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Endothelial senescence drives intrinsic
skin aging via the neuroimmune CGRP-
mast cell axis in mice
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Aging is accompanied by progressive vascular dysfunction, but its effects on skin aging remain poorly
understood. Although endothelial cell (EC) senescence is implicated in various age-related diseases,
its specific role in dermal aging remains unclear. Here we show that EC senescence contributes to
intrinsic skin aging through immune dysregulation. Using an EC-specific senescent mousemodel, we
observe mast cell activation driven by the neuropeptide calcitonin gene-related peptide (CGRP),
independent of traditional IgE-mediated pathways. Senescent ECs secreted pro-inflammatory
senescence-associated secretory phenotype (SASP) factors, activating dermal neurons to produce
CGRP, leading to mast cell degranulation and subsequent skin aging phenotypes. Pharmacological
stabilization of mast cells or inhibition of the EC-SASP-CGRP pathway significantly attenuate dermal
thinning, collagendegradation, anddelayedwoundhealing,which are hallmarks of intrinsic skin aging.
These findings identify vascular senescence as an upstream regulator of skin aging through a
neuroimmunemechanismand suggest potential therapeutic targets for age-related skin deterioration.

Aging is an inevitable biological process characterized by a progressive
decline inorganand tissue function1.Thevascular systemplays a crucial role
in systemic aging by regulating oxygen and nutrient delivery, immune
surveillance, and tissue repair2,3. Endothelial cells (ECs), lining the inner
surfaces of blood vessels, are particularly vulnerable to senescence, a state of
irreversible cell cycle arrest triggered by telomere dysfunction, oxidative
stress, and chronic inflammation3–5. Senescent ECs secrete a senescence-
associated secretory phenotype (SASP), a pro-inflammatory mix of cyto-
kines, chemokines, and matrix-degrading enzymes that disrupt tissue
homeostasis andpropagate senescence4–9. AlthoughECsenescencehas been
implicated in age-related pathologies such as neurodegeneration, metabolic
disorders, and pulmonary dysfunction, its contribution to skin aging
remains poorly understood10–12.

Skin aging is classified into two distinct types: extrinsic aging, driven
primarily by environmental stressors such as ultraviolet (UV) radiation and
pollution, and intrinsic (chronological) aging, mediated largely by genetic,
metabolic, and vascular factors13–15. While extrinsic aging manifests as
epidermal hyperplasia, elastosis, and pigmentation, intrinsic aging is char-
acterized by dermal thinning, collagen degradation, and impaired wound

healing16,17. Given the high vascular density within the dermis, micro-
vascular dysfunction may contribute significantly to intrinsic skin aging by
disrupting tissue homeostasis18,19. However, the precise molecular
mechanisms underlying the relationship between vascular dysfunction and
intrinsic skin aging remain unknown.

Additionally, aging is associatedwith chronic low-grade inflammation,
termed “inflammaging,” which contributes to immune system
dysregulation20,21.Mast cells, key components of the innate immune system,
are abundant in the dermis and essential for tissue remodeling, wound
healing, and allergic inflammation22,23. Although mast cell degranulation is
well-established in UV-induced extrinsic skin aging, its role in intrinsic
aging remains largely unexplored despite evidence of increased mast cell
activation in aged skin24,25. Notably,mast cells can be activated throughnon-
IgE-dependentpathways, suggesting alternativemechanismsmaybe critical
in aging skin26–29.

In the present study, we investigated whether vascular endothelial
senescence contributes to intrinsic skin aging via immune dysregulation,
specifically throughmast cell activation.UsingEC-specific progeroidmouse
models, we demonstrated that senescent ECs disrupt dermal immune
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homeostasis through a novel vascular-neuroimmune signaling axis. We
identified a mechanism whereby senescent EC-derived SASP factors acti-
vate dermal neurons, increasing secretion of calcitonin gene-related peptide
(CGRP), which subsequently triggers mast cell degranulation and accel-
erates skin aging. Furthermore, pharmacological inhibition of mast cell

activation or CGRP signaling significantly mitigated skin aging markers,
reinforcing the importance of this pathway. These findings establish a direct
mechanistic link between vascular aging, neuroimmune activation, and
intrinsic skin aging, highlighting potential therapeutic targets formitigating
age-related skin deterioration.

https://doi.org/10.1038/s42003-025-09097-2 Article

Communications Biology |          (2025) 8:1696 2

www.nature.com/commsbio


Results
Vascular senescence alters dermal morphology and impairs
wound healing
Our laboratory recently generated mice overexpressing a dominant-
negative form of telomeric repeat-binding factor 2 (TRF2DN) under the
control of vascular endothelial cadherin (VE-cadherin; VEcad) promoter to
specifically induce EC senescence. Previously, we demonstrated senescent
EC presence in the lungs, leading to exacerbated pulmonary hypertension,
and in adipose tissue, resulting in impaired metabolic regulation10,12. To
verify EC senescence in the skin, we assessed senescence markers using
immunostaining. Co-localization of Isolectin-B4, a marker for micro-
vascular ECs, with phospho-H2AX, indicating senescence-associated DNA
damage, confirmed endothelial senescence in dermal tissues of Tg mice
(Fig. 1A). Additional co-localization studies using alternative endothelial
markers, CD31 and p19 as cell-cycle arrest marker, further supported the
EC-specific senescence in Tg mice (Fig. 1A).

Considering previous reports that vascular endothelial senescence
induces aging in various organs10, we hypothesized that similar-associated
changesmayalsooccur in the skin10. To test this hypothesis,we assessed skin
aging phenotypes through analyses of morphology, collagen content, and
wounding healing capacity. First, we used a skin punch biopsy model and
observed wounds in Tg mice remained prominent at a time point when
corresponding wounds in WT mice were almost healed (Fig. 1B). Quanti-
tative analysis confirmed a significantly reduced wound healing rate in Tg
mice relative to WT counterparts (Fig. 1C).

Next, we performedhistological analysis to examine structural changes
in the skin. Thedermoepidermal junction (DEJ) indorsal skin samples from
Tg mice at 10 and 40 weeks of age appeared notably flatter that in age-
matched WT controls, as quantitatively reflected by significantly reduced
DEJ surface areas (Fig. 1D, E). Masson’s trichrome staining and a sig-
nificantly thinner dermal layer in the skin of EC-progeria mice (Fig. 1F, G).
In linewith these results, intravital imaging via second-harmonic generation
(SHG) two-photonmicroscopy demonstrated significantly reduced dermal
collagen signal intensity in 10-week-old Tg mice, comparable to both older
mice (40-week-old WT and Tg mice) (Fig. 1H, I). The decreased collagen
content was further confirmed by hydroxyproline assay, which showed
significantly reduced collagen content in 10-week-old Tg mice (Fig. 1J).
These findings suggest that endothelial cell senescence alters dermal mor-
phology and impairs wound healing capacity.

Cellular Aging occurs in vascular senescent dorsal skin
Senescence-driven tissue aging has traditionally been delineated with
changes in several parameters, including reduced proliferation, cell cycle
arrest, increased DNA damage response, and expression of senescence
associated secretory phenotype (SASP). We next tried to confirm those
changes in the skin of Tgmice30.We first evaluated the proliferationmarker
Ki67 by immunostaining. Quantification showed significantly fewer Ki67+

proliferating cells in Tg mouse skin compared to WT mice (Fig. 2A, B).
Furthermore, the number of cells positive for phospho-H2AX, indicative of
an activated DNA damage response, was significantly higher in both the
dermal and epidermal layers of dorsal skin from Tg mice (Fig. 2C, D).

Analysis of the senescence marker SA-β-Gal also revealed a significantly
higher number of positive cells in both skin layers of 10-week-oldTgmice, a
pattern that was also observed in older animals (Fig. 2E, F). Quantitative
real-time PCR analysis demonstrated higher expression of the CDK inhi-
bitors (cell cycle arrest markers) p19 and p21 in both the epidermis and
dermis (Fig. 2G). Immunoblotting of whole skin lysates similarly revealed
elevated protein levels of p19. Additionally, enhanced phosphorylation of
ERK1/2 (pERK1/2) and increased activation of its downstream targetNFκB
were observed in Tgmouse skin (Fig. 2H, I). Consistent with these findings,
gene expression of the SASP-associated cytokines interleukin (IL) 1-α, IL
1-β, and IL-6was higher in the Tg dermis, while only IL-1βwas significantly
higher in the epidermis (Fig. 2G). We further assessed the expression of
additional skin-related growth factors and genes associated with aging.
Expression offibroblast growth factor 2 (FGF2)was substantially reduced in
the dermis, whereas FGF1was elevated in both epidermal and dermal layers
(Supplementary Fig. S1A). Immunostaining revealed colocalization of
phospho-H2AX and S100A4 in Tg mice, thereby supporting the notion of
fibroblast aging in Tg mice (Fig. 2J). Additionally, expression of the anti-
aging gene Sirtuin 2(SIRT2) was significantly decreased in the epidermis,
and endothelin 1 (Edn1), a proinflammatory gene, was significantly
increased in the dermis of Tgmice (Supplementary Fig. 1A). To evaluate the
structural and molecular integrity of the vasculature in Tg mice, we
examined the dermal vasculature through immunostaining and intravital
imaging. The vascular area fraction in Tg dermal mice was comparable to
that in their WT counterparts (Supplementary Fig. S1B, C), in line with the
intravital observation of dermal vessel density by two-photon microscopy
(Supplementary Fig. 1D). Further, gene expression of HIF-1α was also
comparable between groups in both skin layers (Supplementary Fig. S1E),
confirming that EC-specific genetic modifications did not alter dermal
vasculature anatomy. Our data suggest that skin aging in EC-specific pro-
geroidmice occurs at both cellular and organ levels, withmore pronounced
alterations observed in the dermal layer.

Attenuation of skin aging phenotype via stabilization of non-IgE-
dependent mast cell degranulation
As SASP-mediated inflammation was markedly elevated in Tg dorsal skin,
we hypothesized that innate immune cells might be present in the dermis
and sought to test this further. Notably, although cell density and tran-
scriptional levels of NIMPR14+ neutrophils (Supplementary Fig. S2A, B)
and F4/80+ macrophages (Supplementary Fig. S2C, D) were comparable
between groups, we observed significantly increasedmast cell density in the
dermal layer of 10-week-oldTgmice compared toWTcontrols (Fig. 3A,C).
Similar results were noted in 40-week-old Tg mice (Fig. 3A, C). Closer
examination revealed a significantly higher number of activated, degranu-
latedmast cells in the EC-specific progeria mouse groups at both 10 and 40
weeks compared to their respectiveWT counterparts (Fig. 3B, D). Tryptase
immunostaining revealed increased tryptase+ cells in Tg mice with a mor-
phology of cytoplasmic exteriorization, a characteristic of degranulated cells
(Supplementary Fig. S3A, S3B), confirming the mast cell degranulation
previously observed through the toluidine blue staining. This phenomenon
occurred comparably in bothmale and femalemice comparablywithin each

Fig. 1 | Vascular senescence alters dermal morphology and impairs wound
healing. AConfirmation of endothelial senescence in the dorsal skin of 10-week-old
TRF2DN-Tg.White arrows represent the colocalization of the respective endothelial
markers with cellular senescence markers. B Representative images of the wound
healing challenge on day 5 showing an almost healed wound inwild-type (WT)mice
(left image) and an open wound in 10-week-old TRF2DN mice (right image).
C Quantitative graph of wound healing challenge over time. Data were compared
with the initial wound area on day 0 (n = 5 each). D Representative images of
Masson’s trichrome staining inWT and Tgmice at 10 and 40 weeks of age. Changes
in the dermoepidermal junction were observed at higher magnification. Low mag-
nification scale bar = 360 µm, high magnification scale bar = 131.462 µm.
E Quantification of the dermoepidermal junction surface area of either 10- and 40-
week-old WT or Tg mice (n = 4–5 each). F Representative image of stereological

cycloid usage for dermo-epidermal junction and dermal thickness measurements at
random intersection points between green cycloids, with the dermoepidermal
junction measured perpendicular to the DEJ plane. G Quantification of dermal
thickness in 10& and 40-week-oldmice.HRepresentative image of intravital dermal
collagen observation using second-harmonic generation modality. Scale bar =
100 μm. IQuantification of dermal collagen intensity through the second-harmonic
generation of either 10- and 40-week-old WT or Tg mice (n = 3 each). J Dermal
collagen content was confirmed using a hydroxyproline assay inWT and Tgmice at
10- and 40-week time points (n = 4 each). Data are presented as mean ± SEM. Two-
way analysis of variance (ANOVA) with Tukey’s post hoc test was used to analyze
the differences between three or more groups. #P < 0.0001; ***P < 0.001;
**P < 0.01; *P < 0.05. Not significant (P > 0.05).
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group (Supplementary Fig. S3C). To determinewhether activatedmast cells
directly influence skin cell senescence, we performed spatial colocalization
studies of the senescence marker β-gal with the mast cell marker CD117
(c-kit) using immunostaining. Notably, c-kit+ mast cells were located in
close proximity, but did not directly co-localize, with β-gal+ senescent cells
in the dermis of Tgmice (Fig. 3Fwhite arrow).We also observed c-kit+ cells

residing close to the epidermis (Fig. 3F red arrow). Mast cells are typically
involved in IgE-mediated allergic reactions23; however, serum IgE levels did
not differ significantly between 10-week-old WT and Tg mice (Fig. 3E),
suggesting mast cell activation occurs independently of IgE-mediated
mechanisms. Collectively, these findings indicate non-IgE-dependent mast
cell activation in aged skin from EC-specific progeria mice.
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To further evaluate our hypothesis thatmast cell activation contributes
to the skin agingphenotype,we sought to preventmast cell degranulationby
administering quercetin, a potent mast cell-stabilizer flavonoid31, intraper-
itoneally with vehicle administration serving as a control (Fig. 3G). Histo-
logical analysis revealed lower mast cell density in the dermis of Tg mice
treated with quercetin compared to vehicle-treated Tg mice. Moreover,
significantly fewer activatedmast cellswere detected in quercetin-treatedTg
mice, suggesting effective mast cell stabilization by quercetin (Fig. 3H, I). A
similar phenotypic analysis confirmed improvement in EC progeria-driven
skin aging after quercetin treatment; significantly higher dermal-epidermal
junction surface area and a thicker dermis layer in the quercetin-treated Tg
groups compared to vehicle-treated counterparts, with value comparable to
the WT groups (Fig. 3J, K). Further, expression levels of inflammatory
markers were significantly lower in both epidermal and dermal layers fol-
lowing quercetin treatment (Supplementary Fig. S4A). Similar trends were
observed inCDKinhibitormarkers at transcriptionandprotein levels, along
with a slight reduction in ERK 1/2 signaling activation and p19 (Supple-
mentary Fig. S4A–C).We further assessed the reductionof inflammation by
serum IL-1β measurement and found a significantly lower expression in
quercetin-treated Tg mice (Supplementary Fig. S4D).

To assess the direct effect of senescent ECs on specific skin cells, we
isolated and cultured fibroblasts from WT mice and treated them with
conditioned media from ECs isolated from Tg or WT. Endothelial cells
isolated from 10-week-old TRF2DN mice exhibited significantly elevated
expression of CDK inhibitors and SASP factors, including IL-1α, IL-6, TNF-
α, and Edn1 (Supplementary Fig. S5A, B). However, fibroblasts exposed to
conditioned medium from those TRF2DN endothelial cells exhibited only
slight changes in IL-1α and FGF2 expression, with no significant differences
observed in p16, p19, and p21 expression (Supplementary Fig. S5C, D).
Overall, thesefindings support the hypothesis thatmast cell degranulation is
an important player driving the skin aging phenotype and suggest that
stabilizingmast cells can attenuate aging-related skin changes in EC-specific
progeria mice.

To assess whether quercetin might affect endothelial senescence, we
performed immunostaining and observed colocalization of microvascular
and cellular senescence markers in both group of Tg mice (Supplementary
Fig. S5E). Additionally, increased Edn1 expression observed in EC-specific
progeria was unchanged by quercetin treatment (Supplementary Fig. S5F).
We also tested quercetin’s effects on fibroblast senescence induced by H202
exposure. Notably, p19 expression was lower in H202-treated groups that
received quercetin; however, p21 expression was higher even compared to
groups treated with H202 only (Supplementary Fig. S5G, H). These data
indicate that quercetin neither directly affects fibroblast senescence nor
prevents endothelial cell senescence.

Younger TRF2DN-Tgmice showed some skin aging parameters
and higher CGRP expression with comparable SASP expression
Next, we sought to identify potential mechanisms responsible for non-
canonical mast cell activation observed in the dermal tissue of Tg mice.
Interleukins and endothelin-1 (Edn1) have been previously reported to
induce mast cell degranulation through IgE-independent pathways27,28.
Notably, both gene expressions were significantly higher in the dermal layer

of Tgmice. To explore molecular pathways involved inmast cell activation,
we examined Tg mice at an earlier developmental stage (4 weeks). Early
signs of skin aging in 4-week-old Tg mice were already observed, demon-
strated by a significantly lower DEJ surface area compared to aged-matched
WT controls. However, dermal thickness remained comparable between
groups (Fig. 4A, B). Furthermore, Tgmice exhibited lower Ki-67 expression
levels,whereasphospho-H2AX levelswere comparable betweenTgandWT
groups (Fig. 4C–F). Additionally, we observed significantly higher mast cell
density and increased degranulation rates in the skin of 4-week-old Tgmice
compared toWTmice (Fig. 4G, H), indicating that mast cells were already
activated at this early time point. Notably, transcription-level analysis
revealed comparable expression levels of SASP factors between Tg andWT
mice at 4 weeks, with only dermal CDKI p19 expression significantly higher
levels in Tgmice (Fig. 4I). Furthermore, at this early stage, expression levels
of endothelin ligands and receptors in the dermis were also comparable
between the groups (Fig. 4G). Another group of molecules that have been
reported to induce mast cell activation neuropeptides, such as calcitonin
gene-related peptide (CGRP). Immunoblot analysis of skin samples from4-
week-oldTgmice showed significantlyhigherCGRPexpressionand slightly
higher activation of NFκB signaling (Fig. 4H). These results suggest that
mast cell degranulation precedes the full manifestation of the skin aging
phenotype and may be induced by elevated CGRP levels.

High CGRP levels induce mast cell degranulation, and CGRP
inhibition alleviates skin aging in 10-week-old TRF2DN-Tg mice
Given the observed CGRP overexpression in 4-week-old Tg mice, we
examined whether this phenomenon persisted into later stages. Immu-
noblotting confirmed persistently elevated CGRP expression in 10-week-
old Tg mice compared to WT controls (Fig. 5A, B). In contrast, the
transcription level of Tac1 gene, which encode several neuropeptides
such as substance P, neurokinin A, neuropeptide K, and neuropeptide
gamma, was comparable between groups, indicating that the activation
seen is specifically mediated by CGRP (Fig. 5C)32,33. Since CGRP is
predominantly produced by neuronal cells34, we sought to clarify how
CGRP expression related to EC-specific senescence processes observed in
our mouse model. Using immunostaining, we spatially analyzed the
relationship between dermal microvasculature (marked by isolectin-B4+)
and nerve cells (marked by synaptophysin+). We observed proximity
between these structures (Fig. 5D). Using VE-Cadherin as another
marker of endothelial cells, we found similar proximity with
synaptophysin+

fiber (Supplementary Fig. S6A). Further immunostain-
ing analyses demonstrated clear co-localization of CGRP with
synaptophysin+ axons, but not with CD 117+ mast cells, although these
cell types were found adjacent to each other (Fig. 5E). Unilateral surgical
axotomy was conducted to test whether CGRP was neuron-derived
(Supplementary Fig. S6B, S6C). Significantly lower CGRP expression was
observed in denervated Tg Skin (Supplementary Fig. S6D, S6E), con-
firming dermal neurons as the main source of the excessive neuropeptide.
Comparable dermal neuron density between groups from immunos-
taining observation (Supplementary Fig. S6F, S6G) supported our con-
clusion that increased neuron activation caused the abundance of CGRP
levels instead of a neuronal density increase. These data support a

Fig. 2 | Cellular Aging occurs in the vascular senescent dorsal skin.
ARepresentative image of immunofluorescence staining forKi67+ proliferating cells
in the dorsal skin of WT or Tg 10-week-old mice. BQuantification of Ki67+ cells in
theWTandTgmice relative to the total nucleus (n = 6 each).CRepresentative image
of immunofluorescence staining for the DNA-Damage response marker phospho-
H2AX+ cells. Positive cells are indicated by white arrows. D Quantification of
phospo-H2AX+ cells in WT and Tg mice relative to the total nucleus (n = 4 each).
E Representative images of X-gal staining to detect the expression of senescence-
associated beta-galactosidase inWT and Tgmice. The expressing cells are indicated
by black arrows.FQuantification of SA-β-Gal+ cells relative to total nucleus (n = 4–5
each). Scale bar = 50 µm.GTranscription level analysis of CDK inhibitors and SASP
factors in the dermis and epidermis of eitherWT or Tg 10-week-old mice using RT-

qPCR (n = 5–6 each).HRepresentative immunoblotting for pERK 1/2, p-NFκB, and
P19 expression of whole skin lysate epidermis of eitherWT or Tg 10-week-oldmice.
I Densitometry quantification for immunoblotting in (H) (n = 5 each).
JRepresentative immunofluorescence images of S100A4 and the cellular senescence
marker Phospo-H2AX. Colocalization in the dermis of 10-week-old Tg mice is
indicated by white arrows. Red arrows indicate colocalization in the epidermis. Data
are presented as mean ± SEM. A two-tailed Student’s t-test was used to analyze the
differences between two groups. Two-way analysis of variance (ANOVA) with
Tukey’s post hoc test was used to analyze the differences between three or more
groups. #P < 0.0001; ***P < 0.001; **P < 0.01; *P < 0.05. Not sig-
nificant (P > 0.05).

https://doi.org/10.1038/s42003-025-09097-2 Article

Communications Biology |          (2025) 8:1696 5

www.nature.com/commsbio


biological plausible mechanism in which EC-specific progeria induces
CGRP expression in dermal nerves, subsequently triggering mast cell
activation.

To further test our hypothesis that CGRPwas responsible formast cell
activation in our model, we attempted to block the CGRP signalling using
atogepant, CGRP receptor inhibitor35, administered intradermally every

three days for a total of four doses (Fig. 5E). Because intradermal admin-
istration limits the effect locally, we performed atogepant and vehicle
treatments on separate dorsal skin areas of the samemice. Although CGRP
expression remained elevated in all Tg groups, toluidine blue staining
showed thatmast cell degranulation rateswere significantly lower in the skin
area treated with atogepant compared to vehicle-treated areas (Fig. 5F, G).
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This improvement was also evident histologically, as demonstrated by the
significantly higher dermoepidermal junction surface area observed in the
atogepant-treated Tg skin compared to the vehicle-treated skin (Fig. 5G).
Mast cell stabilization was further resulted in significantly lower levels of
phosphorylatedNFκBand senescencemarkerP19 in atogepant-treated skin
(Fig. 5I, J). We confirmed our hypothesis through an ex vivo approach, in
which isolated peritoneal-derived mast cells were exposed to conditioned
media fromWTorTRF2DNendothelial cell isolates, or recombinantCGRP
(Supplementary Fig. S6H). Exteriorization of cell morphologywas observed
mainly in theCGRP-treatedgroup (SupplementaryFig. S6I, S6J). Blottingof
collectedmast cellmedia further revealed the absenceofCGRP inTRF2DN-
EC conditioned media. At the same time, secreted tryptase was only
observed in the CGRP-treated group (Supplementary Fig. S6K), high-
lighting the necessity of the neuropeptide in inducing immune cell activa-
tion. Collectively, our findings suggest that elevated CGRP expression from
activated dermal neurons causes mast cell degranulation, and CGRP inhi-
bition effectively stabilizes mast cells, followed by attenuation of the skin
aging phenotype. Collectively, our findings suggest that elevated CGRP
expression from activated dermal neuron causes mast cell degranulation,
andCGRP inhibition effectively stabilizesmast cells followed by attenuation
of the skin aging phenotype.

SASP from progeroid ECs induces CGRP overexpression, which
is attenuated by dexamethasone treatment
To identify EC-derived molecules potentially inducing neuronal CGRP
expression, we isolated dermal endothelial cells from young TRF2DNmice.
Given thatmast cell activationwas evident at 4weeks of age, we investigated
molecules expressedbyTRF2DN-TgECs at an even earlier age (2weeks).At
this early time point, expressions of IL-1α and IL-6 were significantly
increased, whereas Edn1 was significantly reduced and TNF-α expression
was comparable to controls (Fig. 6A). These findings suggest that EC-
derived SASP factors, particularly IL-1α and IL-6, may induce CGRP
expression in dermal neurons in our model. Observation in dorsal root
ganglia and sciatic nerve, neuronal tissue with dense and anatomical clo-
seness to vasculature36,37, revealed significantly higher CGRP expression in
Tg mice, supporting our hypothesis that EC-derived molecules activate the
neuron (Supplementary Fig. S7A, S7B).

To confirm whether SASP from Tg ECs triggered CGRP secretion
and subsequent downstream events contributing to skin aging, we
inhibited SASP production by administering daily intraperitoneal
injections of dexamethasone (Fig. 6B). Steroid-treated Tg mice had sig-
nificantly fewer degranulatedmast cells compared to vehicle-treatedmice
(Fig. 6C, D). Histological examination using Masson’s trichrome staining
indicated amelioration of dermoepidermal junction flattening, reflected
by a significantly higher DEJ surface area in dexamethasone-treated Tg
mice compared to the vehicle group (Fig. 6E, F). Immunoblotting further
supported our hypothesis that SASP induces CGRP expression, as evi-
denced by significantly reduced CGRP levels in dexamethasone-treated
Tg mice. These mice displayed lower activity of the pro-inflammatory
regulator NFκB and expression of the CDK inhibitor p16 (Fig. 6G, I).
Analyses at transcription-level revealed lower IL-6 and TNF-α expression

in dexamethasone-treated Tg mice (Fig. 6I). We further test our
hypothesis by administering tocilizumab intradermally to specifically
inhibit IL-6 signaling that we identified as a possible culprit SASP in our
model (Supplementary Fig. S7C). Attenuation of CGRP expression was
observed in the treated-Tg skin area (Supplementary Fig. S7D, E) fol-
lowed by histological evidence of lower mast cell degranulation accom-
panied by amelioration of dermo-epidermal junction surface area
(Supplementary Fig. S7F, S7G), supporting the role of EC-derived SASP
to activate CGRP-releasing neurons.

To assess whether the inhibitors have direct effects on the skin cells, we
treated isolated WT fibroblast with atogepant or dexamethasone (Supple-
mentary Fig. 8A). We observed significant higher TNF-α in atogepant-
treated group but comparable CDKIs expressions (Supplementary
Fig. S8B). Collectively, we concluded that EC-derived SASP could indeed
trigger CGRP-mediated mast cell degranulation and accelerate skin aging.

Discussion
Aging leads to progressive tissue dysfunction; however, the precise role of
vascular aging in skin homeostasis remains poorly understood. Our study
provides direct evidence that vascular endothelial senescence promotes
intrinsic skin aging through immune dysregulation, revealing a EC-SASP-
CGRP-mast cell signaling axis that links vascular dysfunction to skin
deterioration.

We demonstrated that EC-specific progeroid mice exhibited key
hallmarks of intrinsic skin aging, including dermal thinning, collagen
degradation, and delayed wound healing, closely resembling chronological
skin aging in humans15–17,38. Thesefindings suggest that vascular aging is not
merely a secondary consequence of skin aging but actively drives the aging
process by disrupting immunehomeostasis20,30,39. Althoughprevious studies
have demonstrated a role for EC senescence in neurodegeneration and
metabolic decline10,11, our findings extend these observations to skin phy-
siology, highlighting a broader impact of vascular dysfunction on aging.

Amajor discovery of our study is thatmast cell activation in aging skin
occurs independently of IgE and is instead mediated by CGRP, a neuro-
peptide secreted by dermal axons23,34,40,41. This observation indicates that
vascular aging influences skin physiology through neuroimmune crosstalk,
representing a previously unrecognizedmechanism in dermatological aging
research. Our data demonstrate that senescent ECs release SASP factors,
including the cytokines IL-1β and IL-6, activate dermal neurons as pre-
viously reported42,43, leading to sustained CGRP expression and subsequent
mast cell degranulation. Although the CGRP-induced mast cell activation
has been renowned in the pathophysiology of migraine and trigeminal
neuralgia44,45, its involvement in skin pathology has not been elucidated.
Auspiciously, our finding provides a direct mechanistic link between vas-
cular senescence and immune dysregulation in aging skin.

To further validate this mechanism, we performed pharmacological
interventions at different points along the EC-SASP-CGRP-mast cell sig-
naling cascade. Mast cell stabilization using quercetin effectively reduced
mast cell degranulation and partially mitigated skin aging phenotypes.
However, quercetin did not fully reverse fibroblast senescence nor prevent
ECdysfunction, suggestingmast cells function as intermediaries rather than

Fig. 3 | Attenuation of skin aging phenotype via stabilization of non-IgE-
dependent mast cell degranulation. A Representative images of toluidine blue
staining of WT and Tg mice at 10 and 40 weeks of age. Mast cells are indicated by
black arrows. Scale bar = 50 µm. B Representative high-power field images of mast
cell degranulation observed in WT and Tg mice at 10 and 40 weeks of age. Degra-
nulated mast cells are indicated by black arrows. C Quantification of mast cell
density in both 10 WT or Tg mice relative to total nuclei (n = 3–6 each).
DQuantification of degranulated mast cells relative to the total mast cell number of
either WT or Tg mice in 10 and 40-week-old mice (n = 3–6 each). E Serum IgE level
measurement on both 10-week-old WT and Tg mice (n = 8–9 each).
F Representative image of immunofluorescence staining for c-kit+mast cell and β-
Gal+ senescence cell in both dermis and epidermis of 10-week-oldWT andTgmice.
White arrows indicate the close location of both markers in the dermis, and red

arrows indicate mast cells lying very close to the epidermis.GMast cell stabilization
using quercetin injection schematic. H Representative images of toluidine blue-
staining in 10-week-old WT and Tg mice that received either quercetin or vehicle.
Degranulated mast cells are indicated by black arrows. I Representative images of
Masson’s trichrome staining in 10-week-old WT and Tg mice that received either
quercetin or vehicle. J Quantification of mast cell density and degranulation (H)
(n = 3 each). K Quantification of the dermoepidermal junction surface area and
dermal thickness in (J) (n = 3 each). Data are presented asmean ± SEM.A two-tailed
Student’s t-test was used to analyze the differences between two groups. Two-way
analysis of variance (ANOVA) with Tukey’s post hoc test was used to analyze the
differences between three or more groups. #P < 0.0001; ***P < 0.001; **P < 0.01;
*P < 0.05. Not significant (P > 0.05).
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primary initiators of aging25,46–48. Targeting CGRP signaling with atogepant,
a CGRP receptor antagonist, significantly reduced mast cell degranulation
and attenuated skin aging markers, further supporting neuroimmune
activation’s critical role in skin aging49. However, in vitro atogepant expo-
sure paradoxically increased TNF-α levels in fibroblasts, suggesting poten-
tial off-target effects that warrant further investigation.

While these findings support the involvement of vascular aging in skin
deterioration, the long-term effects of targeting CGRP-mast cell signaling
remain unclear41. Dexamethasone, a corticosteroid, effectively reduced
CGRP expression and mast cell degranulation, further confirming SASP
involvement in this pathway35,50. However, long-term steroid exposure is
known to induce dermal atrophy, sebaceous gland degeneration, and
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collagen loss, highlighting the need for alternative, more selective SASP-
targeting strategies50–52. Specific IL-6 inhibition resulted in favorable
attenuation of CGRP and subsequent mast cell degranulation, further
confirm proposed pathway yet prolonged inhibition effect should be
monitored closely.

Our findings offer significant implications for developing therapeutic
interventions against skin aging. Highermast cell density has been reported
in aged dermis, accompanied by increased association with nerve fiber and
degranulated morphology, although the molecular mechanism behind this
increase is still largely unknown25,53. Our investigation targeting the EC-
SASP-CGRP-mast cell axis confirmed similar findings in humans, espe-
cially regardingmast cells, while also representing a novel approach to delay
or mitigate intrinsic skin aging by modulating the SASP- and CGRP-
mediated neuro-immune interactions. Nevertheless, several questions
remain unanswered, including whether vascular senescence influences
other skin cell populations, such asfibroblasts or keratinocytes, independent
of immune regulation. Furthermore, the interaction between systemic
inflammaging and local vascular-neuroimmune signaling warrants further
exploration. Additionally, the long-term safety and efficacy of CGRP-
targeting therapies for dermatological applications require careful
evaluation.

In conclusion, this study establishes a novel vascular-neuroimmune
mechanism underlying intrinsic skin aging, linking EC senescence, CGRP
signaling, andmast cell activation. These findings redefine vascular aging as
an active driver, rather than a passive consequence, of skin aging and
highlight potential therapeutic avenues for preventing age-related skin
deterioration.

Materials and methods
Animal study
All researchers complied with relevant ethical regulations, and all experi-
mental protocols were approved by the Ethics Review Committee for
Experimentation of Kobe Pharmaceutical University (approval number
2024-003). All animal experiments adhered to ARRIVE (Animal Research:
Reporting of In Vivo Experiments) guidelines. Premature endothelial
senescent mice with endothelial-specific TRF2DN overexpression (VEcad-
TRF2DN-TG) used in this study were generated with C57/BL6J back-
ground, as described previously12. Transgenic (Tg)mice were propagated as
heterozygous animals by breeding wild-type (WT) C57/BL6J mice.

Mice were housed in the Kobe Pharmaceutical University animal
facility at ~24 °C, 60% humidity, with a 12-hour light/12-hour dark cycle.
All mice had ad libitum access to a normal chow diet (CRF-1, Charles River
Laboratories International, Inc., Wilmington, MA, USA) and water.

Both male and female mice were used for experiments, with Tg mice
compared to their WT littermates. For wound healing assay, experiment
was conducted under ~2–2.5% isoflurane inhalation, and a 3mm punch-
biopsy wound was created on the right thigh. The wound area was docu-
mented daily until full closure. For mast cell stabilization studies, mice
received weekly intraperitoneal (i.p.) injections of vehicle (corn oil) or
quercetin (10mg/kg body weight; Sigma-Aldrich #Q4951), flavonoid that
have been reported to prevent mast cell degranulation31. For the calcitonin

gene-related peptide (CGRP) inhibition study, mice received intradermal
(i.d.) injections on the dorsal skinwith vehicle (99.95%EtOH) or atogepant,
CGRP receptor inhibitor49 (3mg/kg body weight; Selleck #1374248-81-3,
JP) administered every three days for four doses. For the SASP inhibition
study, daily intraperitoneal injections of either vehicle (corn oil) or dex-
amethasone steroid35(5 mg/kg body weight; Sigma-Aldrich#D4902) were
administered for 14 consecutive days. For IL-6 inhibition study, i.d. injection
of vehicle (sterile PBS) or tocilizumab (5mg/kg/body weight, Selleck
#375823-41-9,JP) administered weekly for four doses54,55. All animals were
anesthetized with isoflurane before termination by cervical dislocation.

Histological analysis
Thedorsal skin ofmicewasharvested andfixed in 4%paraformaldehyde for
2 h, followed by either serial dehydration before embedding in paraffin
blocks, or incubationovernight in30%sucrose before embedding inoptimal
cutting temperature compound (Sakura Tissue Tek) frozen blocks. For
stereological estimations, skin samples were collected using a 3-mm punch
biopsy prior to paraffin embedding56. Paraffin-embedded blocks were sec-
tioned into 4-µm slices and stainedwithMasson’s trichrome, toluidine blue,
or processed for immunostaining.

The dermoepidermal junction (DEJ) surface area was estimated using
Masson’s trichrome-stained slides as previously described56. Images were
captured using a Keyence BZ-X800 microscope (Keyence, Osaka, Japan) at
11.1x objective lensmagnification. Surface area estimationswere performed
using ImageJ software by randomly placing cycloid lines on captured
images. Intersections between cycloids and the DEJ were counted, and
dermal thickness was calculated from measurements at 10 random inter-
sections per sample.

Immunostainingwas performed on paraffin-embedded sections. After
deparaffinization, slides underwent antigen retrieval using Antigen
Unmasking Solution (Vector laboratories) at 90 °C for 10min.Non-specific
antigens were blocked with 5% donkey serum in PBS containing 0.1%
Triton-X for 1 h. Primary antibodies used for immunostaining are listed in
Supplementary data 3. Following incubationwith primary antibodies, slides
were washed and incubated with goat secondary antibodies labeled with
Alexa Fluor 488, 594, or 647. Slides were then counterstained with Hoechst
dye and mounted using 90% glycerol. To assess skin cell proliferation and
DNA damage response markers (Ki67 and Phospho-histone H2AX,
respectively), images of 10 random fields per sample were captured at x22.2
magnification. The number of positive cells was normalized to the total
number of nuclei.

Mast cell density anddegranulationwere assessedusing toluidine blue-
stained sections.Mast cell densitywas evaluated at 22.2xmagnification from
10 randomly captured high-power fields per sample and normalized to the
total cell number. Degranulation was evaluated at 44.4xmagnification from
50 randomly selected mast cells per sample. Confirmation of mast cell
degranulation was assessed using tryptase immunostaining. Images of 100
randomly selected mast cell per sample were captured at 44.4x
magnification.

Senescence-associatedβ-galactosidase (SA-β-Gal) activitywas assessed
using X-gal staining with modification57. Sections (6 µm) from OCT-

Fig. 4 | Younger TRF2DN-Tg mice showed some skin aging parameters and
higher CGRP expression with comparable SASP expression. A Representative
image of Masson’s trichrome staining in 4-week-old WT or Tg mice.
B Quantification of the dermoepidermal junction surface area of either WT or Tg
mice in 10- and 40-week-old mice (n = 5 each). C Representative images of
immunofluorescence staining for Ki67+ proliferating cells in the dorsal skin of either
WT or Tg 4-week-oldmice.DQuantification of Ki67+ cells in 4-week-oldWT or Tg
mice relative to the total nuclei (n = 5 each). E Representative image of immuno-
fluorescence staining for the DNA-Damage response marker Phospo-H2AX+ cells.
Positive cells are indicated bywhite arrows. FQuantification of Phospo-H2AX+ cells

inWTandTgmice relative to the total nucleus (n = 4 each).GRepresentative images
of toluidine blue-staining in 4-week-oldWT and Tg mice.HQuantification of mast
cell density and degranulation (G) (n = 3). I Expression of CDK inhibitors, SASP
factors, and endothelin-1 in the dermis and epidermis of eitherWTorTg 4-week-old
mice using RT-qPCR (n = 5–6 each). J Representative immunoblotting for CGRP
and p-NFκB expression of whole skin lysate from 4-week-old WT or Tg mice.
K Densitometric quantification for immunoblotting (J) (n = 5 each). A two-tailed
Student’s t-test was used to analyze the differences between two groups.
#P < 0.0001; ***P < 0.001; **P < 0.01; *P < 0.05. Not significant (P > 0.05).
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embedded blocks were fixed with 4% paraformaldehyde and incubated in
X-gal solution (40mM sodium phosphate, pH 6.0 + 5mM potassium
ferrocyanide+ 5mM potassium ferricyanide+ 150mM NaCl+ 2mM
MgCl2 + 1mg/mL X-Gal) in a light-protected container for 16 h at 37 °C.
After three washes with PBS, slides were counterstained with nuclear fast
red. Imageswere capturedat 22.2×magnification from10 randomfields per

sample, and the number of SA-β-Gal-positive cells was normalized to total
cell numbers.

Intravital dermal collagen observation and confirmation
In vivo imaging of dermal collagen of the dorsal skin was performed as
previously described58. Briefly, imaging was conducted using an upright
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two-photon LSM 7 MP microscope system (Zeiss, Jena, Germany)
coupled to a Ti:sapphire laser (Coherent Chameleon, Glasgow, UK). The
laser was operated at an intensity of 12–18mW at a wavelength of
860 nm, using a Zeiss 40x/1.0NA water-immersion objective lens.
External non-descanned detectors equipped with 492/SP emission filters
were employed to detect second harmonic generation (SHG) signals.
Fluorescence signals were acquired from a 300 µm× 300 µm field to a
depth of 100 µm, using vertical steps of 1 µm. Five randomly selected
regions of interest (ROI) were imaged, and raw image data were pro-
cessed using ZEN 2011software (Zeiss, Jena, Germany). Signal intensity
was quantified using ImageJ FIJI software31.

Collagen content was further confirmed using a hydroxyproline assay
as previously described59. Whole skin samples (50mg) were processed in
RIPA buffer, and 100 µL aliquots of the diluted samples were placed into
autoclavable screw-top tubes. After adding 100 µL 10M NaOH, samples
were autoclaved at 120 °C for 15min. Solutions were neutralized using
100 µL10MHCl, andwaterwas evaporated overnight in an incubator set at
70 °C. 625 µL Chloramine-T solution (0.05M Chloramine-T in 74% v/v
H2O, 26% v/v 2-propanol, 0.629M NaOH, 0.140M citric acid (mono-
hydrate), 0.453Msodiumacetate (anhydrous), and0.112Macetic acid)was
then added to dissolve the formed crystals, followed by the same amount of
Erlich’s reagent (1MDMAB in 30% v/v HCl and 70% v/v 2-propanol) and
incubation in a water bath at 65 °C. Samples were subsequently quenched
and absorbance readings were taken at 500–550 nm using a Tecan Infinite
200 Pro microplate reader (Tecan, Mannedorf, Switzerland).

Unilateral surgical skin denervation
Unilateral back skin axotomy was conducted as described60. Briefly, 3 cm
dorsal midline incision of the back skin was made after mice anesthetized.
Dorsal cutaneous nerves (T3-T12) were exposed at both sides under ste-
reomicroscope. Right nerves were dissected close to their anatomical entry
while the left side was kept as sham control. Skin was closed using 6.0 non-
tapered silk and sacrificed 10 days post-surgery.

Quantitative real-time PCR
Epidermal and dermal layers of skin were separated as described61.
Approximately 100mg ofmouse dorsal skinwas incubated epidermis-side-
down in 3.8% ammonium thiocyanate solution for 20min. Tissue layers
were then carefully separated under a stereomicroscope, and the respective
epidermal and dermal samples were immersed in RNAiso Plus solution
(Takara, Shiga, Japan). Tissues were homogenized using a PT1200E
homogenizer (Kinematica, Switzerland), and the homogenates were cen-
trifuged at 15,000 × g at 4 °C for 15min. Supernatants were purified using
the NucleoSpin RNA Clean-Up kit (Macherey-Nagel, Duren, Germany).
cDNA synthesis was performed from approximately 1 µg of RNA using
PrimeScript RT Reagent with gDNA-eraser (Takara, Shiga, Japan). Quan-
titative real-timePCR(qPCR)was conductedusing theTBGreenPremixEx
Taq II kit (Takara Bio, Shiga, Japan) on a LightCycler96 system (Roche
Applied BioScience). Gene expression was normalized against 18S rRNA
levels and analyzed using the 2-ΔΔCT method. Primers used in these experi-
ments are listed in Supplementary data 2.

Protein extraction and immunoblotting
Antibodies used for immunoblotting are listed in Supplementary data 3.
Skin tissue, dorsal-root ganglion, and sciatic samples (25–50mg) were
homogenized using a Dounce homogenizer in RIPA buffer supplemented
with protease and phosphatase inhibitors. Protein concentrations were
determined using the Bio-Rad Protein assay (Bio-Rad, Hercules, CA, USA),
equalized by dilution with sample buffer (0.0625M Tris-HCl pH6.8, 2%
SDS,10% glycerol, 2% 2 -mercaptoethanol, and denatured at 95 °C for
5min. For conditionedmedia-derived sample, non-reducing sample buffer
(125mM Tris-HCL, pH 6.8, 4% SDS, 20% glycerol, 001% bromophenol
blue) was used without denaturation process. Lysates were electrophoresed
on 15% sodium dodecyl sulfate-polyacrylamide gels and transferred onto
nitrocellulose membranes. Membranes were blocked with TBS-T contain-
ing 5% skimmilk to prevent non-specific binding and incubated overnight
at 4 °Cwith primary antibodies diluted inCanGet Signal Solution (Toyobo,
Osaka, Japan). After thorough washing with TBS-T, membranes were
incubated with the appropriate secondary antibodies. Chemiluminescent
signals were detected using Amersham ECL (Cytiva, MA, USA) and
visualizedwith aChemiDocXRS+ imaging system(Bio-Rad;Hercules,CA,
USA). Signal intensities were normalized against GAPDH expression, and
results expressed in arbitrary units.

Enzyme-linked immunosorbent assay (ELISA)
ELISA kits for IgE (BioLegend, CA, USA) and IL-1β (Abcam, UK) were
used according to themanufacturer’s instructions to analyze serum samples
from 10-week-old WT and transgenic mice.

Primary cell isolation and culture
Mouse dermal fibroblasts were isolated as previously described62. Dorsal
skin fromWTmicewas incubated overnight at 4 °Cwith the epidermal side
facing downward in Dispase II (100 U/mL; Fujifilm Wako, Japan). Epi-
dermal and dermal layers were separated under sterile conditions, and the
dermal tissue was minced and digested with Type-IV Collagenase (1mg/
mL;WorthingtonBiochemical,NJ,USA) supplementedwith 1mg/mLBSA
at 37 °C for 1 h. The cell suspension was centrifuged, and pellets were
resuspended in low-glucose DMEM supplemented with 10% FBS and 1%
ABAM under 5% CO2 and 37 °C condition. Cells were cultured until
reaching ~90% confluency, and cells at passage two were used for
experiments.

Dermal endothelial cells from WT and transgenic mice were isolated
using the same procedure, except that the cells were cultured in Humedia-
EG2mediumsupplementedwith10%FBSand1%ABAM.Cell suspensions
were filtered through a 70 µm cell strainer (Falcon, Corning), cultured to
~90% confluency, and the conditioned media were collected and stored at
−80 °C before use. Passage number-two cells were used in subsequent
experiments.

Peritoneal-derived mast cell isolation was conducted as described63 on
10-week-old WT mice. Following anesthesia, ventral skin of mouse was
removed using blunt edge scissors while avoiding damaging peritoneum.
SevenmL of ice-cold RPMI medium and 5mL of air was carefully injected
into the peritoneal cavity using 10mL syringe equipped with 27 G needle in

Fig. 5 | High CGRP levels induce mast cell degranulation, and CGRP inhibition
alleviates skin aging in 10-week-old TRF2DN-Tg mice. A Representative immu-
noblotting for CGRP in whole skin lysate from 10-week-old WT or Tg mice.
B Densitometry quantification for immunoblotting in (A) (n = 6 each).
C Transcription analysis of dermal Tac1 in 10-week-old WT and Tg mice (n = 6
each). D Representative image of Immunofluorescence staining of IB4+ micro-
vascular and synaptophysin dermal axon inWT 10-week-old mice. Close proximity
of both tissues is marked by white arrows. E Representative images of immuno-
fluorescence staining for CGRP, synaptophysin+ dermal axons, and CD117+ mast
cells in WT or Tg 10-week-old mice. Colocalization of synaptophysin and CGRP is
indicated by white arrows. F CGRP pathway inhibition using atogepant injection
schematics. G Representative images of Masson’s trichrome and toluidine blue

staining in 10-week-old WT and Tg mice that received either atogepant or vehicle.
H Quantification of the dermoepidermal junction surface area and mast cell
degranulation (F) (n = 4 each). I Representative immunoblotting for CGRP, p-
NFκB, and P19 expression of whole skin lysate from 10-week-old WT or Tg mice
that receive either atogepant or vehicle. J Densitometric quantification for immu-
noblotting (I) (n = 6 each). Data are presented as mean ± SEM. A two-tailed Stu-
dent’s t-test was used to analyze the differences between two groups. A Paired Two-
tailed Student’s t-test was used for western blot densitometry. Two-way analysis of
variance (ANOVA) with Sidak’s post-hoc test was used to analyze differences
between three or more groups. #P < 0.0001; ***P < 0.001; **P < 0.01; *P < 0.05.
Not statistically significant (P > 0.05).
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the region of linea albawithout touching internal organs.Mousewas shaken
gently for 1min to detach peritoneal cells. Syringe was reused and equipped
with a new 20G needle before injected into the cavity to aspirate the
medium as much as possible (typically 5–6mL). Cell suspension was
transferred into new tubes followed by centrifugation at 300 g for 5min.

Cells was resuspended in RPMI medium supplemented with 20% FBS,
10 ng/mL Interleukin (IL)-3 (MedChemExpress HY-P70576), and 30 ng/
mL Stem Cell Factor/SCF (MedChemExpress HY-P70528). Medium was
changed 48 h after isolation while subculturing conducted at day 9. Second
passaged cells were used in the experiment.
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Statistics and reproducibility
All data are expressed asmean ± SEM.with individual data points shown in
all plots todisplay full datadistribution. For eachanalysis, the sample size (n)
is specified in the figure legends. Differences between two independent
groups were evaluated using a two-tailed unpaired t-test, whereas data
derived from the same animals were assessed using a paired t-test. Differ-
ences involving more than two groups were analyzed using two-way
ANOVA followed by Sidak’s post-hoc test. Statistical significance was set at
P < 0.05 and exactP values are reported in the Supplementary data 1. For all
the data, experiments were replicated for 2–3 independent times. All sta-
tistical analyses were conducted using GraphPad Prism 10.4 (GraphPad
Software Inc., Boston, MA, USA).

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The authors declare that all data supporting the findings of this study are
available within the paper and its Supplementary Information files. The
source data underlying Figs. 1C, E, G, I, J, 2B, D, F, G, I, 3B,D, F, I, K, 4 B, D,
F, H, I, K, 5B, G, I, 6A, D, F, H, I as well as uncropped and unedited blot
image are provided as the Supplementary data 1 File.
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