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Lack of RAMP1 Signaling Suppresses Liver Regeneration
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Abstract. Background/Aim: The liver effectively restores both
size and function following partial hepatectomy (PHx).
Angiogenesis is crucial for the repair and regeneration of liver
tissue post-PHx. Calcitonin gene-related peptide (CGRP)
released from sensory nerves and its receptor—receptor activity-
modifying protein 1 (RAMP1) are involved in angiogenesis. This
study aimed to assess the role of RAMPI signaling in
angiogenesis during liver regeneration following PHx. Materials
and Methods: RAMPI deficient (RAMPI7) and wild-type (WT)
mice were subjected to PHx. Results: RAMPI™~ mice
demonstrated delayed liver regeneration, indicated by lower
liver-to-body weight ratios compared to WT mice. This was
associated with lower levels of Ki67" hepatocytes and hepatic
trophic growth factors. Additionally, RAMPI™~ mice exhibited
lower levels of endothelial cell markers, including CD31,
compared to WT mice. This reduction was associated with
reduced levels of vascular endothelial growth factor (VEGF)-C,
VEGF-D, and VEGF receptor 3 (VEGFR3). In WT mice with
PHyx, the administration of a VEGFR3 inhibitor reduced the
liver-to-body weight ratio, Ki67* hepatocytes, and VEGF-
C/VEGFR3 expression levels in the liver compared to those in
the vehicle-treated group. Conclusion: The deletion of RAMP1
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signaling suppresses liver regeneration and angiogenesis
through VEGFR3. Specific activation of RAMPI signaling may
represent a potential therapeutic strategy for liver regeneration
following PHx.

Surgical resection is the preferred treatment for liver tumors.
Following partial hepatectomy (PHx), liver tissue regeneration
occurs through extensive hepatocyte proliferation in the
remaining liver lobe, which restores liver function and quality.
Therefore, surgical resection of the liver relies on the
regenerative potential of the remnant liver. Although this
regenerative potential is crucial for patient survival (1),
inadequate regeneration and restoration of liver remnants can
result in post-hepatectomy liver failure, resulting in high
morbidity and mortality in patients who undergo PHx (2, 3).

To address the insufficiency of liver regeneration
following PHX, it is crucial to understand the fundamental
regulatory mechanisms involved (1). Post-PHx liver
regeneration proceeds through three distinct phases:
initiation, proliferation (progression), and termination (4).
Assessments of post-PHx regenerative processes have
primarily focused on the regulatory mechanisms of liver
regeneration during the initiation and proliferation phases.
The initial phase (inductive or initiative), occurring 0-3 days
post-PHx, 1is characterized by extensive hepatocyte
proliferation. The progression phase, spanning 4-8 days,
involves both hepatocyte proliferation and the restoration of
hepatic sinusoids through liver sinusoidal endothelial cell
(LSEC) proliferation, which is known as angiogenesis (5, 6).
Hepatic angiogenesis or vascular reconstitution, which is
driven by LSEC proliferation, plays a crucial role in liver
regeneration post-PHx (7) and liver repair and restoration
following acute liver damage from chemicals (8) and
ischemia/reperfusion (9). Therefore, it is indispensable for
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liver regeneration post-PHx. However, the mechanisms
underlying PHx-induced angiogenesis remain unclear.

The liver receives innervation from autonomic and
sensory nerve fibers, which enter through the hilum and form
plexuses along the portal vein and hepatic artery (10). The
hepatic nervous system regulates liver function and
regeneration and produces several neuropeptides, including
calcitonin gene-related peptide (CGRP), a 37-amino acid
neuropeptide (11). The action of CGRP is mediated by its
receptor, which is composed of two heterodimer subunits:
calcitonin receptor-like receptor (CLR) and receptor activity-
modifying protein (RAMP) 1. RAMP1 regulates the specific
binding of CGRP to CLR (11).

Accumulating evidence indicates that CGRP/RAMPI1
signaling is closely associated with the immune system (12,
13). CGRP-deficient mice exhibit aggravated concanavalin
A (ConA)-induced acute liver injury by affecting T cell
function (14). Additionally, RAMP1 signaling in resident
liver macrophages (Kupffer cells) contributes to the
mitigation of ConA-induced hepatitis (15). Moreover,
CGRP/RAMPI signaling may interact with regenerating
hepatocytes in the PHx-livers. The deletion of RAMP1
signaling delays liver mass recovery and hepatocyte growth
post-PHx (16). The activation of CGRP in isolated
hepatocytes accelerates their proliferation.

Additionally, the CGRP/RAMPI1 signaling pathway
stimulates the production of pro-angiogenic factors, thereby
facilitating angiogenesis. CGRP/RAMP1 signaling is crucial
for angiogenesis in mice with tumor growth (17), skin wounds
(18), and endometriosis (19). These findings hypothesized that
RAMPI signaling plays a crucial role in liver regeneration by
facilitating angiogenesis. Therefore, this study aimed to assess
the potential involvement of RAMPI1 signaling in liver
regeneration and angiogenesis post-PHx in mice.

Materials and Methods

Animals. Male RAMP1-deficient (RAMP1--) mice were generated
as described previously (12). Male wild-type (WT) C57BL/6 mice
(8-weeks-old, 20-23 g) were obtained from CLEA Japan (Tokyo,
Japan). The mice were housed under sterile and temperature- and
humidity-controlled environments with a 12-h light/dark cycle. All
the animals had free access to food and water. All experimental
protocols were reviewed and approved by the Institutional Animal
Care and Use Committee (Approval no. 2023-061) and conducted
following the guidelines established by the Science Council of
Japan for animal experiments.

Animal procedures. An established mouse model of PHx (70%) was
used as previously described (20). The mice were anesthetized
through an intraperitoneal (i.p.) injection of mixed anesthetic agents
containing 4.0 mg/kg of midazolam (Sandoz, a Novartis division,
Basel, Switzerland), 0.75 mg/kg of medetomidine hydrochloride
(Nippon Zenyaku Kogyo, Fukushima, Japan), and 5.0 mg/kg of
butorphanol (Meiji Seika Pharma, Tokyo, Japan). A midline

laparotomy was performed, and 4-0 vicryl sutures were applied
around the base of the median and left lateral hepatic lobes, which
were subsequently excised. Following surgery, the effects of
medetomidine were reversed by administering an i.p. injection of
atipamezole (0.75 mg/kg; Nippon Zenyaku Kogyo).

Experimental protocols. Under anesthesia with a midazolam-
medetomidine-butorphanol mixture, the livers were excised at
specified times post-PHx. A portion of each liver sample was placed
in 10% formaldehyde and the rest was prepared for quantitative
PCR analysis. Following this procedure, animals were euthanized
through cervical dislocation.

In another set of experiments, animals were administered either the
specific VEGFR3 kinase inhibitor SAR131675 (Selleck Chemicals,
Houston, TX, USA) or vehicle, as described previously (21).
SAR131675 (30 mg/kg) was dissolved in 0.2 ml phosphate-buffered
saline (PBS) containing 1% dimethyl sulfoxide (DMSO) and
administered subcutaneously daily for the first five days post-surgery.

Immunohistochemical staining. The excised liver tissues were
immediately fixed in buffered 10% formaldehyde for histological
analysis. Sections (4 pm thick) were prepared from paraffin-
embedded tissues and subjected to immunostaining. For
immunohistochemical staining, 4-pm thick paraffin sections were
treated with Protein Block Serum-Free (Dako, Glostrup, Denmark),
and subsequently incubated overnight at 4°C with anti-mouse Ki67
(rabbit monoclonal antibody, 1:500; GeneTex, Irvine, CA, USA)
antibodies. After washing in PBS, the sections were incubated with
Mayer’s hematoxylin solution and universal Dako EnVision* Dual
Link System-HRP (DAB*) (Dako). Images of stained liver sections
were captured using a microscope (Biozero BZ-700 Series;
Keyence, Osaka, Japan). The number of Ki67+ hepatocytes was
counted in five fields (200x) per animal using the ImageJ software,
and the results were expressed as the percentage of Ki67+
hepatocytes.

Immunofluorescence analysis. Liver tissues were fixed in 4% periodate-
lysine-paraformaldehyde overnight at 4°C and subsequently incubated
in 30% sucrose in 0.1 M phosphate buffer at 4°C for three days. The
tissues were embedded in Tissue-Tek optimal cutting temperature
(O.C.T.) compound (Sakura Finetek, Torrance, CA, USA) and stored
at —20°C. Liver tissue sections were cut and blocked with 1% bovine
serum albumin (BSA) in 0.5% Triton X-100 in PBS. The sections were
incubated overnight at 4°C with the following primary antibodies: anti-
mouse CGRP (rabbit polyclonal antibody, 1:100; Sigma-Aldrich, St.
Louis, MO, USA), anti-mouse lymphatic vessel endothelial hyaluronan
receptor (LYVE)-1 (goat polyclonal antibody, 1:100; R&D Systems,
Minneapolis, MN, USA), and anti-mouse VEGFR3 (rat polyclonal
antibody, 1:100; R&D Systems). After washing with PBS, the sections
were incubated at 4°C overnight with the following secondary
antibodies: Alexa Fluor 488-conjugated donkey anti-rabbit IgG, Alexa
Fluor 488-conjugated donkey anti-rat IgG, Alexa Fluor 594-conjugated
donkey anti-rabbit IgG, and Alexa Fluor 594-conjugated donkey anti-
goat IgG (all from Molecular Probes, Eugene, OR, USA). Nuclei were
detected using 4’,6-diamidino-2-phenylindole (DAPI). All images were
obtained using a fluorescence microscope (Biozero BZ-700 Series;
KEYENCE, Osaka, Japan).

Isolation of intrahepatic leukocytes. To effectively isolate
intrahepatic leukocytes, the liver was perfused with Hank’s balanced
salt solution through the portal vein under anesthesia. Subsequently,
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Table 1. Primers used for reverse transcription and quantitative PCR.

Gene Forward primer sequence (5°-3’) Reverse primer sequence (5°-3’)
Cgrp AGGGCTCTAGTGTTCACTGCTC AGTTGTCCTTCACCACACCTC
Rampl CCATCTCTTCATGGTCACTGC AGCGTCTTCCCAATAGTCTCC
16 CAAAGCCAGAGTCCTTCAGAG TAGGAGAGCATTGGAAATTGG
Hgf GGCTGAAAAAGATTGGATCAGG CCAGGAACAATGACACCAAGA
Vegfa ACGACAGAAGGAGAGCAGAAG ATGTCCACCAGGGTCTCAATC
Vegfc TCTGTGTCCAGCGTAGATGAG GTCCCCTGTCCTGGTATTGAG
Vegfd CCTATTGACATGCTGTGGGAT GTGGGTTCCTGGAGGTAAGAG
Vegfr2 CTGCCTACCTCACCTGTTTCC CGGCTCTTTCGCTTACTGTTC
Vegfr3 CTCTCCAACTTCTTGCGTGTC GCTTCCAGGTCTCCTCCTATC
Cd31 CAGAGCCAGCAGTATGAGGAC GCAACTATTAAGGTGGCGATG
Gapdh ACATCAAGAAGGTGGTGAAGC AAGGTGGAAGAGTGGGAGTTG

the excised livers were incubated in Roswell Park Memorial
Institute (RPMI) medium containing 0.05% collagenase (Type 1V;
Sigma Chemical Co., St. Louis, MO, USA) for 20 min at 37°C. The
liver homogenates were filtered through a 70 um cell strainer, and
non-parenchymal cells were purified using density-gradient
centrifugation on 33% Percoll (GE Healthcare Life Sciences,
Piscataway, NJ, USA), as previously reported (22).

Flow cytometric analyses. Isolated non-parenchymal cells were
incubated with an anti-mouse CD16/32 antibody (BioLegend, San
Diego, CA, USA) to prevent non-specific binding. The cells were
stained with a combination of the following reagents: Brilliant
Violet 421-conjugated anti-mouse CD45 (30-F11) (BioLegend),
PE/Cy7-conjugated anti-mouse CD31 (390) (BioLegend), and Alexa
488 anti-mouse LYVE-1 (ALY7) (Invitrogen, Carlsbad, CA, USA).
For flow cytometric analysis, cells were initially gated on forward
and side scatters, followed by gating on CD45- cells. Cells positive
for 7-aminoactinomycin D (BioLegend) were excluded from the
analysis. Samples were analyzed using a fluorescence-activated cell
sorting (FACS) Verse cytometer (BD Biosciences, Franklin Lakes,
NJ, USA). Data were analyzed using Kaluza software v2.1
(Beckman Coulter, Brea, CA, USA).

Real-time quantitative (RT-PCR). Total RNA was extracted from the
liver tissues and homogenized using RNAiso Plus (Takara Bio,
Shiga, Japan). Single-stranded cDNA was synthesized from 1 ug of
total RNA through reverse transcription using the ReverTra Ace
gPCR RT kit (Toyobo, Osaka, Japan). Quantitative PCR was
performed using TB Green Premix Ex Taq II (Tli RNaseH Plus;
Takara Bio). The gene-specific primers used in these experiments
are listed in Table I. The data were normalized to the expression of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA levels
within the same sample.

Statistical analyses. All results are presented as the mean+standard
deviation (SD). All statistical analyses were performed using
GraphPad Prism version 8 (GraphPad Software, La Jolla, CA,
USA). Data were compared between two groups using an unpaired
two-tailed Student’s #-test and between multiple groups using one-
way analysis of variance (ANOVA), followed by Tukey’s post-hoc
test. Statistical significance was set at p<0.05.

Results

Deletion of RAMPI signaling suppressed liver regeneration
post-PHx. To determine the role of RAMPI signaling in
liver regeneration, WT and RAMP1~~ mice were subjected
to PHx. Compared with the WT mice, RAMP1~~ mice
exhibited a lower liver/body weight ratio on days 5 and 7
post-PHx (Figure 1A). Because hepatocyte proliferation is
primarily responsible for the recovery of liver mass post-
PHx, we determined the number of Ki67" hepatocytes, a
marker of cellular proliferation (Figure 1B). As illustrated
in Figure 1B and C, the number of Ki67* hepatocytes in
the liver on days 2, 3, 5, and 7 was lower in RAMP1/~
mice than that in WT mice. Additionally, we measured the
levels of hepatic trophic growth factors, including
interleukin (IL)-6 and hepatocyte growth factor (HGF). The
mRNA levels of IL-6 in RAMP1~~ mice on days 1 and 2
were lower than those in WT mice (Figure 1C).
Additionally, HGF mRNA levels in RAMP1~~ mice on day
3 were lower than those in WT mice (Figure 1D). These
results indicate that deficiency in RAMPI1 signaling impairs
liver regeneration post-PHx.

Expression of CGRP and RAMPI. The aforementioned
results indicate that RAMPI1 signaling is involved in
hepatocyte proliferation during liver regeneration. Therefore,
we assessed the expression levels of CGRP and RAMPI in
the liver. Immunofluorescence analysis revealed that CGRP
nerve fibers were distributed around the portal and lymphatic
vessels in the portal area of the WT mice (Figure 2A). The
mRNA levels of Cgrp on days 3 and 7 in WT mice were
higher than those in RAMP1~~ mice (Figure 2B). As
expected, no expression of Rampl was observed in RAMP1~
/= mice. The mRNA levels of Rampl in WT mice were
transiently reduced on day 1, followed by an increase on
days 5 and 7 (Figure 2B).
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Figure 1. Impaired liver regeneration post-partial hepatectomy (PHx) in receptor activity-modifying protein 1 (RAMP1)~= mice. (A) Liver-to-body
weight ratio in wild type (WT) and RAMP1~/~ mice post-PHx. Data are expressed as the mean=standard deviation (SD) (n=>5-7 mice per group).
*p<0.05. (B) Percentage of Ki67+ hepatocytes in the livers of WT and RAMPI~~ mice post-PHx. Data are expressed as the mean+SD (n=4-5 mice
per group). ¥p<0.05. (C) Representative images of livers immunostained for Ki67 in WT and RAMPI1-/~ mice post-PHx. Scale bars indicate 100

um. (D) Interleukin (IL)-6 and hepatocyte growth factor (HGF) mRNA levels in the livers of WT and RAMP1~'~ mice post-PHx. Data are expressed
as the mean+SD (n=4-7 mice per group). *p<0.05.
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WT and RAMPI-'- mice post-PHx. Data are expressed as the mean=standard deviation (SD) (n=5-6 mice per group). *p<0.05, #p<0.05 vs. day 0.

Deletion of RAMP1 signaling reduced angiogenesis in the
liver post-PHx. Angiogenesis contributes to liver
regeneration post-PHx. Therefore, we determined the mRNA
levels of Cd31 and Vegfr2, which are markers of LSECs in
the liver. The mRNA levels of Cd31 and Vegfr2 in the liver
of RAMPI1~~ mice on day 5 were lower than those in WT
mice (Figure 3A). Additionally, flow cytometry analysis
revealed that the percentage of LSECs (defined as
CD31*/LYVE-1* cells) in RAMP1™~ mice was lower than
that in WT mice (Figure 3B). These results indicate that
RAMPI1 deficiency impairs angiogenesis during liver
regeneration post-PHx.

Deletion of RAMP1 signaling down-regulated the expression
of VEGF-C, VEGF-D, and VEGFR3. To understand how
RAMPI signaling regulates angiogenesis (hepatic vascular

reconstitution), we assessed the mRNA levels of pro-
angiogenic factors, including Vegfa, which plays a crucial
role in angiogenesis. However, there was no significant
difference in Vegfa mRNA levels between the two genotypes
(Figure 4A). However, the mRNA levels of Vegfc and Vegfd
from days 3 to 7 in RAMP1~~ mice were lower than those
in the WT mice. Correspondingly, the mRNA levels of
Vegfr3, which is a receptor for both VEGF-C and VEGF-D,
were lower in RAMP1™~ mice compared to WT mice.
Additionally, immunofluorescence analysis revealed that
VEGFR3 was co-localized with LYVE-1* cells (Figure 4B),
indicating that VEGFR3 was expressed by LSECs (5).

VEGFR3 inhibition impaired liver regeneration and
angiogenesis post-PHx. Additionally, we assessed whether
VEGFR3 was involved in liver regeneration and angiogenesis
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Figure 3. Hepatic endothelial cell expression in wild type (WT) and receptor activity-modifying protein 1 (RAMP1)~'~ mice post-partial hepatectomy
(PHx). (A) mRNA levels of CD31 and vascular endothelial growth factor receptor-2 (VEGFR2) in livers of WT and RAMP1~'~ mice after PHx. Data
are expressed as the meanzstandard deviation (SD) (n=5-6 mice per group). *p<0.05. (B) Representative dot plots of liver sinusoidal endothelial
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post-PHx. Therefore, we treated WT mice with the VEGFR3
inhibitor SAR131675, which reduced the liver/body weight
ratio and percentage of Ki67 hepatocytes on day 5 (Figure
5). Moreover, SAR131675 reduced the mRNA levels of
Vegfc, Cd31, Vegfr2, and Vegfr3 on day 7.

Discussion

The successful regeneration of the liver post-PHx requires
hepatocyte proliferation and hepatic vascular reconstitution.
Because CGRP/RAMP1 signaling is associated with
angiogenesis, RAMPI1 signaling is involved in liver
regeneration by affecting angiogenesis. In this study, we
demonstrated that, compared to WT mice post-PHx, RAMP1-
deficient mice exhibited lower liver-to-body weight ratios,
suppressed hepatocyte proliferation, and delayed liver
regeneration. Additionally, RAMP1 deficiency suppressed

microvascular reconstitution in the remnant liver, as indicated
by reduced hepatic expression of VEGF-C, VEGF-D, and
VEGFR3. Inhibition of VEGFR3 resulted in impaired liver
regeneration and microvascular reconstitution post-PHx. These
results indicate that the activation of RAMPI1 signaling
stimulates liver regeneration and angiogenesis post-PHx.

CGRP is released from the sensory neurons that enter the
liver through the hilum and form plexuses along the portal
vein and hepatic artery (10). In the liver, CGRP-positive
nerves are present in the connective tissues in the peri-portal
and intra-lobular area (23). Consistent with this,
immunofluorescence analysis demonstrated that CGRP*
nerve fibers are distributed along the portal veins and
lymphatic vessels and terminate in the periportal regions.
The mRNA levels of Cgrp and Rampl in WT mice increased
on days 5 and 7, indicating that CGRP/RAMP1 is involved
in the pro-angiogenic phase following PHx.
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The crucial role of angiogenesis in liver regeneration post-
PHx has been reported previously (6). Reconstitution of the
hepatic vasculature, followed by massive hepatocyte
proliferation, is essential for liver regeneration post-PHx (6).
LSEC proliferation is crucial during the angiogenic phase of
liver regeneration post-PHx (5, 7). This study demonstrated that

RAMP1 signaling contributes to angiogenesis during liver
regeneration post-PHx. Previously, we demonstrated the role of
RAMPI1 signaling in angiogenesis under numerous pathological
conditions (17-19). Additionally, we demonstrated that
macrophage-derived VEGF-A was involved in angiogenesis.
Evidence indicates that numerous pro-angiogenic factors
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mediate LSEC proliferation, and the significance of pro-
angiogenic signaling has been highlighted in liver regeneration
post-PHx (24). For example, LSECs secrete pro-angiogenic
factors, including HGF and wingless-type MMTYV integration
site family member 2 (Wnt2), through the VEGF-A/VEGFR2
pathway, resulting in orchestrated liver regeneration in mice (5).
Additionally, LSEC-derived angiopoietin-2 facilitates LSEC
proliferation during liver regeneration post-PHx (25) and
chemical-induced acute liver injury (8). This study
demonstrated that the activation of RAMP1 signaling induced
an increase in the expression of VEGF-C, VEGF-D, and their
receptor VEGFR3 during liver regeneration post-PHx. Because
LSECs express VEGFR3 in conjunction with VEGFR2 (5), it
is reasonable to indicate that VEGF-C and VEGF-D bind to
VEGFR3 in LSCEs to stimulate LSEC proliferation, thereby
contributing to the restoration of liver mass size and function.
To support this notion, this study demonstrated that a VEGFR3
inhibitor impaired liver regeneration and angiogenesis, as
indicated by reduced liver mass recovery and hepatocyte
proliferation, and diminished endothelial cell growth factor and
LSEC markers. Additionally, we demonstrated that the VEGF-
C/VEGFR3 pathway facilitates liver repair following hepatic
ischemia-reperfusion injury in mice (26).

This study indicated that RAMPI signaling facilitates liver
regeneration and angiogenesis by inducing VEGF-C and
VEGF-D expression. However, the precise molecular
mechanisms by which RAMP1 signaling induces the hepatic
expression of VEGF-C and VEGF-D during liver regeneration
post-PHx remain unclear. Additionally, the sources of VEGF-
C and VEGF-D in this study require further clarification,
although our previous study indicated that liver macrophages
generate VEGF-C and VEGF-D (26). Consistent with this,
VEGF-C is produced by intestinal villous macrophages (27,
28). Moreover, RAMPI is expressed in liver macrophages
during immune-mediated hepatitis in mice (15). An in vitro
study demonstrated that CGRP enhances VEGF-C in cultured
bone marrow-derived macrophages (29) and peritoneal
macrophages (18) in a RAMP signaling-dependent manner.
These findings indicate that liver macrophages produce
VEGF-C and VEGF-D through RAMP1 signaling to stimulate
angiogenesis in the remnant liver. However, further studies are
required to clarify whether RAMPI signaling in liver
macrophages produces VEGF-C and VEGF-D to facilitate
LSEC proliferation.

Study limitations. First, RAMP1 is expressed in macrophages
and hepatocytes (16). The deletion of RAMPI1 signaling
impaired liver regeneration post-PHx (16), which is consistent
with our results. Additionally, direct stimulation of isolated
hepatocytes with CGRP facilitated hepatocyte mediated by
CGRP receptor signaling. These results indicate that RAMP1
signaling in hepatocytes regulates vascular reconstitution
during liver regeneration. Second, the role of RAMPI

signaling in macrophages requires further assessment. Third,
this study results did not include any data from patients who
underwent PHx. Further human studies are required to
understand the effects of RAMPI1 signaling on liver
regeneration post-PHx.

Conclusion

This study demonstrated that RAMP1 deficiency impaired
liver regeneration and angiogenesis following PHx. This
study indicates that reduced expression of VEGF-C, VEGF-
D, and VEGFR3 is involved in delayed angiogenesis during
liver regeneration following PHx. RAMPI1 activation
facilitates liver regeneration following PHx.
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