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This experiment was designed to investigate the effect of substance P (SP) on liver regeneration after partial
hepatectomy in a rat model.

Male Sprague-Dawley rats were used in this experiment and were divided into an untreated sham group (n=3);
a saline group (control group) given a saline injection after hepatectomy (n=4); and an SP group (experimental
group) given SP injection after hepatectomy (n=4). The experiments were repeated 3 times in the sham, saline,
and SP groups (days 1, 2, and 3). Liver function tests were performed on the serum. Immunohistochemistry
was performed for proliferating cell nuclear antigen (PCNA), Ki-67, and CD133, and western blotting was per-
formed for PI3KC, Akt, p38, ERK, and mTOR.

Liver function test results indicated higher levels in the saline group than in the SP group at day 1. However, the
difference gradually disappeared at days 2 and 3. PCNA and Ki-67 were more highly expressed in the SP group
than in the saline and sham groups at day 1. CD133 was strongly expressed in the SP group at day 2 compared
to that in the sham and saline groups. The changes in mTOR/Akt/PI3KC pathway protein and ERK/p38 signal-
ing protein expression levels were not significantly different among groups.

SP accelerated the regeneration stage after hepatectomy in a rat model.
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Background

Although hepatectomy outcomes have markedly improved in
recent decades, hepatic damage is inevitable during liver re-
section and transplantation. Hepatic failure after liver resec-
tion is a life-threatening complication [1]. In living-donor liv-
er transplantation, it is necessary to minimize the size of the
graft for donor safety. However, the graft size is related to the
recipient’s prognosis. The post-hepatectomy liver failure can
be prevented by promoting the liver regeneration process [2].
Therefore, liver regeneration is a very important prognostic
factor in clinical settings, including liver resection and liver
transplantation.

Substance P (SP) acts as a sensory neurotransmitter and neu-
romodulator of pain information in the central nervous sys-
tem [3]. SP mobilizes bone marrow mesenchymal stem cells into
peripheral blood, and promotes their migration to, and there-
by the regeneration of, damaged tissues; it has been reported
that self-healing mechanisms recruit bone marrow stem cells.
SP is synthesized and secreted by peripheral organs such as
the liver and lungs. SP controls a variety of physiological and
pathophysiological functions, including inflammation, prolif-
eration, cell excitability, and anti-apoptosis, by binding to the
high-affinity neurokinin-1 receptor [4-6]. The functions of SP
include vasodilation, activation of immune cells, regulation of
pain transmission, and stimulation of cell growth in normal and
cancer cells. SP is also produced by immune cells and acts in
either an autocrine or paracrine manner to regulate their func-
tion, and has been reported to promote ocular inflammation,
wound healing, and tissue homeostasis [7]. SP-induced cyto-
kines promote the multiplication of cells needed for the repair,
replacement, and growth of new blood vessels [8].

This study was designed to demonstrate the effect of SP on re-
generation after partial hepatectomy in rats. In addition, the PI3K/
Akt/mTOR pathway, which plays an important role in early regen-
eration after liver resection, was evaluated to analyze the mech-
anism of SP [9]. Molecules involved in the actions of cell prolifer-
ation were evaluated [10]. CD133 was analyzed to evaluate the
ability of SP to mobilize endothelial progenitor cells (EPC) [11].

Material and Methods

Animal

Eight-week-old Sprague-Dawley rats were used (Young Bio Co.,
Seoul, Korea). The animals were maintained on a 12-h light/dark
cycle and fed standard chow. All experiments were approved
by the Kyung Hee Medical Animal Care Committee and were
conducted according to the principles and procedures outlined
in the NIH Guide for the Care and Use of Laboratory Animals.
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Experimental Protocols

The animals were randomly divided into 3 groups: an untreat-
ed sham group (n=3), a saline group (control group) given sa-
line injection after hepatectomy (n=4), and an SP group (ex-
perimental group) given SP injection after hepatectomy (n=4).
The experiments were repeated 3 times in the sham, saline,
and SP groups (days 1, 2, and 3). In the SP group, 5 nmol/kg
of SP was injected through the tail vein.

Anesthesia was induced with a mixture of oxygen (2 L/min)
and N,O (0.5 L/min) containing 2% isoflurane. Light pressing
of both ribs at the back exposed 70% of the lobes. Then, the
surrounding ligaments were peeled off so that only the lobes
could move. Next, 3-0 silk was used to bind the blood vessels
and parenchyma of the lobes. The lobes were then cut with
scissors and closed (Figure 1).

Liver Function Tests in the Serum

Serum was isolated from the whole blood by centrifugation
(2000 rpm, 10 min) after coagulation. Aspartate aminotrans-
ferase (AST), alanine aminotransferase (ALT), and total biliru-
bin levels were determined using a biochemical analyzer at
the Korean Animal Medical Science Institute.

Tissue Preparation

Livers were enucleated under anesthesia with a mixture of ox-
ygen (2 L/min) and N,O (0.5 L/min) containing 4% isoflurane
and immersed in 4% formaldehyde in 0.1 M phosphate-buff-
ered saline (PBS) at pH 7.4. Whole livers were dissected and
immersed in the same fixative for 8 h. After fixation, a paraf-
fin block was prepared after dehydration processing for im-
munohistochemistry; it was flash-frozen in liquid nitrogen and
preserved at -80°C for western blotting.

Immunohistochemistry

Liver samples were trimmed out from the central portion
and rinsed with 0.01 M PBS at pH 7.4. After thorough rins-
ing, the liver pieces were embedded in paraffin and cut into
5-um-thick sections. To block nonspecific binding sites, the
sections were treated with the VECTASTAIN ABC Kit (Vector
Laboratories, Burlingame, CA, USA). The sections were incu-
bated at 4°C with antibodies against proliferating cell nuclear
antigen (PCNA; Abcam, Cambridge, MA, USA; dilution 1: 1000),
Ki-67 (Abcam; dilution 1: 1000), and CD133 (Abcam; dilution
1: 500). Thereafter, the sections were incubated with the ap-
propriate biotinylated secondary antibody (dilution 1: 200) and
then visualized using the ImmPACT NovaRED peroxidase sub-
strate. After rinsing in PBS, stained hematoxylin sections were
mounted on glass slides with a mounting medium.
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Figure 1. Experimental protocol and animal groups.
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Figure 2. Liver function tests in serum were analyzed using a biochemical analyzer. AST, aspartate aminotransferase; ALT, alanine
aminotransferase; and T bilirubin, total bilirubin. Prism, version 5 (GraphPad Software, Inc., San Diego, USA) was used for
creation of the figure.
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Western Blot Analysis

Tissues were homogenized and lysed using a lysis buffer con-
taining 1 mM PMSF (Cell Signaling Technology, Boston, MA,
USA). Protein concentration was determined using a BCA pro-
tein assay (Thermo Fisher Scientific, Rockford, IL, USA) accord-
ing to the manufacturer’s protocol. Thirty micrograms of pro-
tein were fractionated using ~6-12% SDS-PAGE and transferred
via electrophoresis to nitrocellulose blotting membranes. The
membranes were blocked with 1% bovine serum albumin for
1 h at room temperature and then incubated overnight at 4°C
with antibodies against PI3KC (Santa Cruz Biotechnology, CA,
USA), p-PI3KC (Abcam), mTOR, p-mTOR, Akt, p-Akt, ERK, p-ERK,
p38, p-p38 (Cell Signaling Technology), and B-actin (Sigma-
Aldrich, St. Louis, MO, USA), which were diluted at 1: 1000

Saline -*
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(1: 5000 for B-actin) in Tris-buffered saline containing 0.05%
Tween-20 (TBS-T). The signal intensity of each protein band
was quantified using Image) software (NIH, USA).

Statistical Analysis

All data are presented as meanzstandard deviation (SD).
Statistical analyses were carried out with one-way analysis of
variance, and significant data were examined by Tukey’s post
hoc test using GraphPad Prism 5 software (GraphPad Software,
Inc., San Diego, CA, USA). Immunohistochemistry images were
quantitatively calculated by western blot and cell counting.
* P<0.05 and ** P<0.01 were considered to indicate a signifi-
cant difference between the saline and SP groups.
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Figure 3. Immunohistochemical analysis of proliferating cell nuclear antigen (PCNA), Ki-67, and CD133 upon substance P (SP) injection
after hepatectomy. After hepatectomy, SP was injected on days 1, 2, and 3. Paraffin blocks of tissues from each group
were prepared by sectioning and stained using the immunohistochemistry method with PCNA (A), Ki-67 (B), and CD133 (C)
antibodies. Prism, version 5 (GraphPad Software, Inc., San Diego, USA) was used for creation of the figure.

Results

Liver Function Test in Serum

Results of the liver function tests in serum were analyzed for
AST, ALT, and total bilirubin in each group on days 1, 2, and 3.
AST, ALT, and total bilirubin levels were significantly higher in
the saline group than in the SP group at day 1 after hepatec-
tomy. However, the difference gradually disappeared at days
2 and 3 (Figure 2).

Immunohistochemistry of PCNA and Ki-67
To analyze the differences in liver regeneration after liver re-

section between each group, immunohistochemistry of PCNA
and Ki-67 was performed. PCNA was more highly expressed

This work is licensed under Creative Common Attribution-
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in the SP group than in the saline and sham groups at day
1. However, no differences were observed at days 2 and 3
(Figure 3A). Similarly, the expression of Ki-67 was higher in
the SP group than in the saline and sham groups at day 1, but
there was no difference at days 2 and 3 (Figure 3B).

Immunohistochemistry of CD133

To analyze the differences in stem cell mobilization after liv-
er resection between each group, immunohistochemistry of
CD133 was performed. CD133 was not different between the
groups at days 1 and 3, but was more strongly expressed in
the SP group at day 2 compared to that in the sham and sa-
line groups (Figure 3C).
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Figure 4. Expression of mTOR (A), Akt (B), and PI3KC (C) proteins. Protein expression was determined using immunoblot analysis.
Tissues were lysed and 10 pg of soluble protein was separated via electrophoresis on a 10% SDS-PAGE gel. Densitometry
results are presented as the relative ratios of mTOR, Akt, and PI3KC to B-actin. The data are expressed as mean+SD. * P<0.05
and ** P<0.01 comparing saline vs SP groups. Prism, version 5 (GraphPad Software, Inc., San Diego, USA) was used for

creation of the figure.

Expression of mTOR/Akt/PI3KC Pathway Proteins and
MAPK Signaling Proteins

In this study, changes in the activation state of signaling pro-
teins upon SP injection after hepatectomy were investigated.
Immunoblot analysis was performed to evaluate the regula-
tion of mTOR, Akt, PI3KC, and MAPK signaling proteins. A com-
parative analysis of protein expression in the saline and SP
groups after liver resection showed that the phosphorylation
levels of mTOR and Akt proteins were higher in the SP group
than in the saline group. The phosphorylation level of PI3KC
protein was lower at day 1, but it was slightly higher at days
2 and 3 in the SP group than in the saline group (Figure 4).

The phosphorylation level of ERK protein was higher in the SP
group than in the saline group at days 1, 2, and 3. In contrast,
the phosphorylation level of p38 protein increased at day 1,
but decreased at day 2 in the SP group (Figure 5).
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Discussion

Liver regeneration after partial hepatectomy is a complex and
well-orchestrated phenomenon [12]. Interleukin-6, tumor ne-
crosis factor-o,, hepatocyte growth factor, epidermal growth
factor, and thyroid hormones are known to regulate regener-
ation in the normal liver [13,14].

In our data, the lower levels of liver function test in the SP
group than in the saline group at day 1 demonstrate that SP
protects against deterioration of liver function. Serum liver
function test results were also consistent with PCNA and Ki-67
expression levels. The immune reactivity of PCNA and Ki-67 is
commonly used to assess proliferative activity in normal, regen-
erative, and neoplastic livers in rodents and humans [15,16].
Under normal liver regeneration conditions, PCNA protein lev-
els during rat liver regeneration after 70% partial hepatectomy
peaked at 36-48 h [17]. Seven to 10 days after hepatectomy,
the liver regenerated to 93% of its normal size, and 20 days
after hepatectomy, the liver completely recovered its initial
volume [18]. In the SP group, PCNA and Ki-67 expression lev-
els peaked at day 1 (24 h). This result suggests that when SP
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Figure 5. Expression of ERK (A) and p38 (B) protein. Protein expression was determined using immunoblot analysis. Tissues were lysed
and 10 pg of soluble protein was separated via electrophoresis on a 10% SDS-PAGE gel. Densitometry results are presented
as the relative ratios of ERK and p38 to B-actin. The data are expressed as mean+SD. * P<0.05 and ** P<0.01 comparing
saline vs SP groups. Prism, version 5 (GraphPad Software, Inc., San Diego, USA) was used for creation of the figure.
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is injected, the process of regeneration proceeds faster than
in the normal liver regeneration process.

Some studies have reported that SP stimulates stem cells.
An “endogenous wound healing mechanism” involved in tis-
sue repair through SP calling bone marrow stromal cells has
been identified [19]. It was also found to stimulate concom-
itant EPC mobilization with bone marrow stromal cells [11].
The potential pathway for differentiation into endothelial or
hepatocyte lineages is thought to be an important function
of CD133+hepatic stellate cells (HSCs) during liver regenera-
tion [20]. Expression patterns and non-polarizing cell morphol-
ogy develop from CD133+HSCs in immature hepatocyte-like
cells. Owing to their ability to generate hepatocytes and en-
dothelial lineages, CD133+HSCs can directly support the re-
pair of injured liver tissue. Therefore, it is necessary to inves-
tigate the contribution of CD133+HSCs to liver regeneration
in vivo [21]. In this study, we assumed stem cell mobilization
by confirming that the expression of CD133 was increased at
day 2; however, this should be clarified through further studies.

PI3K comprises 85a and 110c subunits and is involved in cell
growth and survival. The PI3K/Akt/mTOR pathway is an intra-
cellular signaling pathway that is important for regulating the
cell cycle. Therefore, it is directly involved in cell arrest, prolif-
eration, cancer, and longevity. PI3K activation phosphorylates
and activates Akt, localizing it to the plasma membrane [22].
The role of PI3K in liver regeneration remains unclear. PI3K ac-
tivity is induced by hepatic resection. Activation of the PI3K/
Akt pathway plays a critical role in the early regenerative re-
sponse of the liver after resection [9]. The phosphorylation lev-
els of mTOR, Akt, PI3K, and ERK were higher in the SP group
than in the saline group. These results suggest that SP contrib-
utes to liver regeneration by regulating survival and prolifera-
tion through mTOR/Akt/PI3K and ERK phosphorylation. MAPKs
(JNK, p38 MAPK, and ERK) mediate signal transduction involved
in cell proliferation, differentiation, transformation, survival, and
death [10]. PI3K/Akt/mTOR activation may be mainly involved
in SP-induced M2 polarization; however, SP-induced ERK activa-
tion may be required for the survival and proliferation of mac-
rophages without affecting M2 polarization [23]. SP treatment
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inhibits NADPH oxidase activity and reduces reactive oxygen
species production. SP stimulation can block the p38 MAPK and
ERK signaling pathways; the activity of phospho-p38 and phos-
pho-ERK and the expression of NF-E2-related factor 2 decreased
after SP treatment. The regulation of hyperoxic lung injury by
SP through decreasing cell apoptosis, increasing antioxidant ac-
tivity, and attenuating oxidative stress has been reported [24].

The limitation of this study was that in vitro experiments at the
cell level were not included, resulting in unsatisfactory results
for molecular mechanisms that proceeded in the short peri-
od after SP injection. To obtain accurate results on molecular
mechanisms, data in minutes and hours are required through
in vitro studies. Nevertheless, this study is valuable as an ear-
ly preliminary study on the effect of SP on liver regeneration.

Patients and liver transplant donors with small remnant liver
volume after hepatectomy are carefully selected due to con-
cerns about poor outcome [25,26]. Our results suggesting the
liver regeneration-promoting effect of SP provide the possibili-
ty to reduce the risk of liver failure, and it is expected that the
range of patients eligible for hepatectomy will be expanded.

Conclusions

SP accelerated the stage of regeneration after hepatectomy
in a rat model. This implies that liver function recovers earlier
than in the normal regeneration process. It is expected to be
helpful in clinical practice by preventing liver failure, which is
caused by worsening of liver function immediately after liv-
er resection. This effect is presumed to occur through mecha-
nisms that promote stem cell mobilization and upregulate the
MAPK/ERK pathway. However, in vitro studies are required to
clarify this mechanism.
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