
Abstract. Background/Aim: Intestinal lymphatic vessels
(lacteals) play a critical role in the absorption and transport
of dietary lipids into the circulation. Calcitonin gene-related
peptide and receptor activity-modifying protein 1 (RAMP1)
are involved in lymphatic vessel growth. This study aimed to
examine the role of RAMP1 signaling in lacteal morphology
and function in response to a high-fat diet (HFD). Materials
and Methods: RAMP1 deficient (RAMP1–/–) or wild-type
(WT) mice were fed a normal diet (ND) or HFD for 8 weeks.
Results: RAMP1–/– mice fed a HFD had increased body
weights compared to WT mice fed a HFD, which was
associated with high levels of total cholesterol, triglycerides,
and glucose. HFD-fed RAMP1–/– mice had shorter and
wider lacteals than HFD-fed WT mice. HFD-fed RAMP1–/–

mice had lower levels of lymphatic endothelial cell gene
markers including vascular endothelial growth factor
receptor 3 (VEGFR3) and lymphatic vascular growth factor
VEGF-C than HFD-fed WT mice. The concentration of an
absorbed lipid tracer in HFD-fed RAMP1–/– mice was
higher than that in HFD-fed WT mice. The zipper-like
continuous junctions were predominant in HFD-fed WT
mice, while the button-like discontinuous junctions were
predominant in HFD-fed RAMP1–/– mice. Conclusion:

Deletion of RAMP1 signaling suppressed lacteal growth and
VEGF-C/VEGFR3 expression but accelerated the uptake and
transport of dietary fats through discontinuous junctions of
lacteals, leading to excessive obesity. Specific activation of
RAMP1 signaling may represent a target for the therapeutic
management of diet-induced obesity.

The specialized lymphatic capillaries situated at the center
of each intestinal villus are known as lacteals. Lacteals carry
absorbed dietary lipids and drain them into the submucosal
lymphatic networks of the intestines. Lipids are then
transported to the thoracic duct through the mesenteric
lymphatics (1). Considering the essential role of lacteals in
intestinal lipid absorption, dysregulation of lipid transport by
lacteals contributes to various adverse health conditions,
including the progression of obesity, which is now prevalent
worldwide. Obesity is related to systemic metabolic
consequences in adults (2-4) and is a high-risk factor for
cardiovascular diseases (5). Obesity is also accompanied by
metabolic dysfunction-associated steatotic liver disease,
which is currently the most common chronic liver disease
worldwide, with a global prevalence of 25% (6). These
findings indicate that the progression of obesity is related to
stimulation of lymphatic transport via the lymphatic vessels. 

Lymphangiogenesis, the formation of new lymphatic
vessels from pre-existing ones, is regulated by
prolymphangiogenic growth factors, including vascular
endothelial growth factor (VEGF)-C and VEGF-D. Vascular
endothelial growth factor receptor 3 (VEGFR3) is a receptor
of VEGF-C and VEGF-D, which is expressed in lymphatic
endothelial cells (ECs). The transcription factor prospero-
related homeobox 1 (Prox1) is a master regulator of
lymphatic development and lymphangiogenesis. Defects in
the genes related to lymphatic growth or function induce
abnormal adipose tissue deposition and obesity. Indeed,
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experimental animal studies have shown that defective
lymphatic vascular structures and lymphatic malfunction can
be linked to obesity. Disorders of lymphatic vascular growth
in Prox1+/– mice are characteristic of adult-onset obesity (7,
8). In addition, leakage from lymphatic vessels and
accumulation of adipose tissue have been observed in
lymphedema mice with genetic inactivation of VEGFR3
tyrosine kinase. Over-expression of VEGF-C genes restores
functional lymphatic vessels in mice with lymphedema,
suggesting that enhanced expression of VEGF-C stimulates
the growth of functional lymphatic vessels through the
activation of VEGFR3 (9). Therefore, structure and function
of the intestinal lacteals are mainly maintained by VEGF-
C/VEGFR3 signaling.

Recent evidence indicates that lacteal integrity is
maintained by continuous signals derived from stromal cells
surrounding the lacteals (10). The longitudinal smooth
muscle cells (SMCs) around the lacteals generate VEGF-C
to regulate lacteal integrity and lipid transport through
VEGFR3 signaling in the lymphatic ECs comprising the
lacteals (11). Additionally, macrophages in the intestinal villi
are a source of VEGF-C, which maintains lacteal
morphology and function (12).

Calcitonin gene–related peptide (CGRP), a 37-amino acid
neuropeptide, innervates the gastrointestinal tract, including the
stomach (13) and intestines (14, 15). In particular, CGRP+ nerve
fibers are widely distributed along the lacteals (14, 15). CGRP
exerts its action through the CGRP receptor, which comprises
heterodimer subunits: calcitonin receptor-like receptor (CLR)
and receptor activity-modifying protein (RAMP) 1, which
regulates specific CGRP binding to CLR (16, 17). We have
previously shown that CGRP/RAMP1 is responsible for the
development of lymphatic vessels in mice with skin wounds
(18), endometriosis (19), and secondary lymphedema (20).
Under these pathological conditions, CGRP/RAMP1 signaling
promotes inflammation-associated lymphatic vessel formation
by inducing pro-lymphangiogenic stimulating factor production
derived from accumulated immune cells. 

These findings led us to hypothesize that RAMP1
signaling contributes to diet-induced obesity by affecting
lacteals function. Therefore, the current study was conducted
to examine the role of RAMP1 signaling in lipid uptake via
lacteals in diet-induced obese mice. 

Materials and Methods
Animals. Male RAMP1-deficient (RAMP1–/–) mice were generated
as described elsewhere (21). Male C57BL/6 wild type (WT) mice
were obtained from CLEA Japan (Tokyo, Japan). All mice were
housed at constant humidity (50%±5%) and temperature
(25˚C±1˚C) on a 12 h light/dark cycle and were given ad libitum
access to water and food. All experimental protocols were reviewed
and approved by the Institutional Animal Care and Use Committee
(Approval no. 2022-057). The animal experimental procedures were

performed in accordance with the guidelines of the Science Council
of Japan for animal experiments.

Experimental protocols. Mice were fed a normal diet (ND; 344.9
kcal/100 g, fat kcal 4.6%; CLEA Japan) or high-fat diet (HFD)
(56.7% kcal from fat, 32% fat powdered oil, CLEA Japan) at 4
weeks of age for a period of 8 weeks. Body weight was weekly
monitored. After HFD or ND feeding, the mice were anesthetized
with isoflurane (Pfizer, New York City, NY, USA), and blood was
collected by cardiac puncture. Then, perirenal fat and epididymal
fat were carefully removed. The small intestine was cut
longitudinally and washed with phosphate-buffered saline (PBS) to
remove fecal material, and the jejunum segments were excised and
collected. Following this procedure, the animals were euthanized
via cervical dislocation. Serum was used to determine the total
cholesterol and triglyceride levels using a Dri-Chem 7000
Chemistry Analyzer System (Fujifilm, Tokyo, Japan). The levels of
blood glucose were determined using a blood glucose meter
(TERUMO Corp., Tokyo, Japan). White adipose tissue (WAT) from
the epididymal and perirenal fat tissues was weighed. 

Analysis of lacteal function. To analyze lymph transport via lacteals,
mice were fasted overnight before oral administration of the
fluorescent lipid tracer BODIPY FL C16 FA (Invitrogen, Carlsbad,
CA, USA) (0.1 mg in 200 μl olive oil) (22). At 3 h after the oral
administration of BODIPY, the mice were euthanized, and blood
was collected via cardiac puncture. BODIPY fluorescence in the
serum was measured at 470 nm using a NanoDrop 3300 (Thermo
Fisher Scientific, Waltham, MA, USA), and data were normalized
to the serum from mice given only olive oil. Concomitantly, the
jejunum was examined using immunofluorescence analysis (Biozero
BZ-700 Series; KEYENCE, Osaka, Japan). 

Collection of dorsal root ganglion (DRG.) Under anesthesia with
isoflurane, thoracic DRGs from the Th4-12 vertebrae were dissected
(23) and collected. The samples were prepared for quantitative PCR
or immunohistochemistry analyses.

Immunohistochemical analysis. Tissue samples from the removed
DRGs were fixed immediately with 4% paraformaldehyde in PBS
at 4˚C overnight. Paraffin-embedded DRG sections (3.5 μm-thick)
were used for immunostaining. After blocking with serum-free
protein block (Dako, Glostrup, Denmark), the sections were
incubated at 4˚C overnight with an anti-CGRP antibody (rabbit
polyclonal antibody, 1:200; Sigma-Aldrich, St. Louis, MO, USA).
Then, the sections were incubated using the Universal DAKO
LSAB system HRP (Dako) with DAB and the tissues were
counterstained with Mayer’s hematoxylin solution.

Immunofluorescence analysis. Excised jejunum tissue samples were
fixed with periodate-lysine-paraformaldehyde at 4˚C overnight.
Then, the samples were transferred to 30% sucrose in 0.1 M
phosphate buffer. The sections (16-μm-thick) were blocked with 1%
bovine serum albumin in 0.5% Triton X-100 in PBS and incubated
overnight at 4˚C with the following primary antibodies: F4/80 (rat
monoclonal antibody, A3-1, 1:100; Bio-Rad Laboratories, Hercules,
CA, USA), anti-mouse RAMP1 (rabbit polyclonal antibody, 1:100;
Invitrogen, Carlsbad, CA, USA), and anti-mouse VEGF-C (rabbit
polyclonal antibody, 1:100; Abcam, Cambridge, UK). Then, the
sections were incubated with the following secondary antibodies for
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2 h at room temperature: Alexa Fluor 488-conjugated donkey anti-
rabbit IgG and Alexa Fluor 594-conjugated donkey anti-rat IgG (all
from Molecular Probes, Eugene, OR, USA). Whole-mounted
jejunum tissues were fixed using 4% paraformaldehyde and then
incubated for 3 d at 4˚C with the following primary antibodies: anti-
mouse LYVE-1 (rabbit polyclonal antibody, 1:200; Abcam), anti-
mouse LYVE-1 (goat polyclonal antibody, 1:100; BD Biosciences,
Franklin Lakes, NJ, USA), anti-mouse alpha smooth muscle actin
(α-SMA) (rabbit polyclonal antibody, 1:200; Abcam), anti-mouse
actin, α-smooth muscle-Cy3 (mouse monoclonal antibody, 1A4,
1:200; Sigma-Aldrich), anti-mouse CGRP (rabbit polyclonal
antibody, 1:100; Sigma-Aldrich), or anti-mouse vascular endothelial
(VE)-cadherin (goat polyclonal antibody, 1:200; R&D systems,
Minneapolis, MN, USA). Then, the sections were incubated with
the following secondary antibodies at 4˚C overnight: Alexa Fluor
488-conjugated donkey anti-rabbit IgG, Alexa Fluor 488-conjugated
donkey anti-goat IgG, Alexa Fluor 594-conjugated donkey anti-
rabbit IgG, Alexa Fluor 594-conjugated donkey anti-goat IgG, and
Alexa Fluor 647-conjugated donkey anti-rabbit IgG (all from
Molecular Probes). Nuclei were detected with DAPI. The images
were captured with a confocal scanning laser microscope (LSM710;
Carl Zeiss, Jena, Germany) or fluorescence microscope (Biozero
BZ-700 Series; KEYENCE, Osaka, Japan).

Morphometric analysis. Morphometric assessments were performed
using the ImageJ software version 1.46r (National Institutes of
Health, Bethesda, MD, USA). Images co-stained with α-SMA and
LYVE-1, in which whole villi were visualized together with lacteals,
were selected. The absolute length and width of the villi and lacteals
were determined from 5–10 villi in each animal. In addition, lacteal
junctions were visualized by staining with VE-cadherin. Zipper-type
junctions were defined as continuous junctions at the cell–cell
borders with elongated cells. Button-like junctions were defined as
discontinuous junctions that were not parallel to the cell–cell
borders (24). 

Quantitative real-time reverse transcriptase-PCR analysis. Total RNA
was extracted from the mouse tissues using RNAiso Plus (Takara Bio,
Shiga, Japan). Single-stranded cDNA was generated from 1 μg total
RNA by reverse transcription using a ReverTra Ace qPCR RT Kit
(Toyobo, Osaka, Japan). Real-time quantitative PCR was performed
using TB Green Premix Ex Taq II (Tli RNase H Plus; Takara Bio).
The gene-specific primers used in these experiments are listed in

Table I. mRNA expression levels were normalized to glyceraldehyde-
3-phosphate dehydrogenase mRNA levels in the same sample.

Statistical analysis. All results are presented as mean±standard
deviation (SD). An unpaired two-tailed Student’s t-test was used to
compare data between the two groups. Data between multiple
groups were compared using one-way analyses of variance,
followed by Tukey’s post hoc tests. Statistical significance was set
at p<0.05. In the graphs, significance is depicted with asterisks as
follows: *p<0.05, **p<0.01, ***p<0.001. Statistical analysis was
performed using GraphPad Prism software version 8 (GraphPad
Software, La Jolla, CA, USA). 

Results

RAMP1 deficiency resulted in obesity. To determine the role
of RAMP1 in obesity, we examined the sequential changes in
the body weight of mice fed normal and high-fat diets. On a
ND, the body weight was similar in both RAMP1−/− and WT
mice. When RAMP1−/− mice were fed a HFD, their body
weight increase was 15% higher than that of WT mice on a
HFD (Figure 1A and B). During HFD feeding, the difference
in HFD-induced body weight gain between WT and
RAMP1−/− mice was significant. Consistent with acceleration
of body weight gain in HFD-fed RAMP1−/− mice, total WAT
was 26% more in HFD-fed RAMP1−/− mice than that in
HFD-fed WT mice (Figure 1B). The concentrations of total
cholesterol and triglycerides in HFD-fed RAMP1−/− mice
were greater than those in HFD-fed WT mice (Figure 1C).
The same was true for non-fasting blood glucose levels.
However, no differences in these parameters were observed
when feeding ND between the two phenotypes. These results
indicated that HFD-induced obesity was more severe in
RAMP1−/− mice than that in WT mice.

HFD-fed RAMP1−/− mice had short lacteals. Next, we
examined whether HFD-induced body weight gain in
RAMP1−/− mice was accompanied by altered lacteal
structure and dysregulated lipid absorption by the intestinal
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Table I. Primers used for reverse transcription and quantitative PCR.

Gene                                                           Forward primer sequence (5’–3’)                                                              Reverse primer sequence (5’–3’)

GAPDH                                                    ACATCAAGAAGGTGGTGAAGC                                                         AAGGTGGAAGAGTGGGAGTTG
RAMP1                                                       CCATCTCTTCATGGTCACTGC                                                             AGCGTCTTCCCAATAGTCTCC
LYVE-1                                                       GCTCTCCTCTTCTTTGGTGCT                                                             TGACGTCATCAGCCTTCTCTT
VEGFR-3                                                   CTCTCCAACTTCTTGCGTGTC                                                             GCTTCCAGGTCTCCTCCTATC
Prox-1                                                         GTTCTTTTACACCCGCTACCC                                                            ACTCACGGAAATTGCTGAACC
VEGF-C                                                     TCTGTGTCCAGCGTAGATGAG                                                            GTCCCCTGTCCTGGTATTGAG
VEGF-D                                                     CCTATTGACATGCTGTGGGAT                                                           GTGGGTTCCTGGAGGTAAGAG
VEGF-A                                                   ACGACAGAAGGAGAGCAGAAG                                                          ATGTCCACCAGGGTCTCAATC
VEGFR-1                                                   GTCTCCATCAGTGGCTCTACG                                                             CCCGGTTCTTGTTGTATTTTG
VEGFR-2                                                   CTGCCTACCTCACCTGTTTCC                                                             CGGCTCTTTCGCTTACTGTTC
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Figure 1. Aggravated obesity and fat levels in RAMP1−/− mice. (A) Representative photos of the body of wild type (WT) and RAMP1−/− mice fed
normal diet (ND) or high-fat diet (HFD) for 8 weeks. (B) Changes in the body weight of WT and RAMP1−/− mice after feeding ND or HFD from
4 weeks of age through 12 weeks of age. **p<0.01 vs. HFD-WT and ***p<0.001 vs. HFD-WT. (C) Total white adipose tissue (WAT)/body weight
and serum levels of total cholesterol (TCHO), triglycerides (TG), and non-fasting blood glucose in WT and RAMP1−/− mice after feeding ND or
HFD. Data are expressed as the mean±SD. *p<0.05 and ***p<0.001; NS: not significant.



lacteals. To this end, we performed immunostaining for
LYVE-1 and α-SMA in intestinal whole-mounts. Using
whole-mount immunostaining, we visualized the epithelial
lining, longitudinal smooth muscle cells stained with α-
SMA, and lacteals stained with LYVE-1 in the villi of the
jejunum (Figure 2A). Quantitative analyses revealed that the
villi length and width did not differ between WT and
RAMP1−/− mice fed ND (Figure 2B). The length of lacteals
from HFD-fed RAMP1−/− mice was shorter than that from
HFD-fed WT mice, although there was no statistically
significant difference between WT and RAMP1−/− mice fed
ND. Furthermore, the lacteals width in RAMP1−/− mice was
greater than that in WT mice. 

Expression of CGRP and RAMP1. The above results
suggested that RAMP1 signaling was involved in changes
in lacteal structure during HFD feeding. Therefore, the
expression of CGRP and RAMP1 in the intestinal villi was
examined (Figure 3A). Immunofluorescence analysis
revealed that CGRP nerve fibers were abundantly
distributed around the lacteals and smooth muscle fibers in
WT mice. The density of CGRP nerve fibers appeared to be
similar between WT and RAMP1−/− mice fed ND or HFD.
In addition, RAMP1 in the villi colocalized with F4/80+
cells in the stroma of the intestinal villi (Figure 3B),
suggesting that macrophages expressed RAMP1. The
mRNA expression of RAMP1 in the jejunum in WT mice
fed HFD did not differ from that in WT mice fed ND. As
extrinsic C-sensory afferents, including CGRP+ nerves, arise
from the DRG, the expression of CGRP in the thoracic DRG
was determined (Figure 3C). The percentage of CGRP+
neurons increased during HFD feeding in both the
genotypes. However, no statistically significant differences
in the number of CGRP+ neurons were demonstrated
between the two groups. 

Downregulated expression of lymphatic EC markers and
pro-lymphangiogenic factors in HFD-fed RAMP1−/− mice.
Recent studies have shown that VEGF-C/VEGFR3 signaling
contributes to the maintenance of lacteal integrity (11, 24).
We determined the expression of lymphatic EC-related
genes. mRNA levels of factors related to lymphatic ECs,
including Lyve-1, Vegfr3, and Prox1, in HFD-fed WT mice
were higher than those in ND-fed WT mice (Figure 4A). The
mRNA levels of these factors in HFD-fed RAMP1−/− mice
were lower than those in HFD-fed WT mice. The same was
true for gene expression of Vegfc, a lymphangiogenic
stimulating factor; however, there were no statistically
significant differences in Vegfd mRNA expression between
the groups. We further examined the source of VEGF-C in
intestinal villi. Immunofluorescence analysis revealed that
VEGF-C colocalized with F4/80+ cells, indicating that
macrophages produce VEGF-C (Figure 4B). 

Transport of fatty acids through lacteals. We examined
lymph transport via microscopy after an intragastric
administration of the fluorescently labeled tracer long-chain
fatty acid BODIPY C16. At 3 h post-administration,
BODIPY staining of the jejunum in HFD-fed WT and
RAMP1−/− mice was increased in the villi when compared
with ND-fed WT and RAMP1−/− mice (Figure 5A).
However, no statistically significant differences in the
fluorescent area was observed between HFD-fed WT and
RAMP1−/− mice (Figure 5B). By contrast, BODIPY
fluorescence intensity in the circulation of HFD-fed
RAMP1−/− mice was higher than that of HFD-fed WT mice
(Figure 5C). These results suggest that HFD-fed RAMP1−/−
mice exhibited acceleration of lipid transport through
lacteals, but not of lipid absorption by the enterocytes.

Lacteal lymphatic EC junctions. Increased concentration of
fluorescently labeled fatty acids in HFD-fed RAMP1−/− mice
may suggest hyperfunction of lacteals. Lipids are transported
through lacteals, which are lined by lymphatic ECs forming
button- and zipper-like junctions (25). Therefore, we
determined the morphology of VE-cadherin+ lymphatic EC
junctional patterns in WT and RAMP1−/− mice whole-mount
intestines. In WT mice fed ND, the lacteals presented with
both open and closed lymphatic EC junctions. This button-
to-zipper pattern in the lacteals from RAMP1−/− mice fed on
a ND appeared to be same as that from WT mice fed a ND.
The proportion of zipper-like junctions was relatively
increased in HFD-fed WT mice, while the proportion of
button-like junctions was increased in HFD-fed RAMP1−/−
mice (Figure 6A). These findings suggest that RAMP1
deletion increased button-like junctions in lacteals and
facilitated lipid absorption and lymphatic transport, leading
to their circulation into the bloodstream. As VEGF-
A/VEGFR2 signaling has been suggested to be involved in
zippering lacteals (26), we determined the gene expression
levels of Vegfa, Vegfr1, and Vegfr2 in the intestine (Figure
6B). The gene expression levels of Vegfa and Vegfr2 in HFD-
fed WT mice were higher than those in HFD-fed RAMP1−/−
mice, while no statistically significant differences in Vegfr1
mRNA levels between HFD-fed WT and RAMP1−/− mice
were noted. 

Discussion

Lacteals, specialized lymphatic vessels in the small intestine,
play a critical role in absorbing dietary lipids and transporting
them into the circulation (5). Our data showed that
RAMP1−/− mice fed a HFD exhibited exacerbated obesity
accompanied by increased levels of adipose tissue weights
and lipids in the blood as compared with HFD-fed WT mice.
HFD-fed RAMP1−/− mice displayed shorter and wider
lacteals and lower expression of the pro-lymphangiogenic
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Figure 2. Lacteals in wild type (WT) and RAMP1−/− mice after feeding of normal diet (ND) or high-fat diet (HFD). (A) Immunofluorescence staining
for LYVE-1 (green) and αSMA (red) in the jejunum from WT and RAMP1−/− mice after feeding ND or HFD. Cell nuclei were stained with DAPI
(blue). Scale bar: 100 μm. (B) The length and width of villi and lacteals from WT and RAMP1−/− mice after feeding ND or HFD. Data are expressed
as the mean±SD. ***p<0.001; NS: Not significant.
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Figure 3. Expression of CGRP and RAMP1. (A) Immunofluorescence staining for LYVE-1 (green), α-SMA (red), and CGRP (cyane) in the lacteals
from wild type (WT) and RAMP1−/− mice after feeding normal diet (ND) or high-fat diet (HFD). Cell nuclei were stained with DAPI (blue). Scale
bar: 50 μm. (B) Immunofluorescence staining for RAMP1 (green) and F4/80 (red) in the lacteals from WT mice after feeding ND or HFD. Cell
nuclei were stained with DAPI (blue). Arrowheads indicate merged cells. Scale bar: 10 μm. The mRNA expression levels of Ramp1 in the jejunum
from WT and RAMP1−/− mice fed with ND or HFD. Data are expressed as the mean±SD. ***p<0.001. NS: Not significant. (C) Immunostaining
for CGRP in thoracic DRGs from WT and RAMP1−/− mice fed ND or HFD. Scale bar: 100 μm. The percentage of CGRP+ nerve cell area in the
thoracic DRGs. Data are expressed as the mean±SD. *p<0.05; NS: Not significant.



promoting cytokine VEGF-C and of lymphatic EC-related
genes including Lyve-1, Vegfr-3, and Prox1 than HFD-fed
WT mice. However, the lipid concentration in the blood of
HFD-fed RAMP1−/− mice was higher than that in the blood
of HFD-fed WT mice. Increased proportions of button-like
junctions and decreased proportions of zipper-like junctions
were observed in lacteals from HFD-fed RAMP1−/− mice. In
contrast, increased zipper-like junctions and decreased button-
like junctions were observed in HFD-fed WT mice. These

results suggest that the deletion of RAMP1 signaling was
involved in diet-induced obesity by increasing the transport
of absorbed lipids predominantly via button-like junctions in
widened lacteals.

The present results demonstrated that RAMP1−/− mice
exhibited enhanced diet-induced obesity accompanied by
systemic metabolic consequences, indicating that deletion of
RAMP1 signaling would enhance diet-induced obesity. As
dietary lipids are absorbed by the small intestinal villi, we
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Figure 4. Continued



evaluated the intestinal expression of CGRP and RAMP1 in
mice fed ND or HFD. CGRP+ nerve fibers were diffusely
distributed in the intestinal villi, where they surrounded the
lacteals and were parallel to the smooth muscle fibers.
However, the magnitude of the distribution did not appear to
differ between the two genotypes fed the ND or HFD. In
contrast, others (27) have demonstrated that RAMP1−/− mice
fed a ND show decreased density of tyrosine hydroxylase-
labeled nerves surrounding the villus lacteals. The
discrepancies between the two studies might have arisen
from the use of different nerve markers (catecholamine nerve
fibers vs. sensory nerve fibers) for analysis. Because CGRP
is generated in the DRG, we compared CGRP during the
feeding of ND or HFD in WT and RAMP1−/− mice. When
compared to mice-fed ND, CGRP expression was up-
regulated after HFD feeding in both genotypes of mice;
however, no statistically significant differences were found
between the two groups. These results indicate that both WT
and RAMP1−/− mice displayed CGRP production in the
DRG to a similar extent in response to HFD feeding.

VEGF-C is a potent activator of lymphatic vessel growth
through VEGFR-3 signaling (28). Accumulating evidence
suggests that VEGF-C plays an important role in maintaining
lacteal integrity (10, 11, 24, 25). Inactivation of VEGFR3
reduces VEGF-C levels and lacteal length (11, 12). Based on
these findings, we determined the expression levels of
lymphatic EC-related genes, including Lyve-1, Vegfr-3, and
Prox1, in the jejunum. The mRNA levels of lymphatic EC-
related genes in HFD-fed WT mice were higher than those in
ND-fed WT and RAMP1–/– mice, whereas those in HFD-fed
RAMP1–/– mice were lower than those in HFD-fed WT mice.
The same was true for the expression of Vegfc, a pro-
lymphangiogenic cytokine; however, no statistically significant

difference in Vegfd mRNA expression was observed between
the groups. These results indicate that short lacteal lengths in
RAMP1–/– mice fed a HFD were accompanied by reduced
expression of VEGF-C and VEGFR3. Thus, inhibiting RAMP1
signaling may reduce the expression levels of lymphatic EC-
related genes and those of a pro-lymphangiogenic promoting
cytokine during HFD feeding, resulting in the suppression of
lacteal growth in response to HFD. In addition to the lacteal
length, the width of lacteals in RAMP1−/− mice fed a HFD
was higher than that in WT mice fed a HFD, which is
consistent with the results of previous studies (27). Because
the VEGF-C/VEGFR3 pathway is suggested to be involved in
regulating the width of lacteals (11, 25), dilation of lacteals in
HFD-fed RAMP1−/− mice is likely mediated by the reduced
expression of VEGF-C and VEGFR3. Further work is required
to understand the underlying mechanisms by which the
deletion of RAMP1 signaling results in lacteal the dilation
during HFD feeding. 

Previously, we have shown that RAMP1 signaling in
cultured bone marrow-derived macrophages is involved in
the production of VEGF-C (19, 23). In the present study,
we demonstrated that F4/80+ macrophages adjacent to
lacteals expressed VEGF-C, which is consistent with other
results indicating that macrophages are a source of VEGF-
C (12). In addition, longitudinal SMCs surrounding the
lacteals have been shown to be sources of VEGF-C (11).
VEGF-C contributes not only to intestinal lymphatic
maintenance but also to lipid absorption. VEGF-C deletion
in mice prevents lacteal growth and attenuates lipid
absorption. Additionally, the inhibition of VEGFR3
signaling decreases lipid absorption and transport, thereby
contributing to the suppression of diet-induced obesity (29,
30). Although the present study demonstrated that HFD-fed
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Figure 4. Expression of lymphatic EC and pro-lymphangiogenic cytokines in wild type (WT) and RAMP1−/− mice after feeding normal diet (ND)
or high-fat diet (HFD). (A) mRNA expression levels of Vegfr3, Prox1, Lyve-1, Vegfc, and Vegfd in the jejunum from WT and RAMP1−/− mice fed
ND or HFD. Data are expressed as the mean±SD. *p<0.05, **p<0.01, and ***p<0.001; NS: Not significant. (B) Immunofluorescence staining for
VEGF-C (green) and F4/80 (red) in the lacteals from WT mice after feeding ND or HFD. Cell nuclei were stained with DAPI (blue). Arrowheads
indicate merged cells. Scale bar: 10 μm.



RAMP1–/– mice exhibited decreased mRNA levels of Vegfc
and Vegfr3 and suppressed lacteal development, as
indicated by shortened lacteal length and enlarged lacteal

width, HFD-fed RAMP1–/– mice did not show impaired
lipid absorption and transport. Rather, our data indicated
that the deletion of RAMP1 signaling in HFD-fed mice

in vivo 38: 160-173 (2024)

169

Figure 5. Uptake of a fluorescent fatty acid in the intestinal villi and circulation at 3 h after oral administration. (A) Representative images of
uptake of the fluorescent long-chain fatty acid tracer BODIPY C16 in intestinal villi of wild type (WT) and RAMP1−/− mice. Scale bars, 100 μm.
(B) Percentage of fluorescence area in the intestinal villi. Data are expressed as the mean±SD from 5 villi in each animal. ***p<0.001; NS: not
significant. (C) Fluorescence intensity in the circulation. Data are expressed as the mean±SD. ***p<0.001. NS: Not significant.



stimulated absorption of an orally administered fluorescent
lipid tracer via lacteals, which led to increased serum levels
of cholesterol and triglycerides. These results suggest that

factors other than decreased levels of VEGF-C and
VEGFR3 expression contribute to increased lipid uptake
and transport in HFD-fed RAMP1–/– mice.
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Figure 6. Button and zipper junctions in lacteals and expression of VEGF-A and its receptors from wild type (WT) and RAMP1−/− mice. (A)
Representative images of VE-cadherin+ (red) junctions of LYVE-1+ (green) lacteals in WT and RAMP1−/− mice fed ND or HFD. Red dashed box
in the right panel indicates VE-cadherin+ (black) lymphatic EC junctions in lacteals of jejunum. Button-like (red arrowheads) and zipper-like (blue
arrowheads) junctions. Right panel is a high-magnification image of the area outlined by the white dashed box. Scale bar: 10 μm. (B) mRNA
expression levels of Vegfa, Vegfr1, and Vegfr2 in the jejunum from WT and RAMP1−/− mice fed ND or HFD. Data are expressed as the mean±SD.
*p<0.05 and ***p<0.001; NS: Not significant.



Cell–cell junctions are essential components of the lacteal
structure and function. Lymphatic ECs are connected by
functionally specialized junctions such as VE-cadherin.
Lymphatic ECs in the initial lymphatics are interconnected by
discontinuous button-like junctions, while the downstream
collecting lymphatics exhibit continuous zipper-like junctions
located at the cell borders with no openings (3). It is known
that the button-like junctions in the initial lymphatics permit
easy access of large molecules to the lymphatic vasculature,
whereas zipper-like junctions prevent their entry into the
lymphatic vessels (31). Regarding the villi of lymphatic
vessels and lacteals, zippering of the lacteals inhibits uptake
of chylomicron and renders mice resistant to diet-induced
obesity (26). Lymphatic vessels with button-like junctions
drain into the lymphatic system faster than lymphatic vessels
with zipper-like junctions (32). In addition to the enlargement
of lacteals, HFD-fed RAMP1–/– mice displayed an increase
in the proportion of discontinuous button-like junctions,
whereas continuous zipper-like junctions were predominant
in HFD-fed WT mice. Thus, the deletion of RAMP1 signaling
may increase the discontinuous-shaped junctions in lacteals.
Consistent with this observation, when a fluorescent lipid
tracer was orally administered, we observed an increase in
fluorescence levels in HFD-fed RAMP1–/– mice as compared
to those in HFD-fed WT mice. These results suggest that the
presence of more discontinuous junctions in the lacteals from
HFD-fed RAMP1–/– mice may increasingly permit transport
of dietary lipids into the lacteals to promote lymph transport
of dietary lipids to the circulation. 

Uptake of chylomicron via lacteals is regulated by
dynamic changes in cell–cell junctions through VEGF-
A/VEGFR-2 signaling pathway. Zippering of the lacteal
junctions suppresses chylomicron uptake and prevents diet-
induced obesity in mice (26). High levels of VEGF-A induce
lymphatic ECs in lacteals to form zipper-like junctions,
thereby preventing chylomicron passage (26, 33). As stated
above, the current study suggested that the predominant
appearance of button-like junctions in HFD-fed RAMP1–/–
mice might allowed the entry of more lipids into the lacteals
than the predominant appearance of zipper-like junctions in
HFD-fed WT mice. The present study also revealed
upregulated expressions of VEGF-A and VEGFR2 in the
small intestine of HFD-fed WT mice compared to HFD-fed
RAMP1–/– mice, suggesting that VEGF-A/VEGFR2-induced
lacteal zippering via RAMP1 signaling in WT mice inhibits
the excessive uptake of dietary lipids. Further studies are
needed to examine whether RAMP1 signaling contributes to
the transition from buttons to zipper junctions in lacteals by
enhancing the VEGF-A/VEGFR2 pathway under conditions
of suppressed bioavailability of VEGFR1. 

Enteric neurons are closely associated with lacteals. Our
data demonstrated that CGRP nerve fibers are abundantly
distributed in the intestinal villi. CGRP nerve fibers surround

lacteals and SMCs. Furthermore, in vivo microscopic studies
have demonstrated that lacteals do not simply act as passive
conduits; instead, longitudinal SMCs surrounding the lacteals
promote the drainage of absorbed fat by actively contracting
and squeezing adjacent lacteals in response to the autonomic
nervous system (34). As CGRP negatively regulates the
movement of gastric SMCs (35), it is likely that inhibiting
RAMP1 signaling in SMCs is involved in active contraction
of lacteals, leading to the promotion of the transport of
absorbed dietary fats. The precise interaction between
RAMP1 signaling and SMCs along lacteals during HFD
feeding remains to be elucidated. 

The current study has several limitations. First, our study lacks
data on food intake and energy expenditure from RAMP1–/– and
WT mice. It is reported that the CGRP/RAMP1 signaling
pathway promotes food intake and energy expenditure, which
would induce obesity (36, 37). Second, the present results do not
include any information from obese patients. 

Conclusion

This study demonstrated that HFD-induced obesity in
RAMP1–/– mice resulted in suppressed lymphatic vessel
growth as indicated by decreased levels of lymphatic vessel
markers, including VEGFR3, LYVE-1, and Prox1, which are
critical lymphangiogenesis reporters on lymphatic ECs, as
well as pro-lymphatic stimulating factors, including VEGF-C.
Deletion of RAMP1 signaling stimulates uptake and transport
of dietary fats through the discontinuous junctions of lacteals,
which would lead to excessive obesity. Specific activation of
RAMP1 signaling may represent a target for the therapeutic
management of diet-induced obesity and metabolic disorders
through regulation of lipid transport by lacteals. 
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