.3 : 10.4/9.5 1041.9 : 14.0/12.2 325.1 : 9.0/8.5
3 645.0 : 12.9/10.0 806.7 : 12.2/11.5 210.9 : 7.5/7.5
4 255.9 : 9.1/7.5 578.8 : 10.5/10.5 760.4 : 12.6/10.5
5 275.2 : 8.6/8.0 487.4 : 10.8/9.5 314.3 : 8.7/8.5
Mean volume 394.8 741.7 370.1
P value Group 2 vs group 3, < .05; Group 3 vs group 4, < .05; Group 2 vs group 4, >.05

Table 1. The weight and size of the tumour in the FLR among group 2, group 3 and group 4 at POD10(V¼ ab2/2 (mm3)).
Group 1 Group 2 Group 3 Group 4

Number of rats Weight (g) Volume (mm3) Weight (g) Volume (mm3) Weight (g) Volume (mm3) Weight (g) Volume (mm3)

1 0.00 0.00 0.24 198.5 0.41 337.6 0.39 323.8
2 0.00 0.00 0.51 300.8 0.32 202.2 0.51 314.9
3 0.00 0.00 0.34 256.0 0.60 500.0 0.31 188.7
4 0.00 0.00 0.37 321.0 0.36 302.6 0.45 405.0
5 0.00 0.00 0.33 248.5 0.62 264.5 0.40 243.4
Mean 0.00 0.00 0.36 265.0 0.46 276.3 0.41 295.2
P value >.05, respectively
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Ki67þ hepatocytes per square millimetre in the right
median lobe of group 3 was greater than in group 2
(p< .01; see Figure 2C). Additionally, the tumour weight
of group 3 (0.84±0.10) was significantly higher than in
group 2 (0.45±0.08, p< .05; see Figures 3A and C). The
number (337.8±20.2) of Ki67þ tumour cells in the right
median lobe of group 3 was greater than in group 2
(270.4±17.1, p< .01; see Figures 3B and D).

The effect of CA on liver regeneration has not been
reported in previous literature. There were no differences
between groups 3 and 4 in the HRR or the number of
Ki67þ hepatocytes in the right median lobe, which sug-
gested that the administration of CA did not affect liver
regeneration or hepatocyte proliferation. However, inter-
estingly, the tumour weight of group 4 (0.41±0.16) was
lower compared with group 3 (0.84±0.10, p< .05). The

number (253.8±13.2) of Ki67þ tumour cells per square
millimetre in the right median lobe of group 4 was sig-
nificantly decreased compared with group 3 (p< .01; see
Figures 3B and D).

Administration of corosolic acid does not
aggravate organ damage after associating liver
partition and portal vein ligation

We observed some histopathologic changes in the lungs,
kidneys, and livers of the animals in groups 2, 3, and 4
but not in group 1. Pulmonary interstitial edoema, the
widening of the alveolar septum and inflammatory cell
infiltration in the lung, the inflammatory cell infiltration
of small arteries and para-arterioles in the renal cortex of
the kidney, inflammatory cell infiltration in the portal

Figure 1. Surgical procedure images. (A) The associating liver partition and portal vein ligation (ALPPS) procedure in rats with
orthotopic liver cancer: (a) exposure of the liver after laparotomy; (b) ligation of the portal vein branches. The silk knots (symbols
on the image) represent the ligated portal vein (PV); 1 represents the PV of the right lobe (RL); 2 represents the hepatic pedicle
of the caudate lobe (CL) and resected CL; 3 represents the PV of the left median lobe (LML) and left lateral lobe (LLL); (c) an
ischaemic line emerging slightly to the right of the falciform ligament; (d) the median lobe (ML) was split in situ along the ischae-
mic line and implanted tumour tissue. (B) Exposure of the liver at POD15; (a) group 1, showing a normal liver; (b) group 2, show-
ing the tumour observed within the LML and RML; (c) group 3, showing the future liver remnant (FLR) (RML) regeneration and
the enlarged tumour observed within the LML and RML; (d) group 4, showing FLR (RML) regeneration and a reduced tumour
within the LML and RML. (C) The resected ML; (a) group 1, the mock group; (b) group 2, the implantation without ALPPS group;
(c) group 3, the implantation/ALPPS group; (d) group 4: the implantation/ALPPS/CA group.
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area, and thickening of the Glisson capsule in the liver
were observed (see Figures 4A–C).

Furthermore, we assayed changes in liver and renal
function (the serum levels of ALT, AST, ALB, UREA, and
CREA). We found that ALPPS induced a significantly ele-
vated ALT serum level (group 3, 91.3±5.8, and group 4,
108.2±6.4) and AST (group 3, 341.6±22.4, and group 4,
390.5±11.9), and caused a significant decrease in the
serum level of ALB (group 3, 23.3±1.8, and group 4,
25.2±2.2) compared with those in the groups that did
not undergo surgery (group 1 [ALT, 62.4±1.5; AST,
246.0±16.0; ALB, 37.9±0.6], and group 2 [ALT, 67.0±4.1;
AST, 266.2±9.0; ALB, 29.4±1.0], p< .01, respectively; see
Figure 4D). However, there were no differences in the
serum level of UREA or CREA among all four groups

(data not shown; see Figure 4E). Interestingly, there were
no differences between groups 3 and 4 in ALT, AST,
ALB, or bodyweight measures (209.8±2.7g; 208.8±4.0g;
see Figure 4D).

The administration of corosolic acid increases M1
and decreases M2 macrophages in tumours

Next, we tested the effect of CA on the polarisation of
tumour-associated macrophages (TAMs) in tumours via
IHC (Figures 5C and D). The number (524.3±23.3) of
CD206þ M2 macrophages per square millimetre in
tumour tissue in group 3 was significantly increased com-
pared with group 2 (341.9±16.3, p< .01; see Figure 5A).
In addition, the number of CD206þ M2 macrophages per

Figure 2. The association between liver partition and portal vein ligation-induced liver regeneration is closely related to CD86þ

Kupffer cells. (A) Associating liver partition and portal vein ligation-induced liver regeneration. (B) The number of CD86-positive
Kupffer cells per square millimetre. (C) The number of CD206-positive Kupffer cells per square millimetre. (D) The number of Ki-
67-positive hepatocytes per square millimetre. (E) Immunohistochemical staining for CD86 in the regenerating lobes in each
group. (F) Immunohistochemical staining for CD206 in the regenerating lobes in each group. (G) Immunohistochemical staining
for Ki-67 in the regenerating lobes in each group; scale bars, 50mm. �P < .01 group 1 compared with group 3/group 4;��P< .01 group 2 compared with group 3/group 4. Cells that include the nuclear deposition of violet pigment were positive
(black arrow), and cells with nuclear blue pigment deposition were negative (red arrow) (original magnification x200). Values are
shown as the means± the standard deviation. Group 1 is the mock group; group 2 is the implantation without ALPPS group;
group 3 is the implantation/ALPPS group; group 4 is the implantation/ALPPS/CA group.
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square millimetre in the tumour tissue was significantly
higher than the number (256.1±18.9) of CD86þ M1 mac-
rophages in the tumour tissue in group 2 (p< .01; see
Figure 5B). Similarly, the number of CD206þ M2 macro-
phages was significantly higher than the number
(190.1±10.1) of CD86þ M1 macrophages per square milli-
metre in the tumour tissue in group 3 (p< .01; see Figure
5A). However, in group 4, the number (300.4±21.3) of
CD206þ M2 macrophages per square millimetre in the
tumour tissue was significantly lower than the number
(352.6±17.3) of CD86þ M1 macrophages in the tumour
tissue (p< .01; see Figure 5A). In addition, the number of
CD206þ M2 macrophages per square millimetre in group
4 was significantly decreased compared with group 3
(p< .01), and the number of CD206þ M1 macrophages in
group 4 was significantly increased compared with group
3 (p< .01; see Figure 5B).

Administration of corosolic acid downregulates
the expression of transforming growth factor-beta
and cluster of differentiation-31 in tumours

We examined the effect of CA administration on the
expression of TGF-b and CD31 in tumours. A potent
inducer of VEGF gene expression, TGF-b was reported to

promote tumour spread and tumour-induced angiogen-
esis [25], while CD31 is a marker of vascular endothelial
differentiation. Tumour growth induced by ALPPS-trig-
gered liver regeneration (group 3) significantly increased
the number (324.0±9.9) of TGF-bþ tumour cells per
square millimetre compared with the group that did not
undergo ALPPS (group 2; 253.5±11.2, p< .01). The num-
ber (255.5±9.0) of TGF-bþ tumour cells per square milli-
metre in group 4 was significantly lower than in group 3
(p< .01; see Figures 6A and C). Furthermore, similar to
TGF-b expression, there was a significant increase in the
number of CD31þ cells per square millimetre in group 3
(249.2±10.1) compared with group 2 (172.7±9.0, p< .01).
However, the number (163.8±6.6) of CD31þ cells in
group 4 was significantly decreased compared with group
3 (p< .01; see Figures 6B and D). We also measured the
serum levels of TGF-b and VEGF, and our results indicated
no differences among the 3 groups (data not shown).

Administration of corosolic acid downregulates
the expression of programmed cell death protein
1 and increases the number of infiltrating CD8þ

lymphocytes in tumours

We investigated PD-1 expression and the number of
infiltrating CD8þ lymphocytes in tumours. There was a

Figure 3. Corosolic acid inhibits tumour growth without compromising associating liver partition and portal vein ligation-induced
liver regeneration. (A) The tumour inhibition rate under corosolic acid treatment. (B) The number of Ki-67-positive tumour cells
per square millimetre. (C) Immunohistochemical (HIC) staining for tumour cells in the regenerating lobes in each group. (D)
Immunohistochemical staining for Ki-67 in tumour tissue in the regenerating lobes in each group. Scale bars, 50mm. �P < .01 for
group 2 compared with group 3; ��P < .01 group 3 compared with group 4; ���P < .05 group 2 compared with group 3. The
HE staining of cells with violet-blue nuclear deposition pigment was positive; the HE staining of Ki-67 cells with the nuclear
deposition of violet pigment was positive (black arrow), and the nuclear deposition of blue pigment was negative (red arrow) (ori-
ginal magnification x200). Values are shown as the means± the standard deviation. Group 1 is the mock group; group 2 is the
implantation without associating liver partition and portal vein ligation (ALPPS) group; group 3 is the implantation/ALPPS group;
group 4 is the implantation/ALPPS/CA group.
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significant increase in the number of PD-1þ cells per
square millimetre in group 3 (215.3 ± 8.2) compared
with group 2 (150.8 ± 5.2, p< .01). However, the num-
ber (145.2 ± 6.0) of PD-1þ cells per square millimetre in
group 4 was significantly decreased compared with
group 3 (p< .01; see Figures 7A and C). In contrast,
the number (151.8 ± 4.7) of infiltrating CD8þ lympho-
cytes per square millimetre in group 3 was signifi-
cantly decreased compared with group 2 (238.9 ± 5.5,
p< .01, respectively); however, the number
(347.5 ± 14.4) of infiltrating CD8þ lymphocytes per
square millimetre in group 4 was significantly
increased compared with group 3 (p< .01; see Figures
7B and D). Group 4 exhibited lower PD-1 expression
with a higher level of CD8þ lymphocyte staining com-
pared with group 3.

Discussion

In this study, to simulate clinical practice, we success-
fully established an orthotopic rat liver tumour model

with double implantation in the right (FLR) and
left (deportalized) median liver lobes. To investigate
the effect of ALPPS-induced FLR regeneration on the
growth of occult carcinomas, we focussed only on the
effect of the FLR regeneration on the progression and
growth of tumours implanted in the FLR.

Our data suggest that tumour growth within the
FLR was promoted by ALPPS-induced liver regener-
ation. However, several studies that also focussed on
the progression and growth of tumours affected by
ALPPS-induced liver regeneration in animal models
reported inconsistent results [3,12,13]. Kikuch et al.
[12] suggested that ALPPS induced a rapid increase in
FLR volume without affecting remnant tumour pro-
gression during the early postoperative period in a
mouse model. Kambakamba et al. [3] indicated that
ALPPS-induced liver regeneration did not appear to
enhance the growth of colorectal metastases. Rocio
et al. [13] described the effect of the ALPPS technique
on the spread and progression of tumours in a rat
model. Our orthotopic liver tumour model found that

Figure 4. Organ damage and changes in the liver–renal function after associating liver partition and portal vein ligation. (A) The
immunohistochemical staining for the liver in the regenerating lobes in each group. No histopathological findings were observed
in group 1; inflammatory cell infiltration in the portal area and thickness of the Glisson capsule were observed in the three
remaining groups (black arrow). (B) The HE staining of the lungs in each group. Inflammatory cell infiltration was observed in
group 1 (black arrow); pulmonary interstitial edoema, inflammatory cell infiltration (black arrow), and the wideness of the alveolar
septum (red arrow) were observed in group 2; pulmonary interstitial edoema and inflammatory cell infiltration were observed in
the two remaining groups (black arrow). (C) The HIC staining of the kidneys in each group. Inflammatory cell infiltration of small
arteries and para-arterioles in the renal cortex was observed in each group (black arrow). (D) Liver function. (E) Renal function.
Scale bars, 50mm. a, P < .01 for group 1 vs. group 2; b, P < .01 for group 1 vs. group 3; Ç, P < .01 for group 1 vs. group 4; d,
P < .01 for group 2 vs. group 3; q, P < .01 for group 2 vs. group 4. The values are the means± the standard deviation. Group 1
is the mock group; group 2 is the implantation without associating liver partition and portal vein ligation (ALPPS) group; group 3
is the implantation/ALPPS group; group 4 is the implantation/ALPPS/CA group.
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at POD15, the postoperative tumour weight and the
number of Ki67-positive tumour cells were significantly
higher among the rats that underwent the ALPPS pro-
cedure compared with those that did not, which indi-
cated that ALPPS-induced liver regeneration
accelerated tumour growth in the FLR. These incon-
sistent conclusions may be explained by inconstant
postoperative observation time points. Existing reports
by Garc�ıa-P�erez et al. [26,27] demonstrated that the
ALPPS procedure induced an increase in KCs, which
are associated with liver regeneration. In the present
experiment, we observed that the ALPPS procedure

induced hepatocyte proliferation, and the number of
CD86-positive KCs increased dramatically after the
ALPPS procedure, indicating that the ALPPS procedure
induced hepatocyte proliferation, which was associ-
ated with CD86þ KCs. This increase was accompanied
by the progression and growth of tumours. In the
liver, macrophages form a heterogeneous population,
which may be tissue-resident (Kupffer) cells or bone-
marrow-derived cells recruited from the bloodstream
[28]. A recent report [29] showed that a subset of F4/
80hiGATA6þ macrophages in the peritoneal cavity
could be rapidly recruited to the injured liver via the

Figure 5. The administration of corosolic acid increases M1 and decreases M2 macrophages in tumours. (A) The proportion of M1
and M2 macrophages per square millimetre in each group with implanted tumours. (B) The number of M1 and M2 macrophages
per square millimetre in each group with implanted tumours. (C) The immunohistochemical (HIC) staining for CD86þ macrophages
in the tumour tissue in each group with implanted tumours. (D) The HIC staining for CD206þ macrophages in tumour tissue in
each group with implanted tumours. Scale bars, 50mm. �P < .01 M1 vs. M2; group 2 vs. group 3; ��P < .01 for group 3 vs.
group 4; ���P < .01 for group 2 vs. group 4; ����P < .05 for group 2 vs. group 3. The HIC staining for cells with the nuclear
deposition of violet pigment was positive (black arrow), and the nuclear deposition of blue pigment was negative (red arrow) (ori-
ginal magnification x200). Values are given as the means± the standard deviation. Group 1 is the mock group; group 2 is the
implantation without associating liver partition and portal vein ligation (ALPPS) group; group 3 is the implantation/ALPPS group;
group 4 is the implantation/ALPPS/CA group.
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mesothelium, and played an important role during
liver regeneration. Although KCs may provide initial
support to cancer cells, recruited monocyte-derived
macrophages are believed to be more plastic, influ-
enced by the tumour microenvironment, and prone to
switching from the M1 (antitumor) to the M2 (protu-
mor) phenotype [30]. Garc�ıa-P�erez et al. [15] specu-
lated that regenerative stimuli driven by
proinflammatory and hypoxic environments played a
role in tumour progression. Our data showed that
ALPPS-induced liver regeneration may have promoted
tumour growth, and the large tumour size in the
group that underwent the ALPPS procedure resulted
in a dramatic increase in the number of M2

macrophages in tumours compared with the group
that did not undergo the ALPPS procedure. In add-
ition, the majority of macrophages in the tumour tis-
sues in the implantation-without-ALPPS group and the
implantation/ALPPS group were CD206þ M2 macro-
phages. Accordingly, we speculate that the CD86-posi-
tive macrophages may switch towards a pro-tumour
M2 phenotype and induce tumour growth.

In patients with liver tumours, liver regeneration
may induce the growth of occult lesions. There is an
urgent need for drugs that can inhibit tumour growth
without compromising liver regeneration. Chloroquine,
an autophagy inhibitor, has been used to inhibit
tumour growth; however, because it compromises

Figure 6. The expression of transforming growth factor-beta and cluster of differentiation 31 in tumours. (A) The number of trans-
forming growth factor betaþ (TGF-bþ) cells per square millimetre. (B) The number of CD31þ cells per square millimetre. (C) The
immunohistochemical staining (HIC) for TGF-bþ cells in tumour tissue in each group. (D) The HIC staining for the cluster of differ-
entiation (CD) 31þ cells in tumour tissue in each group. Scale bars, 50mm. �P < .01 group 2 vs. group 3; ��P < .01 group 3 vs.
group 4. The HIC staining for cells with the nuclear deposition of violet pigment was positive (black arrow) and the nuclear
deposition of blue pigment was negative (red arrow) (original magnification x200). Values are shown as the means± the standard
deviation. Group 1 is the mock group; group 2 is the implantation without ALPPS group; group 3 is the implantation/ALPPS
group; group 4 is the implantation/ALPPS/CA group.
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liver regeneration, it cannot be used for hepatectomy,
split-liver transplantation, or living-donor liver trans-
plantation in patients with tumours [31]. Accruing
studies have shown that CA displays anticancer activ-
ity in various types of in vitro and in vivo tumours
[16,17]. Our results indicate that, at a dosage of
20mg/kg every other day for 12 days, the administra-
tion of CA may have suppressed tumour-cell prolifer-
ation and tumour growth without compromising

ALPPS-induced liver regeneration. In addition,
although the surgical ALPPS procedure appeared to
have caused an inflammatory response in the lungs,
kidneys, and liver (and even affected liver function),
the administration of CA did not aggravate organ
damage after ALPPS. Therefore, CA is an ideal poten-
tial drug for inhibiting the growth of occult lesions
during ALPPS-induced liver regeneration. A drug typic-
ally used for treating obesity and type 2 diabetes, CA

Figure 7. The expression of programmed cell death protein-1 and infiltrated cluster of differentiation 8þ lymphocytes in tumours.
(A) The number of programmed cell death protein-1þ cells per square millimetre. (B) The number of clusters of differentiation is
8þ cells per square millimetre. (C) The immunohistochemical (HIC) staining for programmed cell death protein-1þ cells in the
tumour tissue in each group. (D) The HIC staining for a cluster of differentiation 8þ cells in tumour tissue in each group. Scale
bars, 50mm. �p< .01 group 2 vs. group 3; ��p< .01 group 3 vs. group 4; ���p< .01 group 2 vs. group 4. The HIC staining for
cells with the nuclear deposition of violet pigment was positive (black arrow), and the nuclear deposition of blue pigment was
negative (red arrow) (original magnification x200). Values are given as the means± the standard deviation. Group 1 is the mock
group; group 2 is the implantation without ALPPS group; group 3 is the implantation/ALPPS group; group 4 is the implantation/
CA group.
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has shown excellent effects against diabetes in animal
experiments and clinical trials [32]. Its anticancer activ-
ity in several types of tumours has recently attracted
increasing attention from scholars. A growing number
of studies have shown that CA suppresses tumour
growth by modulating many cellular signalling path-
ways, including the STAT-3, NF-jB, and Wnt/b-cate-
nin pathways.

Recently, Sydrey et al. [33] showed that PD-1
expression by TAMs inhibited phagocytosis and
tumour immunity and that all PD-1þ TAMs expressed
an M2-like surface profile, while PD-1– TAM tended
towards the expression of an M1-like profile. Our data
showed that the number of CD206þ M2 macrophages
increased significantly and accounted for a vast major-
ity of the macrophages in the tumours induced by
ALPPS; however, the number of macrophages
decreased significantly, while the number of CD86þ

macrophages increased markedly after CA administra-
tion. That is, the administration of CA induced a sig-
nificant shift of CD206þ M2 macrophages towards
CD86þ M1 macrophages in tumour tissue.

To further investigate the effect of CA on the
expression of PD-1 in the tumour microenvironment,
we assessed the expression of PD-1 by IHC. Our results
showed that the expression level of PD-1 was associ-
ated with the growth of tumours and that the admin-
istration of CA downregulated the expression level of
PD-1, which was associated with the M1 polarisation
of M2 macrophages. Tumour-associated macrophages
are macrophages that infiltrate cancer tissue and are
closely involved in the development of the tumour’s
microenvironment [34]. A significant proportion of
TAMs is M2 macrophages, which are associated with
cell proliferation, angiogenesis, metastasis, and inva-
sion [35]. It is well known that TAMs play an important
role in cancer growth [36]. Tumour-associated macro-
phages release many proangiogenic cytokines and
growth factors, such as VEGF, which promotes tumour
progression, and TGF-b, which inhibits the antitumor
function of T cells and natural killer cells. Our results
indicated that the expression of TGF-b and CD31 in
tumours was significantly decreased when tumour
growth was delayed by the administration of CA.
Notably, there was no difference in serum TGF-ß or
VEGF among the 3 groups, which indicated that the
serum levels of TGF-b and VEGF were not affected by
tumour growth. We found that CA suppressed the
expression of CD31 and TGF-b in tumours, an out-
come related to a reduced number of M2 macro-
phages. Recently, Mariathasan et al. [37] indicated that
TGF-b shaped the tumour’s microenvironment to

restrain antitumor immunity by restricting T cell infil-
tration, results that are similar to ours. We found that
the number of CD8þ lymphocytes was significantly
higher in the CA-administered group than in the
untreated group, and this effect was associated with
the suppression of TGF-b expression by the adminis-
tration of CA. Therefore, our data suggest that the
mechanism by which CA impedes tumour growth may
be through downregulation of the expression of PD-1
and/or the upregulation of the cytotoxic activity of
CD8þ in tumours.

In summary, we showed that CA inhibited tumour
growth without compromising ALPPS-induced liver
regeneration in a rat model and that this effect may
have resulted from the CA-induced regulation of PD-1
and TGF-b expression, as well as an increased CD8þ

lymphocyte infiltration in tumour tissue associated
with the suppression of M2 macrophage polarisation.
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