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Lack of alpha CGRP exacerbates
the development of atherosclerosis
in ApoE-knockout mice

Narumi Hashikawa-Hobara"’, Shota Inoue & Naoya Hashikawa

The effects of calcitonin gene-related peptide (CGRP) on atherosclerosis remain unclear. We used
apolipoprotein E-deficient (ApoE~) mice to generate double-knockout ApoE~"":CGRP~~ mice

lacking alpha CGRP. ApoE~":CGRP'~ mice exhibited larger atherosclerotic plaque areas, peritoneal
macrophages with enhanced migration functions, and elevated levels of the inflammatory cytokine
tumor necrosis factor (TNF)-a. Thus, we also explored whether inhibiting TNF-a could improve
atherosclerosis in ApoE~"":CGRP~- mice by administering etanercept intraperitoneally once a week
(5 mg/kg) alongside a high-fat diet for 2 weeks. This treatment led to significant reductions in aortic
root lesion size, atherosclerotic plaque area and macrophage migration in ApoE":CGRP~~ mice
compared with mice treated with human IgG (5 mg/kg). We further examined whether results
observed in ApoE--:CGRP~'~ mice could similarly be obtained by administering a humanized
monoclonal CGRP antibody, galcanezumab, to ApoE~'- mice. ApoE~"~ mice were subcutaneously
administered galcanezumab at an initial dose of 50 mg/kg, followed by a dose of 30 mg/kg in the
second week. Galcanezumab administration did not affect systolic blood pressure, serum lipid levels,
or macrophage migration but led to a significant increase in lipid deposition at the aortic root. These
findings suggest that alpha CGRP plays a critical role in inhibiting the progression of atherosclerosis.

Calcitonin gene-related peptide (CGRP), a potent vasodilator’, is a 37-residue amino acid produced by alternative
splicing of the calcitonin gene?. There are two types of CGRP, aCGRP and PCGRP. The gene name for aCGRP
in mice is ’Calca’, which codes for the alpha calcitonin-related peptide®*. Throughout the present study, we have
uniformly used the term CGRP to maintain consistency. CGRP is involved in detection by central and peripheral
capsaicin-sensitive nerves and has a pivotal role in regulating peripheral vascular tone>®. Additionally, CGRP
plays an anti-inflammatory role in immune reactions by inhibiting lipopolysaccharide (LPS)-induced release of
interleukin (IL)-1p and tumor necrosis factor (TNF)-a in osteoblasts”. A study of mice deficient for a component
of CGRP receptors (receptor activity-modifying protein 1, RAMP17") demonstrated the involvement of CGRP
receptors in regulation of proinflammatory cytokine production®. Furthermore, exogenous administration of
CGRP reportedly inhibits infiltration of macrophages and expression of various inflammatory mediators, such
as nuclear factor kappa B (NF-«B), IL-1f, TNF-a, inducible nitric oxide synthase, matrix metalloproteinase 9,
and intercellular adhesion molecule 1, thus attenuating the consequences of inflammation’-!.

Atherosclerosis is considered a chronic and progressive inflammatory disease that largely depends on mac-
rophages to promote inflammation'?. Previous studies show that transient receptor potential vanilloid subfamily
member 1 (TRPV1), which can promote release of CGRP, inhibits inflammation by activating phosphatidylino-
sitol 3 kinase (PI3K)/Akt signaling and suppressing activation of NF-kB'*!*. Although accumulating evidence
suggests that CGRP has a protective effect against inflammation, how CGRP is involved in atherosclerotic lesions
is less well understood. To define the precise role that CGRP plays in atherogenesis, we used a newly generated
double-knockout mouse line in which both CGRP and apolipoprotein E (ApoE) are deleted. These mice were fed
a high-fat diet (HFD) and analyzed for atherosclerotic lesion formation and peritoneal macrophage functions.
In addition, we evaluated whether a TNF-a inhibitor previously reported to have beneficial effects in subclini-
cal atherosclerosis'® would be effective in preventing the progression of atherosclerosis in our double-knockout
mice. Moreover, we examined whether administration of a humanized IgG4 monoclonal antibody that to binds
CGRP (galcanezumab) to ApoE-knockout (ApoE~'") mice could affect atherosclerotic lesions and peritoneal
macrophage functions.
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Figure 1. CGRP deficiency is associated with increased atherosclerotic lesion area. (a) Administering a high-fat »
diet (HDF) for 10-week to C57BL6]J, ApoE~~, CGRP~'~ or ApoE~:CGRP~'~ mice and evaluating atherosclerotic
lesions. (b) Representative photomicrographs of aortic lesions stained with Oil Red O. (c) Quantification of
atherosclerotic lesions in the aortic arch by Oil red-O staining from wild-type mice (n=13), apolipoprotein
E-deficient (ApoE~'~) mice (n=12), CGRP~'~ mice (n=4), and ApoE~'~:CGRP~~ mice (n=10) fed a high-fat diet
(HFD) for 10 weeks. (d) Quantification of atherosclerotic lesions in the thoracic aorta. (e) Quantification of
atherosclerotic lesions in the abdominal area of aorta. Scale bar indicates 2 mm. (f) Photomicrographs of aortic
sinus lesions from mice fed a HFD for 10 weeks with Oil Red O staining. (g) Eight-week-old mice were fed a
HED for 1 week before the peritoneal macrophage assay was performed. (h) Numbers of adherent peritoneal
macrophages after a 10-min period in 2-cm dishes. (n=>5 wild-type mice, n=8 ApoE~~ mice, n=8 CGRP~
mice, and n=4 ApoE":CGRP~~ mice). (i) Representative photomicrographs showing migration of peritoneal
macrophages into a scratch wound in a monolayer. Cells were observed immediately or 24 h after the scratch.
Scale bar indicates 250 pm. (j) Migration of peritoneal macrophages in 96-well plate. (n =6 wild-type mice,

n=5 ApoE~~ mice, n=6 CGRP~~ mice, and n=4 ApoE~'~:CGRP~~ mice). (k) Quantitative real-time RT-PCR
analysis showing levels of Thfa (n=10 ApoE™~ mice, n=9 ApoE”:CGRP~'~ mice, p=0.0271) and II6 (n=10
ApoE~'~ mice, n=9 ApoE”'~:CGRP~'~ mice, p=0.1198) in mice peritoneal macrophages. Each bar indicates

the mean + SEM. *p <0.05. Two-way ANOVA multiple comparisons with Tukey’s post hoc test. If a statistical
interaction was observed between factors, comparison of all four groups was performed by Tukey’s post hoc test.
Welch’s t-test (k).

Results

CGRP deficiency exacerbates atherosclerosis in ApoE knockout mice

To evaluate the impact of CGRP on atherosclerosis, we compared lesion sizes in the aortas of wild-type, CGRP™'~,
ApoE~"~ and ApoE~'~:CGRP~'~ mice following chronic HFD treatment. All groups were subjected to a HFD
beginning at 5 weeks of age and continuing for 10 weeks (Fig. 1a). Using Oil Red O staining, we analyzed
lesion development in the aortic arch of each mouse group. Our findings indicate that extensive atherosclerotic
lesions occurred in both ApoE~~ and ApoE~":CGRP~~ mice after 10 weeks of HFD exposure (Fig. 1b). We
divided the Oil Red O-staining aorta into three parts segment: the arch area, thoracic area, and abdominal area.
Notably, the average size of plaques in the aortic arch areas of the ApoE~~:CGRP~'~ group was approximately
1.4 times larger than that in the ApoE~~ group (Fig. 1c). Furthremore, plaque development was observed in the
arch area of CGRP~'~ mice, which was greater than in the thoracic area and abdominal area (Fig. 1c-¢). How-
ever, the lesion sizes in both the thoracic and abdominal areas are almost same when comparing ApoE~/~ and
ApoE~~:CGRP™~ group (Fig. 1d,e). An increase in lipid deposition in the arch area was observed in CGRP~~ mice
and ApoE~":CGRP~~ mice, suggesting that CGRP plays a role in the development of atherosclerosis. Analy-
sis of hematoxylin and Oil Red O-staining sections showed an increase in atherosclerotic plaque size in both
ApoE~"~ and ApoE~":CGRP~'"~ group (Fig. 1f). Building on our findings that CGRP depletion induces athero-
sclerosis, we further explored the functional role of peritoneal macrophages in this process. Consequently, we
switched to administering a high-fat diet for one week to assess macrophage function, as we determined that
evaluating their function would be too late after 10 weeks of treatment, by which time atherosclerosis would have
fully progressed. Given the pivotal role of macrophage foam cell formation in the early stages of atherosclero-
sis, as outlined by Glass et al.'s, we hypothesized that macrophage functions might be altered in the context of
early-stage atherosclerosis induced by HFD. To test this, we administered a 1-week HFD to wild-type, CGRP™'~,
ApoE~'~ and ApoE~'~:CGRP~'~ mice, anticipating the onset of early pathological changes associated with ath-
erosclerosis (Fig. 1g). Initial experiments focused on macrophage adherence, where we observed no significant
difference between the groups (Fig. 1h). Subsequently, we employed a scratch wound assay to assess macrophage
migration. Macrophages from both groups of mice fed a 1-week HFD demonstrated migration into the cell-free
area (Fig. 1i), with the response in CGRP-deficient mice being approximately 1.7 times that of the control group
(Fig. 1j). To further understand the impact of CGRP deficiency on inflammatory responses, we quantified mRNA
expression levels of inflammatory markers Trfa and II6 in the peritoneal macrophages of these mice. Our findings
demonstrate a marked elevation in Thfa expression levels but not 116 levels in ApoE”:CGRP~'~ mice (Fig. 1k).

Influence of CGRP on RAW 264.7 macrophage function and cytokine levels

Following our observation of increased migratory functions in CGRP-deficient peritoneal macrophages, we
investigated the impact of exogenous CGRP on macrophage functionality using the mouse macrophage cell line
RAW 264.7. Our study reveals that CGRP treatment did not significantly affect cell adherence (Fig. 2a). However,
a dose-dependent decrease in macrophage migration was observed following treatment with CGRP at concen-
trations of 50 nM and 100 nM compared with the control group (0 nM) (Fig. 2b). Additionally, we observed a
significant reduction in Tnfa mRNA expression levels in RAW 264.7 cells treated with 100 nM CGRP, whereas
116 levels remained unchanged (Fig. 2c).

TNF-a inhibitor etanercept reduces the progression of atherosclerosis in ApoE-:CGRP~~ mice
Given the notably elevated Tifa mRNA levels in peritoneal macrophages of ApoE~~:CGRP~'~ mice and observed
reduction of Tnfa following CGRP administration, we next evaluated the therapeutic potential of the TNF-a
inhibitor etanercept during early progression of atherosclerotic lesions. To evaluate the impact of etanercept
on atherosclerosis, we needed to determine the duration of high-fat diet administration. Previous reports have
indicated that chronic treatment with etanercept alone does not affect lipid deposition in LDL receptor-knockout
mice 7, leading us to explore earlier stages of the condition. The results in Fig. 1i showed a significant increase
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in TNFa due to CGRP deficiency after one week of high-fat diet, so we initially administered the diet for one
week. However, since no lipid deposition was observed in the aortic arch, we extended the administration to two
weeks, at which point lipid deposition was observed (Fig. 3a). Therefore, we decided to conduct the evaluation
of the early effects of the drug on atherosclerosis with two weeks of high-fat diet administration (Fig. 3b). After
2 weeks of etanercept administration, we observed no significant changes in serum lipid profiles [including total
cholesterol and low-density lipoprotein (LDL) cholesterol] compared with the human IgG-administered control
group (Fig. 3c). Analysis of Oil Red O-stained sections showed a decrease in atherosclerotic plaque size following
etanercept treatment (Fig. 3d). To conduct a more detailed analysis, we divided the aorta into three segments.
We observed no significant changes in the arch area (Fig. 3e). In the thoracic area, there was a tendency for a
decrease following etanercept treatment (Fig. 3f). However, a substantial reduction in the size of atherosclerotic
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Figure 2. Effects of CGRP treatment on RAW 264.7 mouse macrophage cell line. (a) Number of adherent
RAW 264.7 macrophages with CGRP administration (0,10, 50, and 100 nM, n=38, 10, 9 and 9 respectively), F(3,
32)=0.6382. (b) Migration of RAW 264.7 macrophage cell line in 96-well plate with CGRP administration (0,
10, 50, and 100 nM, n=5, 5, 6 and 6 respectively), F(3, 18) =8.942. (c) Quantitative real-time RT-PCR analysis
showing levels of Tnfa (0, 50, and 100 nM, n=8, 7 and 9 respectively, F(2, 21)=3.187) and II6 (0, 50, and

100 nM, n=9, 8 and 10 respectively, F(2, 24) =2.426). Each bar indicates the mean+ SEM. *p <0.05, **p <0.01.
One-way ANOVA with Tukey’s test.

plaques was noted in the abdominal area (Fig. 3g). Additionally, ApoE~":CGRP~'~ mice treated with etanercept
displayed a marked reduction in the extent of plaques in the aortic root (Fig. 3h,i). To further understand the
effect of TNF-a on macrophage migratory functions, a scratch wound assay was employed. The results indicate
a significant reduction in macrophage migration in ApoE~/":CGRP~'~ mice treated with etanercept (Fig. 3j).

Effects of CGRP inactivation using galcanezumabin ApoE~"-mice on atherosclerosis progression
Given the exacerbated atherosclerosis phenotype of ApoE”~:CGRP~'~ mice, we further investigated whether
inactivation of CGRP via administration of the humanized monoclonal CGRP antibody galcanezumab to
ApoE~'"~ mice would yield similar outcomes (Fig. 4a). Initially, to determine whether administration of the CGRP
antibody affected systemic blood pressure in mice, we conducted weekly blood pressure measurements. No sig-
nificant change in systolic blood pressure was observed compared with the IgG-treated control group (Fig. 4b).
Following 2 weeks of galcanezumab treatment, we detected no notable changes in serum lipid profiles, including
total cholesterol and LDL cholesterol, compared with the human IgG-administered group (Fig. 4c). Analysis of
Oil Red O-stained sections showed a decrease in atherosclerotic plaque size following galcanezumab treatment
(Fig. 4d). To conduct a more detailed analysis, we divided the aorta into three segments. We observed no signifi-
cant changes in the arch area, thoracic area and abdominal area (Fig. 4e-g). However, in the thoracic area, there
was a tendency for a increase following galcanezumab treatment (Fig. 4f). Additionally, both plaque areas and
macrophage functions in the aortic root showed a slight increase following galcanezumab treatment (Fig. 4h-j).
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Figure 3. Etanercept treatment attenuates atherosclerotic lesions in ApoE~~:CGRP~~ mice. (a) Administering a high-fat
diet (HDF) to ApoE~'~ mice and evaluating time-dependent lipid deposition at the aortic root with Oil Red O staining.

(b) Eight-week-old ApoE”~:CGRP~~ mice were fed a HFD for 2 weeks and human IgG or etanercept (5 mg/kg) was
administered intraperitoneally once a week. (c) Serum levels of total (p=0.1081) and LDL (p=0.116) cholesterol after 2-week
treatment (n=8 IgG, n=9 etanercept). (d) Representative photomicrographs of aortic lesions stained with Oil Red O from
ApoE~=:CGRP~~ mice. Scale bar indicates 2 mm. (e) Quantification of Oil Red O-stained plaque areas in the aortic arch
(n=5IgG, n=8 etanercept, p=0.118). (f) Quantification of Oil Red O-stained plaques in the thoracic area (n=5IgG, n=8
etanercept, p=0.0801). (g) Quantification of Oil Red O-stained plaques in the abdominal area (n=5 IgG, n=8 etanercept,
p=0.0306). (h) Photomicrographs of aortic sinus lesions from ApoE”:CGRP~'~ mice. Scale bar indicates 500 pm. (i) Oil Red
O-stained atherosclerotic plaques are quantified (n=4 IgG, n=9 etanercept, p=0.0192) (j) Migration of mouse peritoneal
macrophages (n=6 IgG, n=9 etanercept, p=0.0353). Each bar indicates the mean + SEM. *p <0.05, Welch’s t-test.
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Figure 4. Effects of galcanezumab treatment on atherosclerotic lesions in ApoE~'~ mice. (a) Eight-week-old mice were fed

a high-fat diet (HFD) for 2 weeks and human IgG or galcanezumab were administered subcutaneously at an initial dose of
50 mg/kg, followed by a dose of 30 mg/kg in the second week. (b) Changes in systolic blood pressure and (c) serum levels of
total (p=0.2882) and LDL cholesterol (p=0.7442) after 2-week treatment (n=6 IgG, n=9 galcanezumab). (d) Representative
photomicrographs of aortic lesions stained with Oil Red O from ApoE~"~ mice. Scale bar indicates 2 mm. (e) Quantification
of Oil Red O-stained plaque areas in the aortic arch (n=7 IgG, n=13 galcanezumab, p=0.5577). (f) Quantification of Oil Red
O-stained plaques in the thoracic area (n="7 IgG, n=13 galcanezumab, p=0.0849). (g) Quantification of Oil Red O-stained
plaques in the abdominal area (n=7 IgG, n=13 galcanezumab, p=0.7882). (h) Photomicrographs of aortic sinus lesions
from ApoE~~ mice. Scale bar indicates 500 pm. (i) Oil Red O-stained atherosclerotic plaques are quantified (n=8 IgG, n=10
galcanezmab, p=0.1952) (f) Migration of mouse peritoneal macrophages. (n="7 IgG, n=13 galcanezmab, p=0.451). Each bar
indicates the mean + SEM. *p <0.05 Two-way analysis of variance followed by SidaK’s post-test (b). Welch’s t-test (c—j).
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Discussion

The primary goal of this study was to determine whether deletion of CGRP significantly alters atherosclerosis
in ApoE-knockout mice. We observed that CGRP deficiency exacerbates atherosclerosis in ApoE~~ mice. Addi-
tionally, we found that CGRP suppressed Tnfa expression in RAW 264.7 macrophages. The TNF-a inhibitor
etanercept reduced the progress of atherosclerosis. Recent studies similarly demonstrated that LPS-induced
release of TNF-a was inhibited by CGRP treatment in RAW 264.7 macrophages'® and inhibits inflammation®.
Thus, CGRP is considered an important neuropeptide that can reduce excessive inflammation.

A previous study reported that exogenous CGRP influences pro-inflammatory cytokines in the RAW 264.7
macrophage cell line, noting upregulation of IL-1p, TNF-a, and IL-6 but not IL-10 levels following exposure
to LPS™. In our current study, we ascertained that neither CGRP deficiency nor its administration significantly
alters the level of 116, although substantial changes were observed in Tnfa levels. These findings indicate that
the influence of CGRP on IL-6 expression is relatively minor. Predominantly produced by macrophages and
certain lymphocytes, TNF-a plays a pivotal role in regulating inflammatory responses, infection defense, and
cellular apoptosis. Moreover, its involvement in macrophage proliferation makes it a significant contributor to
atherogenesis®. Elevated TNF-a levels in the blood of older adults have been correlated with increased ath-
erosclerosis prevalence?'. In addition, TNF-a has been identified as a regulator of premature atherosclerosis in
children with thalassemia, highlighting its role in arteriosclerosis irrespective of age?’. Previous studies present
conflicting findings regarding the role of TNF-a in atherosclerosis. Administration of etanercept to 60-week-old
LDL receptor-knockout mice for 12 weeks did not result in plaque reduction'”. However, treatment of 6-week-
old K/BxAg7 mice, a model for arthritis/atherosclerosis, with etanercept for 13 weeks showed improvement of
atherosclerosis®. These discrepancies might be attributable to the age of mice used in the studies. In our research,
we administered etanercept to 8-week-old mice for a period of 2 weeks. Our findings suggest that etanercept may
be more effective in early-stage lesions rather than chronic inflammatory conditions, whereby atherosclerosis
progresses rapidly. We also demonstrated that in vitro, CGRP suppresses Tnfa production by both peritoneal
macrophages and RAW 264.7 cells. Ma et al. previously reported that 100 nM CGRP suppressed TNF-a in RAW
264.7 cells with or without LPS stimulation'®, consistent with our results.

Macrophages are well recognized as key regulators in the formation of atherosclerotic plaques . The pre-
sent study provides direct evidence that CGRP deficiency enhances macrophage migration and exacerbates
atherosclerotic lesions in ApoE™~ mice. Previous research showed that attenuating macrophage migration can
ameliorate atherosclerosis, particularly when targeting specific factors. For instance, neuropeptide Y deficiency
reportedly increases macrophage migration via matrix metalloproteinase 8 (MMP8), contributing to plaque
formation®. Additionally, Erk1/2 inhibitors® and the plant-based flavonoid alpinetin have been observed to
inhibit macrophage migration, with the latter slowing atherosclerosis progression in ApoE™~ mice?*. CGRP
reportedly inhibits the Erk1/2 signaling pathway, thereby reducing vascular smooth muscle cell proliferation and
migration”. Additionally, TNF-a increases Erk1/2 levels in endothelial cells*® and induces Erk1/2 regulation in
neonatal necrotizing enterocolitis model cells?’. Therefore, we propose that CGRP could suppress macrophage
migration by inhibiting the Erk1/2 pathway, thereby reducing TNF-a activity. However, further studies are
necessary to confirm this hypothesis and fully understand the underlying molecular interactions.

Galcanezumab, a humanized IgG4 monoclonal antibody targeting CGRP, received United States Food and
Drug Administration approval for migraine treatment in 2018. Our study found that galcanezumab seems to
exacerbate early atherosclerotic lesions in ApoE™~ mice, marking this as the first study to explore its impact
on atherosclerosis development. Similarly, a recent study identified increased risk for myocardial infarction in
patients treated for 11 months with erenumab, another monoclonal antibody for CGRP*’. However, in clinical
trials, 6-month treatment with galcanezumab produced no significant changes in blood pressure, pulse, or elec-
trocardiogram parameters®'. Consistently, our findings indicate no significant change in systolic blood pressure
with galcanezumab administration in ApoE~'~ mice, aligning with previous clinical data. Studies of blood pressure
in mouse models with permanent deletion of the CGRP gene are still debatable. Lu et al. reported that a CGRP-
lacking mice exhibit similar levels of cardiovascular function (including blood pressure) as control mice®. In
contrast, Gangula et al. showed that a CGRP-deletion mice had higher blood pressure than wild-type mice®.
Notably, the method for blood pressure measurements was different in each study. Increased blood pressure
in CGRP-deficient mice was measured by a catheter inserted into the carotid artery or a noninvasive tail cuff
system*>**, while normotensive studies performed measurement by carotid or femoral artery catheterization
and tail cuff *°>%. Our study used tail cuff and obtained normal blood pressure measurements in ApoE~'~ mice
treated with galcanezumab. A previous study of blood pressure during temporary suppression of CGRP by
administration of the CGRP receptor antagonist CGRP8-37 to normotensive rats did not change mean arterial
pressure’’. In contrast, CGRP8-37 administration to deoxycorticosterone-salt hypertensive or pregnant rats
significantly increased blood pressure®”*. Although the function of CGRP on blood pressure regulation is still
debatable, we speculate that CGRP depletion does not necessarily increase blood pressure, although CGRP might
play a compensatory role to attenuate high blood pressure.

This study did have some limitations. The primary issue concerned the impact of CGRP deficiency on the
quantity of macrophages within lesions. It is crucial to determine whether genetic deficiency of CGRP, produced
by macrophages, influences macrophage levels. Additionally, the effects of CGRP deficiency on macrophages
could be more precisely assessed by evaluating various parameters, such as chemotactic stimuli using a Boyden
chamber and adhesion to endothelial cell monolayers.

The role of CGRP in atherosclerosis appears complex. Atherosclerosis progression involves inflammation and
CGRP may have the potential to suppress this inflammatory process. In the present study, we demonstrated that
the absence of CGRP could induce the progression of atherosclerosis. While there is still limited literature on the
impact of galcanezumab administration on atherosclerosis, further investigation is warranted. At present, it can

Scientific Reports |

(2024) 14:18377 | https://doi.org/10.1038/541598-024-69331-5 nature portfolio



www.nature.com/scientificreports/

be concluded that galcanezumab does not affect blood pressure, but caution is necessary regarding its potential
effects on atherosclerosis.

Methods

Animals

All animal procedures were carried out in accordance with the Guide for the Care and Use of Laboratory Animals
as published by the Japanese Association for Laboratory Animal Science, which fompliant the ARRIVE guidelines
and U.S. National Institutes of Health (NITH) Guide for the Care and Use of Laboratory Animals. All experiments
were approved by the Animal Care and Use Committee of the Okayama University of Science (Authorization
No. 2021-003). According to these guidelines, efforts were made to minimize the number of animals used and
their suffering. A total of 141 male mice were used in this experiment. Mice were housed in groups of four or five
per cage (23.5x35.3x16.0 cm, width xlength x height) with a paper roll for environmental enrichment. Food
[high-fat diet (HFD; F2HFD1, Oriental Yeast Co., Itd, Tokyo Japan) 7.5% cocoa butter, 0.5% cholic acid, 1.25%
cellulose, 1.0% mineral mix, 1.625% cellulose, 0.125% choline chloride, 1.25% cholesterol, 7.5% milk casein,
1.0% vitamin mix, 1.625% sucrose, 1.625% dextrin, 3.0% lard and 72% CRF-1 (standard mouse diet)] and water
were available ad libitum. All animals were housed in the Animal Research Center of Okayama University of
Science at a controlled ambient temperature of 22 °C with 50% + 10% relative humidity and a 12-h light/dark
cycle (lights on at 7:00 AM).

Generation of ApoE~"":CGRP~'- double-knockout mice

CGRP”~ mice on a C57BL/6 background were crossed with ApoE~~ mice on a C57BL/6 background, and F2
mice were genotyped to obtain ApoE~~:CGRP~'~ double-knockout mice homozygous for both the CGRP mutant
allele and the ApoE mutant allele. CGRP'~ mice, which were knockout for the aplaha isoform of CGRP were
obtained from RIKEN Bioresource Research Center (#RBRC04109). To confirm CGRP knockout, tail-tip DNA
was isolated and subjected to PCR as previously published®. For ApoE genotyping, primers used were those
specified by Jackson Laboratories (ME, USA).

Analysis of atherosclerosis

Mice were deeply anesthetized with sodium pentobarbital (100 mg/kg i.p.). After the aorta had been perfused
with 10 mM phosphate-buffered saline (PBS; pH 7.4) via the left ventricle, it was removed by cutting off the minor
branching arteries. After the adventitial and adipose tissue were removed, the aorta was fixed in 10%formalin
for 20 min. After washing with PBS, aortas were cut open longitudinally and stained with Oil Red O. The extent
of atherosclerosis in the aorta was quantified by using Image] software (National Institutes of Health). Both the
acquisition of aortic images and analysis of lesion areas were performed in a blinded manner.

Histological analysis
The heart was explanted and fixed in 10% formalin. After PBS wash, the hear was embedded in O.C.T.compund
(Sakura Finetek, Tokyo, Japan). Serial sections of the aortic root were mounted on slides. Sections (10 um)
were air-dried and Hematoxylin and Oil Red O-stained for analysis to observe the lipid accumulation changes.
Following stained, sections were cover-slipped and observed under an optical microscope (Olympus IX50,
Olympus, Tokyo, Japan).

Biochemistry

Blood samples were collected from the cardiac puncture under light anesthesia (isoflurane). Samples were centri-
fuged at 4 °C and the resulting serum was stored at — 65 °C until assayed for cholesterol levels. Levels of total (TC)
and LDL (LDL-C) cholesterol in serum were measured by outsourcing the analysis to Fujifilm WAKO Chemicals.

RNA extraction

Total RNA was extracted from macrophages, placed in RNAlater (Life Technologies Co., Tokyo, Japan), and
stored at— 30 °C, in accordance with a previous report*’. Primer sequences (Table 1) were designed by the authors.
The threshold cycle values for target genes tumor necrosis factor a (Tnfa) and interleukin 6 (I16), as well as the
internal control gene (actin, Actb) were determined.

Cell culture

Peritoneal macrophages of mice were collected by peritoneal lavage. Mice were euthanized with pentobarbital-
Na (50 mg/kg) before the collection of macrophages. About 30 mice were used to isolate macrophages, with
1x 107 cells collected from each mouse. RAW 264.7 macrophages (American Type Culture Collection, Summit

Forward Reverse

Tnfa | AGTTCTATGGCCCAGACCCT CACTTGGTGGTTTGCTACGA

Ile CTGGAGTACCATAGCTACCTGGA | GTATCTCTCTGAAGGACTCTGGC

Act GGTCAGAAGGACTCCTATGTG GGTGTGGTGCCAGATCTTCTCC

Table 1. Oligonucleotide sequences for real-time PCR amplification.
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Pharmaceuticals International Corporation, Japan) and primary macrophages were cultured in Dulbecco’s Modi-
fied Eagle Medium (DMEM; Gibco Invitrogen, Tokyo, Japan) containing 10% fetal bovine serum (FBS, Gibco
Invitrogen), 100 U/mL penicillin, and 100 pg/mL streptomycin (Gibco Invitrogen). Cells were maintained at
60%-70% confluency at 37 °C in a humidified incubator with 5% CO, and air. Throughout the experiments, all
efforts were made to minimize suffering.

Macrophage migration assay

A macrophage migration assay was performed according to previous reports*'. One day after plating peritoneal
macrophages in a 96-well culture plate (1 x 10 cells), the monolayer was scratched with a sterile 200-pL pipette
tip and cells were incubated for a further 24 h to allow for migration into the cell-free area. We counted all cells
in the scratch region at 0 (just after scratch) and 24 h. Obtained data were calculated as number of migrated
cells = (number of cells at 24 h—number of cells at 0 h)/ border of the scratch (cm). RAW 264.7 macrophages
were seeded at a density of 1x 10° cells in 24-well culture plates. After 24 h, the media was changed to DMEM
containing 1% FBS and 10 pg/mL mitomycin C. Subsequently, the monolayer was scratched and cells were treated
CGRP (0, 10, 50 and 100 nM) for 24 h. The medium was replaced every day with CGRP.

Adhesion assay

The adhesion assay used a protocol modified from a previously reported method*>. Peritoneal macrophages or
RAW 264.7 macrophages were placed at a density of 1 x 10° cells in 40-mm culture dishes and allowed to attach
for 10 min. Thereafter, the wells were washed with PBS and cells that attached were detached by 0.05% trypsin
and counted.

Drug treatments

To investigate the effects of TNF-a, we administered etanercept (Pfizer Japan Inc.) or normal human IgG (Fuji
Film WAKO Japan) at a dose of 5 mg/kg intraperitoneally once a week for 2 weeks to ApoE~":CGRP~'~ mice. To
evaluate the efficacy of a CGRP antibody, we used galcanezumab. During the first week of drug administration,
50 mg/kg of galcanezumab (Eli Lilly Japan K.K.) or human IgG was subcutaneously administered to ApoE™~ mice;
the following week, 30 mg/kg was administered subcutaneously*.

Statistical analysis

All data are expressed as the mean + standard error of the mean (SEM). GraphPad Prism 10 software (GraphPad
Software Inc., San Diego, CA, USA) was used for all statistical analyses. Comparisons between two values were
analyzed using Welch’s t-test. Analysis of variance (ANOVA) followed by Tukey’s multiple comparison test was
used to determine statistical significance where appropriate. Two-way ANOVA was also performed when com-
paring four values. If there was a significant difference in the interaction between groups, Tukey’s post hoc test
was used to compare all groups. When performing a comparison of time series, we used SidaK’s post-test. A p
value <0.05 was considered statistically significant.

Data availability

Numerical source data for figures can be found in Supplementary Data 1.
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