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Piezo1 promotes vibration-induced
vascular smooth muscle injury by
regulating the NF-κB/p65 axis

Check for updates

Yingshan Zeng 1,2, Zhiquan Wu1,2, Mengtian Xiong1,2, Zhishan Liang1,2, Ziyu Chen1,2, Huimin Huang1,2,
Hongyu Yang 1,2 & Qingsong Chen 1,2

Vibration induced damage to the peripheral circulatory system is thought to be an early stage of hand-
arm vibration syndrome (HAVS) caused by occupational exposure to hand-transmitted vibration
(HTV). This study investigated themechanisms underlying vibration-induced vascular injury, focusing
on the role of Piezo1, a mechanosensitive channel, and its association with the NF-κB/p65 signaling
pathway. We demonstrated that vibration exposure leads to Piezo1-mediated upregulation of
angiogenic chemokines, including CCL2, CCL5, CXCL1, CXCL2, and CXCL10, through the NF-κB/
p65pathway. Tomimic the effects of vibration, a rat vibrationmodel andacellular vibrationmodelwere
used. Animal and cellular models showed that vibration-induced vascular dysfunction while
increasing Piezo1 expression. Piezo1 knockdown or p65 inhibition attenuated these effects,
suggesting a crucial role for the Piezo1-NF-κB/p65 axis in vascular dysfunction. Furthermore,
chemokines were identified as potential biomarkers for early diagnosis of HAVS in occupationally
exposed individuals. These results highlight Piezo1 and the NF-κB/p65 pathway as potential
therapeutic targets for HAVS and underscore the need for further validation in human samples and
exploration of additional signaling mechanisms involved in vibration-induced vascular injury.

Hand-arm vibration syndrome (HAVS) is a progressive disorder caused by
occupational exposure to hand-transmitted vibration (HTV)1. HAVS
symptoms include neurosensory deficits, vascular disease, and hand pain2.
HAVS is a common occupational disease in cold regions3,4. The feature used
for diagnosis is cold-induced whitening of the fingers, which is called
“vibrationwhitefinger” (VWF)5. The diagnosis ofHAVS relies heavily on the
report of a VWF, which requires a cold temperature to stimulate the finger6.
This a painful experience for the patient, and its diagnostic utility in the early
stages of injury is minimal7. In recent years, studies have focused on serum
biomarkers and their correlation with hand-arm vibration injury, but the
specificmechanismbywhichHTVcausesHAVShas rarelybeen reported8–10.
Also, the prevention and treatment of HAVS are limited and insufficient.
Therefore, further research into the HAVS pathogenesis and exploration of
new treatment strategies are important for working populations.

In the rat model, as in humans, vibration at or near the resonant
frequency leads to increased oxidative stress, inflammation, and changes in
vascular morphology, gene expression, and physiological function11.
Vibration causes varying degrees of damage to vascular tissues, with a

significant increase in vacuolization of smooth muscle cells12,13. The dif-
ferentiated state of vascular smooth muscle cells is distinguished by the
presence of specific contractile proteins, various of ion channels, and cell
surface receptors, among other features14. This suggests that smooth
muscle cells may respond to vibration exposure through ion channels.
Piezo1 is a novel mechanosensitive membrane channel protein compo-
nent of mechanically force-activated cation channels15. Piezo1 can
mediate the response inmechanosensitive Ca²+ influx in vascular smooth
muscle cells16. Recent studies have shown that Piezo1 is involved in
myocardial infarction17, angiogenesis18, and apoptosis19 via Ca2+ influx,
and that knockdown or pharmacological inactivation of Piezo1 can
reverse these phenomena20,21. Piezo1 signaling is a potential therapeutic
target for inflammation and the vascular system22. Thus, revealing the
role of Piezo1 in vibration-induced vascular injury is critical for under-
standing themolecularmechanisms ofHAVS and identifying therapeutic
targets or early diagnostic markers for HAVS.

The nuclear factor-kappa B (NF-κB) family of transcription factors
regulates various cellular responses23. However, aberrant activation of
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NF-κB can lead to chronic inflammation, carcinogenesis, and autoimmune
diseases24, and is a transcription factor required for inflammatory
responses25. RelA (p65) is one offivemembers of theNF-κB family26. Chen
et al. discovered upregulation of expression of the NF-κB pathway in
human tendon adhesion, and that knockdown of p65 expression may be a
promising approach to prevent tendon adhesions27. Cellular senescence
inducedby the proto-oncogene ras is accompaniedby accumulationof p53
and p1628. In irregular blood flow, Piezo1 protein is activated. It mediates
integrin activation via the Gq/11 subunit which, in turn, leads to a vascular
inflammatory responsemediated byNF-κB/p65 activation29. However, the
molecular regulatory mechanisms of Piezo1 and the NF-κB/p65 pathway
in HAVS are poorly understood.

Here, we aimed to address this critical knowledge gap by investigating
whether the Piezo1 and NF-κB/p65 signaling pathways significantly influ-
ence vibration-induced cellular damage in vascular smoothmuscle.We also
aimed to determine whether angiogenic chemokines, regulated by the NF-
κB/p65 signaling pathway, are associated with VWF, using both rat and
cellular models and human serum samples obtained from occupational
populations exposed to vibration.

Results
Vibration-induced vascular injury and increased expression
of Piezo1
To investigate the effects of vibration on vascular, we exposed rat tails to
vibration at 125Hz with an acceleration of 49m/s², with a daily vibration
exposure duration of 4 h.Cluster of differentiation (CD)31plays a protective
role inmaintaining vascular integrity under conditions of immune stress30,31.
Downregulation of endomucin (EMCN) expression promotes neutrophil
migration, thereby exacerbating injury32. We found that expression of
EMCN and CD31 in the ventral tail artery of rats decreased in a time-
dependent manner after vibration exposure (Fig. 1a). Under a trans-
mission electron microscope (TEM), observations of smooth muscle cells
from the ventral tail artery revealed structural and functional damage
after exposure to vibration, which was correlated with the duration of
exposure (Supplementary Fig. 1). In vitro experiments, we exposed
human umbilical artery smooth muscle cells (HUASMCs) to vibration at
125 Hz with an acceleration of 5.9 m/s², with vibration durations of 1 h,
2 h, 3 h, and 4 h, respectively. This vibration caused the apoptosis of
HUASMCs (Fig. 1d). Then, we examined the effects of vibration on
Piezo1 expression. Vibration upregulated Piezo1 expression in arterial
vascular smooth muscle cells in tails compared with tails not exposed to
vibration (Fig. 1e, f). Piezo1 expression in HUASMCs increased after
vibration (Fig. 1g). These results suggested that vibration leads to vas-
cular injury and apoptosis of vascular smoothmuscle cells in rat tails, and
that exposure increases the expression of Piezo1.

Vibration stimulates Piezo1 overexpression and Piezo1-
dependent Ca2+ influx in HUASMCs
We investigated whether vibration affects the upregulation of Piezo1
expression. First, we measured the protein expression of Piezo1 in
HUASMCs exposed to different durations of contact vibrations. We dis-
covered that vibration upregulated Piezo1 expression (Supplementary
Fig. 2a). Piezo1 is a transmembrane ion channel. Hence, we used a
Ca2+-sensitive fluorescent dye (Fluo-4) to investigate whether different
durations of vibration affected Ca2+ influx in HUASMCs. Vibration pro-
moted an increase in the intracellular Ca2+ concentration (Fig. 2a, b). Next,
we used the Piezo1 antagonist GsMTx4 to investigate if Ca2+ influx in
HUASMCs was associated with Piezo1. GsMTx4 treatment inhibited
vibration-induced accumulation of intracellular Ca2+, suggesting Piezo1-
mediated Ca2+ in HUASMCs exposed to vibration (Fig. 2c, d). We also
undertook western blotting to explore if Piezo1 is associated with vibration.
Expression of Piezo1, p53, and p65 was upregulated after vibration.
Unsurprisingly, GsMTx4 treatment inhibited attenuated (or even reversed)
the phenomena stated above (Fig. 2e, f). These results suggested that
vibration couldpromotePiezo1 expression andPiezo1-mediatedCa2+ influx

in HUASMCs, and that cellular dysfunction induced by vibration could be
alleviated using GsMTx4.

Knockdown of Piezo1 expression inhibits vibration-induced
dysfunction in HUASMCs
Next, we specifically knocked down Piezo1 expression in HUASMC using
siRNA technology to explore the association of Piezo1 with vibration
(Fig. 3a, b). Ca2+ influx after vibration was observed in HUASMCs, but the
increase in intracellular Ca2+ concentration was reduced after specific
knockdown of Piezo1 expression (Fig. 3c, d) Western blotting showed that
the changes in the knockdown of the Piezo1 groupwere opposite to those in
the NC group (Fig. 3e, f). Also, vibration-induced increased expression of
p65, and the extent of this increase was reduced slightly after knockdown of
Piezo1 expression.

Upregulation of Piezo1 expression by vibration induced may be
synchronized with the NF-κB/p65 signaling pathway
We wished to ascertain the essential role of Piezo1 in the progression and
development of HAVS. PROMO-ALGGEN v8.3 (https://alggen.lsi.upc.es/
cgi-bin/promo_v3/promo/promo.cgi?calledBy=alggen&dirDB=TF_8.3/) and
the Cistrome DB Toolkit (http://cistrome.org/db/) were used to locate the
putative transcription start site (TSS) in the Piezo1 promoter sequence. By
cross-analyzing the transcription factors screened by two methods, we found
a high potential for the involvement of RelA/p65 and NF-κB in regulation
through screening (Fig. 4a–c). To ascertain if RelA/p65 is associated with
vibration-induced vascular injury, wemeasured p65 expression in rat and cell
models. p65 expression was increased significantly in vibration-induced rat
caudal vessels (Fig. 4d, e). mRNA expression of p65 in HUAMCs was
increased in the vibration group compared with that in the control group
(Fig. 4f). The results stated above were consistent with the data of virtual
screening of the database. Hence, during vibration, Piezo1may cause vascular
injury through p65 possibly through the NF-κB/p65 signaling pathway.

Increased levels ofNF-κB/p65-related chemokines in the plasma
of patients exposed to vibration and in a rat model of vibration
exposure
We collected blood samples from occupational groups in a factory in
Zhongshan City. We categorized them into three groups according to
whether they were exposed to HTV or not, and whether VWF occurred or
not, respectively: control, non-VWF, and VWF. Piezo1 could not be
detected in blood samples, so we searched for assays related to the NF-κB/
p65 signaling pathway by TRRUST v2. NF-κB can target inflammation
directly by increasing the production of chemokines33. Based on TRRUST
v2, we found expression of CCL2, CCL5, CXCL1, CXCL2, and CXCL10 to
be regulated by NF-κB/p65 (Fig. 5a). Using ELISAs to detect the chemo-
kines, we found that expression of CCL2, CCL5, CXCL1, CXCL2, and
CXCL10 (P < 0.001 for all factors) was higher in the non-VWF group
relative to the control group. Blood samples contained higher expression of
chemokines in the VWF group compared with that in the non-VWF group
(Fig. 5b). Analysis of receiver operating characteristic (ROC) curves was
done to assess the sensitivity of vascular chemokines to recognize VWF
(Fig. 5c).Of thefivemodulators tested, CCL2 had the highest area under the
ROCcurve (AUC) of 0.964 (95%CI, 0.929–0.999;P < 0.001),with aYouden
Index of 0.900 and critical value of 268.279 pg/mL. AUC > 0.90 was docu-
mented for CCL5, CXCL1, CXCL2, and CXCL10 (P < 0.001) (Supple-
mentary Table 1). Expression of these chemokines increased in a time-
dependent manner in a vibration model in rats (Fig. 5d). These results
suggested that chemokine expression in plasma was increased significantly
in patients with VWF and in rats exposed to vibration.

NF-κB/p65-related angiogenic chemokine expression asso-
ciated with vibration exposure
Vibration could upregulate the expression of chemokines in HUASMCs
(Fig. 6a, b). Next, we specifically knocked down p65 expression in
HUASMC using siRNA technology to explore the association of p65
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Fig. 1 | Piezo1 is upregulated in vibration-induced arterial vascular smooth
muscle cells of rat tails andHUASMCs. aRepresentative imageofCD31 andEMCN
immunofluorescence (IF) staining in the ventral tail artery of rats exposed toCtrl (0 d),
1 d, 3 d, 7 d, or 14 d vibration. The ventral tail artery are stained with DAPI (blue),
CD31 (red), and Emcn (green). Scale bar: 20 μm. b The graph shows the mean
fluorescence intensity of CD31 (n = 4). c The graph shows the mean fluorescence
intensity of Emcn (n = 4). dHUASMCs were collected after control (0 h), 1 h, 2 h, 3 h,
or 4 h vibration exposed, stainedwithAnnexinV/PI, and thenused forflow cytometry

analysis. The graph shows the percentage of apoptosis cells in control (0 h), 1 h, 2 h,
3 h, and 4 h vibration group. The results are expressed as the means with SD (n = 3).
eRepresentative images of Piezo1 IF staining in the ventral tail artery of rats exposed to
Ctrl (0 d), 1 d, 3 d, 7 d, or 14 d vibration. The ventral tail artery are stained with DAPI
(blue) and Piezo1 (Red). Scale bar: 20 μm. f The graph shows the mean fluorescence
intensity of Piezo1 (n = 4). g qRT-PCR analysis of Piezo1 expression in HUASMCs
with 0 h, 1 h, 2 h, 3 h or 4 h vibration. The experiment was repeated thrice, *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001. One-way ANOVA is used for analysis.
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with vibration (Fig. 6c). The increase in intracellular Ca2+ concentration
after re-exposure to vibration after specific knockdown of p65 expres-
sion in HUASMCs was reduced compared with that in the untreated
group (Fig. 6d). Western blotting showed that vibration-induced
changes could be alleviated or reversed after knockdown of p65
expression (Fig. 6e, f). Vibration could lead to dysfunction of HUASMCs
through the NF-κB/p65 signaling pathway, which is closely related to
Piezo1 activation.

Discussion
Taken together, our results highlight that vibration-induced vascular injury
may be mediated by Piezo1 and is associated with the expression of
angiogenic chemokines. Piezo1 is amechanosensitive channel that converts
applied forces into electrical signals34. Recent evidence suggests that Piezo1
channels act as receptors for shear and tensile stresses, and mediate various
mechanotransduction pathways necessary for regulating cardiovascular
physiology35,36. Our study demonstrates that vibration is likely translated
into biological signaling via Piezo1, leading to vascular dysfunction-
associated phenotypes and downstream high expression of chemokines.
Importantly, we also found that Piezo1-associated angiogenic chemokine
expression in blood samples from occupational populations was elevated in
vibration-exposed individuals and reached even higher levels in those who

developedVWF. Thus, this is the first report emphasizing the role of Piezo1
in the progression of vibration-induced vascular injury. Additionally,
angiogenic chemokines downstream of Piezo1 can serve as potential bio-
markers for early diagnosis of HAVS.

HTV is commonly simulated using the rat-tailmodel37–39. UnderTEM,
observations of smoothmuscle cells in the rat tail ventral artery revealed that
as vibration exposure increases, the structure and function of smooth
muscle cells progressively deteriorate, causing varying degrees of damage to
different organelles. The ventral artery injury in rat tails decreased expres-
sion of EMCN and CD31 and increased Piezo1 expression, with increasing
duration of vibration exposure. Expression of endomucin (EMCN) and
cluster of differentiation (CD)31 contributes to vascular angiogenesis, and
their functional decline underlies impaired in diabetic nonhealing
wounds40,41. Subsequently, through bioinformatics analysis, we discovered
that NF-κB/p65 serves as a transcription start site (TSS) for Piezo1, and that
suppressing p65 expression in HUASMCs elicited similar effects to those
observed after inhibiting Piezo1 expression.NF-κB can target inflammation
directly by increasing the production of chemokines33. Following this, we
screened five angiogenic chemokines within the NF-κB/p65 signaling
pathway: CCL2, CCL5, CXCL1, CXCL2, and CXCL10. Numerous studies
have also indicated that five chemokines are associated with the NF-κB
signaling pathway42–46. We found that the expression of these chemokines

Fig. 2 | Piezo1 expression and Piezo1-dependent calcium influx in HUASMCs
subjected to vibration. aCa2+ levels in HUASMC exposed to 0 h, 1 h, 2 h, 3 h, or 4 h
vibration were detected by flow cytometry. b Ca2+ levels are indicated by the mean
fluorescence intensity (n = 3). c Ca2+ levels in HUASMC measured by flow cyto-
metry of the Control-Static group, Control-Vibration group, GsMTx4-Static group,
and GsMTx4-Vibration group. d Ca2+ levels are indicated by the mean fluorescence

intensity (n = 3). eRepresentative images of western blot of Piezo1, NF-κB/p65, p53,
Caspase 3, sm22α, p16 and GAPDH in the Control-Static group, Control-Vibration
group, GsMTx4-Static group, and GsMTx4-Vibration group. f Statistical analysis
with results normalized using corresponding internal reference proteins. The
experiment was repeated thrice, *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001. One-way ANOVA is used for analysis.
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was upregulated in association with vibration exposure in occupational
groups, rats, and HUASMCs.

Chemokines are a superfamily of secreted proteins involved in
immune regulation and inflammatory processes. Piezo1 has been shown to
promote the production of chemokines such as CXCL2 and CXCL10, and
chemokines can recruit neutrophils to migrate to a lesion and aggravate the
inflammatory response47. Senescent vascular smooth muscle cells can
secrete chemokines, thereby forming a pro-inflammatory microenviron-
ment that aids local inflammation in vascular tissues48. Analysis of ROC
curves revealed that chemokines could be used as predictors of VWF in
occupational groups. The functional role of Piezo1 inmechanotransduction
and various diseases makes it a potential target for therapeutic
intervention49–51. Our study suggests that Piezo1 may be a promising
modality for the treatment of HAVS, and further studies will be conducted
to assess its therapeutic potential in humans. However, the success of tar-
getingPiezo1 in therapywill dependon several factors, including the specific
disease or condition being targeted, as well as the interactions of Piezo1with
other proteins and signaling pathways.

The NF-κB pathway provides many targets for the development of
specific drugs for the treatment of inflammatory diseases52. It has been

shown thatNF-κB/p65 acts as a tumor suppressor and, thus,maintains cells
in a senescent state, whereas loss of p53 or p16 is associatedwith senescence
bypass53,54. For example, cellular senescence induced by the proto-oncogene
ras is accompanied by the accumulation of p53 and p1628. Smooth muscle
(SM)22α protein is a smooth muscle-specific marker that is found pre-
dominantly in mature smooth muscle cells, and SM22α expression is
increased in senescent cells55. The ageing cell develops increasingly complex
phenotypes that have beneficial and detrimental effects upon the health of
the organism56. We found that vibration upregulated the expression of p53,
p16, and SM22α in HUASMCs, and could be alleviated by knockdown p65
expression.

While our findings provide insights into the mechanisms of HAVS,
several limitations must be acknowledged. The inability to directly detect
Piezo1 in human samples necessitates the use of animal and cell models,
which may not fully recapitulate the human disease. The pathology of
vascular diseases involves the activation of multiple cell types, including
smooth muscle cells (SMCs), immune cells (such as macrophages and
T cells), and endothelial cells, among others57.Piezo1 in endothelial and
neutrophil cells has been found to act as a mechanosensor mediating shear
stress-induced vascular pathological activation58,59. The transcriptional

Fig. 3 | Knockdown of Piezo1 inhibits vibration-induced cellular dysfunction in
HUASMCs. aHUASMCs were transfected by si-NC, si-PIEZO1-001, si-PIEZO1-002
and si-PIEZO1-003 after 48 h, Piezo1wasmeasured byqRT-PCR (n = 3).bPiezo1was
measuredbywestern blotting after being transfected by si-PIEZO1-001. cCa2+ levels in
HUASMCmeasured by flow cytometry of the NC-Static group, NC-Vibration group,
si-PIEZO1-Static group, and si-PIEZO1-Vibration group. d Ca2+ levels are indicated

by the mean fluorescence intensity (n = 3). e Representative images of western blot of
Piezo1, NF-κB/p65, p53, Caspase 3, sm22α, p16 and GAPDH in the NC-Static group,
NC-Vibration group, si-PIEZO1-Static group, and si-PIEZO1-Vibration group.
f Statistical analysis with results normalized using corresponding internal reference
proteins. The experiment was repeated thrice, *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001. One-way ANOVA is used for analysis.
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Fig. 4 | NF-κB/p65 signaling pathway is responsible for the transcription of
Piezo1. a The PROMO project of ALGGENwas used to locate the identification of
the putative transcription start site (TSS) in the Piezo1 promoter sequence. b The
consensus sequence and matrix about RelA/p65 with Piezo1. c Cistrome DB
Toolkit was used to identify the transcription factors of Piezo1. d Representative
images of NF-κB/p65 IF staining in the ventral tail artery of rats exposed to Ctrl

(0 d), 1 d, 3 d, 7 d, or 14 d vibration. The ventral tail artery are stained with DAPI
(blue) and p65 (Red). Scale bar: 20 μm. e The graph shows the mean fluorescence
intensity of p65 (n = 4). f qRT-PCR analysis of p65 expression in HUASMCs with
0 h, 1 h, 2 h, 3 h or 4 h vibration. The experiment was repeated thrice, *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001. One-way ANOVA is used for analysis.
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Fig. 5 | Elevated levels of NF-κB/p65-related chemokines in the blood of patients
exposed to vibration and a rat model of vibration exposure. a TRRUST v2 was
used to build a functional network of RelA/p65 target genes (P < 0.001). b Plasma
chemokine levels were measured in three occupational groups by ELISAs (n = 60
per group). cArea under the corresponding ROC curve for chemokines predicting

the occurrence of VWF in an occupational population (n = 180). d Changes in
plasma chemokine levels after exposure of rat tails to 0 d, 1 d, 3 d, 7 d, or 14 d
vibrations. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. ####, Comparison
between VWF group and non-VWF group, P < 0.0001. One-way ANOVA is used
for analysis.
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Fig. 6 | Knockdown of p65 inhibits vibration induced cellular dysfunction in
HUASMCs. aChanges in chemokine levels inculture supernatants ofHUASMCsafter
exposure to 0 h, 1 h, 2 h, 3 h, or 4 h of vibration. b Changes in chemokine levels in cell
lysates ofHUASMCafter exposure to 0 h, 1 h, 2 h, 3 h, or 4 h of vibration. cHUASMCs
were transfected by si-NC, si-p65-001, si- p65-002 and si- p65-003 after 48 h, p65 was
measured by qRT-PCR (n = 3). p65 was measured by western blotting after being
transfected by si-p65-001.dCa2+ levels inHUASMCsweremeasuredbyflowcytometry

of theNC-Static group,NC-Vibration group, si-p65-Static group, and si-p65-Vibration
group. Ca2+ levels are indicated by the mean fluorescence intensity (n = 3).
e Representative images of western blot of Piezo1, NF-κB/p65, p53, Caspase 3, sm22α,
p16 and GAPDH in the NC-Static group, NC-Vibration group, si-p65-Static group,
and si-p65-Vibration group. f Statistical analysis with results normalized using corre-
sponding internal reference proteins. The experiment was repeated thrice, *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001. One-way ANOVA is used for analysis.
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profiling of human endothelial cells has revealed the regulation of
mechanosensitive genes by PIEZO1 and inputs from pro-oxidants and
inflammatory stimuli60. Mild and well-controlled whole-body mechanical
vibration can have a positive effect on immune responses61. Furthermore,
while our study focused on Piezo1 and the NF-κB/p65 pathway, other
signaling pathways may be also involved in process. The NF-κB signaling
pathway engages in direct or indirect regulatory interactions with other
signaling pathways, such as PI3K/AKT, MAPK, JAK-STAT, TGF-β, Wnt,
Notch, and Hedgehog62. Therefore, future studies should explore the
potential involvement of other signal transduction mechanisms and the
roles of endothelial and immune cells in these processes.

Overall, our study highlights the crucial roles of Piezo1 and the
NF-κB/p65 signaling pathway in the development of HAVS. Piezo1 may
be associated with the NF-κB/p65 pathway to promote vascular che-
mokine release and cellular dysfunction. Increased levels of vascular
chemokines may be a promising approach in the early diagnosis of
HAVS, and Piezo1 may be a therapeutic target.

Methods
Ethical approval of the study protocol for human experiments
This study protocol was approved (116) by the Ethics Committee of
Guangdong Pharmaceutical University (Guangdong, China) in 2021. Each
person provided written informed consent to participate in this study. All
ethical regulations relevant to human research participants were followed.

Grouping
One-hundred and eighty men were selected using judgment sampling from
employees of the same factory in Zhongshan City (Guangdong Province,
China). These participants were divided into three groups at a 1:1:1 ratio:
control; vibration white finger (VWF); non-VWF (exposed to hand-
transmitted vibration but without developing VWF). Specimens were
excluded for any of the following reasons: cardiovascular disease, liver dis-
ease, kidney disease, diabetes mellitus, Raynaud’s disease, infectious diseases,
or any illness or medication taken within 2 weeks before study entry.

The demographic and clinical characteristics of the three occupational
groups are presented in Table 1. Participants in the control group were
workers engaged in product packaging at the same factory who were not
exposed to hand-transmitted vibration (HTV). Participants in the non-
VWF group and VWF group were selected from grinding posts (job

positions) with exposure to hand-transmitted vibration. Among them,
workers who provided photographs of vibration-induced white-finger
attacks were classified into the VWF group. There were no statistically
significant differences in age, bodymass index (BMI), or working-age levels
among the three groups (P > 0.05).Therewasno significant difference in the
prevalence of tobacco smoking or alcohol consumption among the three
groups. (P > 0.05)However, the prevalence of hand numbness, finger pain,
and feeling cold handswas significantly higher in theVWFgroup compared
with those in the other two groups (P < 0.001).

Collection and processing of blood samples
Each participant underwent an overnight fast. Using a potassium heparin
anticoagulation negative-pressure tube, a nurse collected 4mL of blood
from an elbow vein. Immediately after collection, each sample was mixed
gently for 30 s and stored in a 4 °C incubator. Samples were sent to a
laboratory and centrifuged (3000 × g, 10min, 4 °C). Plasma was separated
and dispensed into a 500-μL centrifuge tube and stored at −80 °C. For
subsequent experiments, samples were allowed to thaw at room
temperature.

Ethical approval of the study protocol for animal experiments
The handling of, and experimental procedures upon, animals were con-
ducted with the approval (GDPULAC2024141) of the Laboratory Animal
Ethics Committee of Guangdong Pharmaceutical University. We have
complied with all relevant ethical regulations for animal use.

Animal experiments
Fifty male Sprague–Dawley rats (7–8 weeks; 216.98 ± 8.69 g) were pur-
chased from GuangdongMedical Laboratory Animal Center (Guangdong,
China). Rats were divided randomly into five groups of 10 based on body
weight: control (0 d); 1 d; 3 d; 7 d; 14 d. (SupplementaryTable 2)A3% to 5%
picric acid solutionwasused as themarking solution andapplied todifferent
body parts of the rats for marking.

The vibration system was a special instrument from CNMF Experi-
mental Vibration Apparatus (Guangzhou, China). To ensure the stability
and consistency of values for vibration exposure, rats were placed on a
separate retainer (Yuzhong Xiongyan, Chongqing, China). The tail was
fixed on a vibrating table with breathable adhesive tape (3M; Saint Paul,
MN,USA) to ensure contact with the vibration source. The tails of rats were

Table 1 | Data comparison from an occupational-epidemiology questionnaire among three population groups

Group Total
(n = 180)

Control
(n = 60)

exposed to HTV F/x2 P

non-VWF
(n = 60)

VWF
(n = 60)

Age (‘x ± s) 39.85 ± 6.425 39.83 ± 6.938 39.43 ± 6.264 40.28 ± 6.123 0.261 0.771

BMI (‘x ± s) 24.03 ± 4.321 23.66 ± 4.223 23.88 ± 3.029 24.54 ± 5.404 0.678 0.509

Length of service (‘x ± s) 10.09 ± 6.404 9.11 ± 6.362 9.78 ± 6.464 11.37 ± 6.279 1.990 0.140

Tobacco smoking, no. (%) – – – – 1.770 0.173

Non 88 (48.9) 36 (60) 24 (40.0) 28 (46.7)

Current 82 (45.6) 22 (36.7) 32 (53.3) 28 (46.7)

Former 10 (5.5) 2 (3.3) 4 (6.7) 4 (6.7)

Alcohol consumption, no. (%) – – – – 0.362 0.697

Non 94 (52.2) 35 (58.3) 32 (53.3) 27 (45.0)

Current 83 (46.1) 24 (40.0) 27 (45.0) 32 (53.3)

Former 3 (1.7) 1 (1.7) 1 (1.7) 1 (1.7)

Hand symptoms, no. (%)

Numbness 77 (42.8) 0 (0.0) 21 (35.0) 56 (96.3) 135.819 <0.001

Tingling 48 (26.7) 0 (0.0) 9 (15.0) 39 (65.0) 57.754 <0.001

Feeling cold 43 (23.9) 2 (3.3) 7 (11.7) 34 (56.7) 38.257 <0.001

VWF vibration white finger.
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vibrated at 125Hz with an acceleration of 49m/s2. Each experimental ses-
sionwas conducted daily between 5 pm and 9 pm. Rats in the control group
were positioned on the vibration table, but not exposed to vibration.

Rats were injected intraperitoneally with 3% pentobarbital sodium
after vibration. After killing, rats were dissected together, and blood was
collected after incising the abdominal cavity to access the aorta. Blood
samples were collected in EDTA anticoagulant tubes and centrifuged (1000
× g, 15 min, 4 °C) Subsequently, the tubes were placed in a− 80 °C cryo-
genic refrigerator so that the plasma samples could be conserved to
undertake enzyme-linked immunosorbent assays (ELISAs). The tail skin
was cut by ~5mm. The ventral tail artery could be identified in the ventral
center by removing the surrounding excess skin tissue. A segment of
~1mm³ of the ventral tail artery was surgically removed and subjected to
pre-fixation processing for subsequent experiments.

Cell culture
Human umbilical artery smoothmuscle cells (HUASMCs) were purchased
from (Cellverse, Shanghai, China). Cells were cultured in the iCell™ primary
smooth muscle cell culture system (Cellverse, Shanghai, China) containing
10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. Then, they
were cultured in 25-cm2 culture flasks in a humidified atmosphere at 37 °C
in an atmosphere of 5% CO2.

RNA extraction and real-time reverse transcription-quantitative
polymerase chain reaction (RT-qPCR)
Total RNA was isolated from cells using TRIzol® Reagent (TaKaRa Bio-
technology, Shiga, Japan) according to manufacturer instructions. Reverse
transcription was undertaken using total RNA (1000 ng) and the Prime-
Script™ RT Reagent Kit (TaKaRa Biotechnology). RT-qPCR amplification
was assessed in the StepOnePlus™ Real-Time PCR System (Thermo Fisher
Scientific, Waltham, MA, USA) using the SYBR™ Premix Ex Taq II kit
(TaKaRa Biotechnology). The cycling conditions were: 95 °C for 30 s, fol-
lowed by 40 cycles of 95 °C for 5 s, and 60 °C for 30 s. All PCRs were carried
out in duplicate and normalized to the internal reference (glyceraldehyde
3-phosphate dehydrogenase (GAPDH) for mRNAs. The 2−△△Ct method
was used to evaluate relative mRNA expression. The primers we employed
are listed in Supplementary Table 3.

Immunofluorescence staining
Tail tissues were fixed in 4% paraformaldehyde fixative solution at 4 °C for
24 h, and then dehydrated in a 30% sucrose solution for 3 days. Coronal
sections of thickness 20 μm were obtained using a cryostat. Tissue sections
were incubated in a solution containing phosphate-buffered saline (PBS;
0.01M), 0.3% Triton X-100, and 3% goat serum on a shaker at room tem-
perature for 1 h. Sections were incubated overnight at 4 °C with primary
antibodies (obtained fromProteintech,Wuhan,China)diluted ingoat serum.
The primary antibodies used were: PIEZO1 (1:200 dilution; catalog number:
15939-1-AP), nuclear factor-kappa B (NF-κB) p65 (1:200; 10745-1-AP),
endomucin (1:200; 67854-1-Ig), and cluster of differentiation (CD)31 (1:3000
28083-1-AP). The next day, sections were washed four times (10-min each
time) on a shaker with Tris-buffered saline-Triton X (TBST) to remove non-
specifically bound antibodies. Fluorescent secondary antibodies were added,
and sections were incubated on a shaker in the dark for 2 h at room tem-
perature. Finally, the sections were mounted with an anti-fading mounting
medium, dried in the dark, and photographed under a fluorescence micro-
scope (Olympus, Tokyo, Japan) to measure the fluorescence intensity of the
ventral tail artery. Each section was photographed and counted (×200
magnification) selecting the field of view of the ventral tail artery.

Small interfering (si)RNA transfection and cell treatments
HUASMCs were seeded in six-well plates. The confluence of HUASMCs
reached~70%after 12 h. Then,HUASMCswere transfectedwith a PIEZO1
mimic and negative control (Ribobio, Guangzhou, China) at a concentra-
tion of 30 nM using Lipofectamine™ 3000 reagents (Invitrogen, Carlsbad,
CA, USA) according to manufacturer instructions. The Piezo1 inhibitor

GsMTx4 (5 μM; ab141871; Abcam, Cambridge, UK) was added to the
culturemedium for cultivation for 24 h before being harvested. After 48 h of
transfection, cells were collected and were used for experiments. All siRNA
sequences were listed in Supplementary Table 4.

Western blotting
Proteins were extracted from HUASMCs by RIPA buffer (Beyotime Insti-
tute of Biotechnology, Shanghai, China). Protein concentrations were
quantified by a bicinchoninic acid (BCA) protein assay kit (Thermo Fisher
Scientific). Protein components were separated by sodium dodecyl sulfate-
polyacrylamide electrophoresis using polyacrylamide gels (4–12%) and
transferred onto polyvinylidene fluoride (PVDF) membranes (Immobilon
P; Millipore, Burlington, MA, USA). PVDF membranes were blocked in
TBST containing 5%nonfat skimmedmilk andprobed for 2 h.Then, PVDF
membraneswere incubatedwith primary antibodies against anti-FAM38A/
PIEZO1 antibody (rabbit; 1:1000; ab 259949; Abcam), anti-NF-κB p65
antibody (rabbit; 1:1000, ab32536; Abcam), anti-p53 antibody (rabbit
1:1000, ab32049; Abcam), anti-caspase-3 antibody (rabbit; 1:5000; ab32351;
Abcam), anti- smooth muscle 22 alpha (SM22)-alpha antibody (rabbit;
1:1000; 10493-1-AP; Proteintech), anti-ARPC5/p16 antibody (rabbit;
1:5000; ab51243; Abcam), or anti-GAPDH antibody (rabbit; 1:10000,
10494-1-AP; Proteintech) overnight at 4 °C. Next, PVDFmembranes were
incubated with secondary antibody (sheep anti-rabbit; 1:20000; ab6721;
Abcam) for 1 h at room temperature. Blots were washed with TBST and
underwent enhanced chemiluminescence (ECL) imaging using an ECL
system (Merck Millipore, Waltham, MA, USA) and chemiluminescence
system (Tanon, Shanghai, China). Blots were processed using Image Lab
(Bio-Rad Laboratories, Hercules, CA, USA).

Apoptosis detection
Apoptosis was detected using an Annexin V-FITC apoptosis detection kit
(Beyotime Institute of Biotechnology) according to manufacturer instruc-
tions. Briefly, we collected cells at the end of the vibration and reliquefied
them in 195 μL of binding buffer. Next, 5 μL of membrane-associated
protein Annexin V- fluorescein isothiocyanate (FITC) and 10 μL of PI were
ligated and then incubated in the dark for 15min. Finally, 400 μL of binding
buffer was mixed and blended, and apoptosis was assessed by flow cyto-
metry using FACSAria III, Becton Dickinson, Franklin Lakes, NJ, USA).
Measurements of apoptosis intensity were analyzed using FlowJo 10.8.1
(www.flowjo.com).

Measurement of intracellular Ca2+ concentration
The intracellular Ca2+ concentration was measured by flow cytometry uti-
lizingFluo-4AM(Beyotime Institute ofBiotechnology).Cellswere collected
and washed with PBS before being stained with Fluo-4 AM (500 μL; exci-
tation = 490 nm; emission = 525 nm) for 30min at 37 °C. Then, cells were
washedwith PBS, resuspended by adding assay buffer, and analyzed by flow
cytometry using FACSAria III.Measurements ofmeanfluorescent intensity
were made using FlowJo10.8.1.

Bioinformatics analysis
The transcription factor binding sites (TFBSs) in the Piezo1 promoter
(−1000 to+100 relative to TSS) were identified using ALGGEN-PROMO
(https://alggen.lsi.upc.es/cgi-bin/promo_v3/promo/promo.cgi?calledBy=
alggen&dirDB=TF_8.3/) and Cistrome Data Browser (http://cistrome.org/
db/). To identify substantial changes at the transcriptional level and to gain
in-depth understanding of the regulatory role of RelA/p65, we used the hub
gene to introduce TRRUST v2. (www.grnpedia.org/trrust/).

ELISA
Expression of monocyte chemoattractant protein-1/C-C motif ligand
2 (MCP-1/CCL2)(MM-1552H1), macrophage inflammatory protein-
2/C-X-C motif chemokine ligand 2 (MIP-2/CXCL2)(MM-0140H1),
CXCL1(MM-1850H1), CXCL10(MM-2166H1), and CCL5/regulated
upon activation, normal t-cell expressed, and secreted (RANTES)
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(MM-0097H1) in the plasma of the three occupational groups were
measured using ELISA kits (Meimian, Jiangsu, China). The con-
centration of MCP-1/CCL2 (MM-0099R2), MIP-2/CXCL2
(MM-0106R2), CXCL1(MM-70081R2), CXCL10(MM-72068R2), and
CCL5(MM-0120R1) in the plasma of rats was detected according to
manufacturer instructions. The lysates and supernatants of
HUASMCs were collected and assayed using the same kits.

Statistics and reproducibility
Data from at least three independent biological replicates were reported as
the mean ± SD. Statistical analyses were completed with Prism 9.5.1
(GraphPad, SanDiego,CA,USA) and SPSS 26.0 (IBM,Armonk,NY,USA).
The unpaired Student’s t-test (for two groups), and one-way or two-way
ANOVA (formultiple groups) were used, followed by Tukey’s test. P < 0.05
was considered significant.

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 the data supporting the findings of this study are
available within the paper and its Supplementary Information files. The
numerical source data can be found in Supplementary Data. All relevant
data are available from the authors upon request.
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