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Objective(s): This study investigated the role of norepinephrine (NE) and ROCK1 in regulating renal 
artery vascular smooth muscle cells (rVSMCs).
Materials and Methods: rVSMCs were treated with NE, and ROCK1 expression was assessed. Cell 
proliferation, migration, and phenotypic switching were evaluated using EdU incorporation and 
wound-healing assays. ROCK1 was silenced by siRNA. Mitochondrial membrane potential and 
morphology were analyzed to determine NE-induced mitochondrial alterations.
Results: NE significantly up-regulated ROCK1 expression in rVSMCs. It promoted proliferation, 
migration, and phenotypic switching, as indicated by increased expression of proliferative and 
migratory markers, whereas ROCK1 silencing attenuated these effects. NE also reduced mitochondrial 
membrane potential and induced mitochondrial fission, suggesting an additional mechanism 
contributing to vascular remodeling.
Conclusion: NE promotes rVSMCs proliferation, migration, and phenotypic switching through 
ROCK1 activation and alters mitochondrial dynamics. These findings identify the NE–ROCK1 axis as 
a critical mediator of vascular remodeling in hypertensive nephropathy and suggest it may serve as a 
promising therapeutic target.
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Introduction

© 2026. This work is openly licensed via CC BY 4.0.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses), 
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Cardiovascular disease is the leading cause of mortality 
worldwide, with hypertension serving as a major contributing 
risk factor (1, 2). Long-term hypertension causes irreversible 
kidney damage (3), and blocking this process may effectively 
alleviate disease progression. In recent years, sympathetic 
nerve radiofrequency ablation has been proposed as a 
treatment for hypertensive nephropathy, as it significantly 
reduces norepinephrine (NE) secretion by ablating the 
sympathetic nerves surrounding the kidneys (4, 5).

Norepinephrine functions as a neurotransmitter in both 
the central and peripheral nervous systems, and also acts as 
a hormone in the bloodstream. In the brain, NE regulates 
wakefulness, memory, and addiction (6-8). When released 
into the vasculature, NE increases peripheral vascular 
resistance by constricting vascular smooth muscle—

particularly arterioles and veins—thereby elevating blood 
pressure (9). Under chronic pathological conditions, 
however, this leads to vascular remodeling, which further 
exacerbates hypertension and cardiovascular disease (10, 
11). Accumulating evidence suggests that NE contributes 
to hypertensive nephropathy; however, its role in renal 
vascular smooth muscle cells (rVSMCs) has not been 
thoroughly investigated.

Rho-associated coiled-coil containing protein kinase 1 
(ROCK1) is a serine/threonine kinase belonging to the Rho 
kinase family (12). It plays a critical role in diverse cellular 
functions, including autophagy, cytoskeletal dynamics, 
apoptosis, NETosis, and extracellular matrix production 
(13-15). ROCK1 is particularly important in regulating 
vascular smooth muscle cells (VSMCs) contraction, as it 
enhances contractile force by promoting myosin light chain 
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phosphorylation (16, 17).In addition, ROCK1 plays a pivotal 
role in renal pathophysiology. Evidence shows that ROCK1 
participates in cytoskeletal remodeling, cell adhesion, and 
migration in glomerular and tubular cells, and promotes 
renal interstitial fibrosis by driving fibroblast activation 
and epithelial-to-mesenchymal transition (EMT)(18-20). 
ROCK1 activation has also been linked to proteinuria, 
podocyte injury, and hemodynamic abnormalities in 
diabetic nephropathy (21, 22). Moreover, pharmacological 
inhibition of ROCK signaling, for example, through the use 
of ROCK inhibitors, has been shown in multiple animal 
models to attenuate renal fibrosis, reduce proteinuria, 
and preserve renal function, underscoring its potential 
therapeutic relevance in kidney disease (23). However, the 
relationship between NE and ROCK1 in rVSMCs has rarely 
been reported.

In the present study, we demonstrated that NE promotes 
the proliferation, migration, and phenotypic switching of 
rVSMCs by activating ROCK1. Furthermore, we found that 
NE affects mitochondrial dynamics in rVSMCs. Together, 
these findings suggest that NE and ROCK1 may represent 
potential therapeutic targets for hypertensive nephropathy.

Materials and Methods 
Cell culture

Primary rat renal artery smooth muscle cells (CM-R061) 
were purchased from Wuhan Pricella Biotechnology. The 
cells were cultured in DMEM supplemented with 10% FBS 
and 1% penicillin–streptomycin in a humidified incubator 
maintained at 37 °C with 5% CO₂. rVSMCs at passages 3-6 
were used for all experiments. The experimental protocol 
was approved by the Ethics Committee of the First Affiliated 
Hospital of Harbin Medical University (Approval number: 
2022110).

Western blot analysis
Cells were lysed in radioimmunoprecipitation assay 

(RIPA) buffer supplemented with protease and phosphatase 
inhibitors, and the lysates were centrifuged to collect the 
supernatant. After washing with pre-cooled PBS, proteins 
were separated by SDS–PAGE (sodium dodecyl sulfate–
polyacrylamide gel electrophoresis), transferred onto a 
PVDF membrane, and blocked with 5% BSA for 90 min at 
room temperature. The membranes were then incubated 
overnight at 4 °C with the indicated primary antibodies (24).

The primary antibodies included ROCK1(1:1000, 
21850-1-AP, Proteintech), MMP9(1:1000, ab76003, 
Abcam), MMP2(1:1000, ab92536, Abcam), PCNA(1:1000, 
ab92552, Abcam), GAPDH(1:10000, AC033, ABclonal), 
OPA1(1:1000, 382025, ZENBIO), MFN1(1:1000, 66776-
1-Ig, proteintech), DRP1(1:1000, 340336, ZENBIO), SM-
22α(1:1000, ab155272, Abcam), α-SMA(1:1000, 250104, 
ZENBIO), β-actin(1:10000, AC026, ABclonal),Cyclin 
D1(1:1000, ab134175, Abcam). Following washing, the 
bands were incubated with an HRP-conjugated secondary 
antibody at room temperature for 1 hr and analyzed using 
an electrochemiluminescence (ECL) system.

Reverse transcription and real-time PCR
Simply Total RNA Extraction Kit (BioFlux, BSC52M1) 

was used to extract total RNA from VSMCs. cDNA was 
synthesized from 1 μg of total RNA. The relative RNA 
expression levels were quantified by qRT-PCR using SYBR 

Green (Roche, 573113500). Primer sequences are displayed 
in Supplementary Table 1. The ΔΔCT method was used to 
calculate relative quantities normalized to β-actin (25).

Target Primers sequence:
Actb (Rat): Forward 5’-TGTCACCAACTGGGACGATA-3’ 
Reverse 5’-GGGGTGTTGAAGGTCTCAAA-3’ 
MMP9 (Rat): Forward 
5’-CCTGGAACTCACACGACATCTT-3’ 
Reverse 5’-GAGTGGGGGATGCTGATCTT-3’ 
MMP2(Rat):Forward 
5’-GATACCCCTTTGACGGTAAGGA-3’ 
Reverse 5’-CAGTGGACATAGGGCAGCAA-3’ 
Cyclin D1(Rat): Forward 
5’-GCTGTGCATCTACACCGACA-3’ 
Reverse 5’-AGGTCCACTTGAGCTTGTTCAC-3’ 
PCNA(Rat):Forward 
5’-GTTCCCTGGAGTGTTTGCCA-3’ 
Reverse 5’-GCGTTTGGATGACGTGTGTC-3’ 
SM22α(Rat):Forward 
5’-CCTGGAGAAGAGGAGCCAGA-3’ 
Reverse 5’-AGTCCAGGAAGGTCCCAATC-3’ 
α-SMA(Rat):Forward 
5’-GTCCCAGACATCAGGGAGTAA-3’ 
Reverse 5’-TCGGATACTTCAGCGTCAGGA-3’

Transfection of siRNA (6-well plate as an example)
Small interfering RNA (siRNA) transfection was carried 

out using Lipofectamine™ 2000 Transfection Reagent 
(GlpBio, GK20005) according to the manufacturer’s 
instructions. Rat vascular smooth muscle cells (rVSMCs) 
were seeded in 6-well plates and cultured overnight to reach 
approximately 70-80% confluence. Prior to transfection, 
the culture medium was replaced with 2 ml of serum-
free DMEM. For each well, 100 pmol of ROCK1 siRNA 
duplexes or scrambled negative-control siRNA was diluted 
in 250 µl of serum-free DMEM and gently mixed with 5 
µl of Lipofectamine™ 2000 diluted in 250 µl of serum-free 
DMEM. After incubation for 5 min at room temperature, 
the siRNA-lipid complexes were combined and incubated 

 
Target Primer sequence 

Actb(Rat) 
Forward 5'-TGTCACCAACTGGGACGATA-3' 

Reverse 5'-GGGGTGTTGAAGGTCTCAAA-3' 

MMP9(Rat) 
Forward 5'-CCTGGAACTCACACGACATCTT-3' 

Reverse 5'-GAGTGGGGGATGCTGATCTT-3' 

MMP2(Rat) 
Forward 5'-GATACCCCTTTGACGGTAAGGA-3' 

Reverse 5'-CAGTGGACATAGGGCAGCAA-3' 

Cyclin D1(Rat) 
Forward 5'-GCTGTGCATCTACACCGACA-3' 

Reverse 5'-AGGTCCACTTGAGCTTGTTCAC-3' 

PCNA(Rat) 
Forward 5'-GTTCCCTGGAGTGTTTGCCA-3' 

Reverse 5'-GCGTTTGGATGACGTGTGTC-3' 

 
Forward 5'-CCTGGAGAAGAGGAGCCAGA-3' 

Reverse 5'-AGTCCAGGAAGGTCCCAATC-3' 

-SMA(Rat) 
Forward 5'-GTCCCAGACATCAGGGAGTAA-3' 

Reverse 5'-TCGGATACTTCAGCGTCAGGA-3' 

 

Table 1. Gene-specific primer sequences used in this study

Actb: Actin beta; Mmp9: Matrix metallopeptidase 9; Mmp2: Matrix metallopeptidase 
2; Ccnd1: Cyclin D1; Pcna: Proliferating cell nuclear antigen; Tagln: Transgelin; Acta2: 
Actin alpha 2
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for an additional 20 min before being added dropwise 
to the cells. After 6 hr of incubation, the medium was 
replaced with complete DMEM supplemented with 10% 
FBS. Cells were cultured for 24 hr post-transfection, 
then treated with or without norepinephrine for an 
additional 24 h. The target sequence of ROCK1 siRNA was 
5′-GCUAUCAAGUUCUCGAUUAUU-3′(26).

Wound-induced migration assay
Cell migration was assessed using a wound-healing assay. 

rVSMCs (4×10⁵) subjected to different treatments were 
seeded into 6-well plates and cultured in DMEM containing 
10% FBS. When the cells reached 90-100% confluence, a 
scratch was made using a 200 μl pipette tip, and detached 
cells were removed by rinsing with PBS. The cells were 
then maintained in serum-free DMEM, and wound closure 
was monitored at 0 and 24 h. The wound-healing rate was 
calculated using the following formula:

Wound-healing rate (%)=[(wound area at 0h−wound area 
at 24 h) / wound area at 0h]×100% (27).

EdU assay
Cell proliferation was evaluated using an EdU 

incorporation assay (Beyotime, C0071s). rVSMCs (1.5×10⁴ 
cells/well) were seeded into 6-well plates, subjected 
to the indicated treatments, and incubated with EdU 
reagent (1:1000 dilution) for 3 hr the following day. After 
fixation with 4% paraformaldehyde, the cells were stained 
with Hoechst and a fluorescent dye according to the 
manufacturer’s protocol. EdU-positive cells were quantified 
using Photoshop software (28).

Immunofluorescence
Cells were fixed with 4% paraformaldehyde for 20 min 

at room temperature and washed three times with PBS. 
Permeabilization was performed using 0.25% Triton X-100 
in PBS for 10 min, followed by blocking with 1% BSA. 
The cells were then incubated with the primary antibody 
(1:200 dilution in PBS) overnight at 4 °C. After three washes 
with PBS, the secondary antibody was applied for 1 hr in 
the dark. Nuclei were counterstained with 0.1% DAPI for 

5 min at room temperature. Images were captured using a 
fluorescence microscope (29).
Measurement of intracellular calcium in rVSMCs

Intracellular calcium levels were measured using the 
fluorescent probe Fluo-4 AM (Invitrogen, Carlsbad, CA, 
USA). rVSMCs were adjusted to a density of 2×10⁵ cells/ml 
and seeded in laser confocal dishes. After treatment under 
the indicated experimental conditions, Fluo-4 AM was 
added at a final concentration of 10 μmol/L according to 
the manufacturer’s instructions, and cells were incubated in 
the dark for 30 min. The cells were then washed repeatedly 
with calcium-free PBS, centrifuged twice, and immediately 
imaged using a laser confocal microscope (30).

Electron microscopy
Electron microscopy was used to examine mitochondrial 

shape and localization. In short, cells were stabilized 
by incubation in 0.2 ml of 2× fixative (containing 3% 
paraformaldehyde and 2.5% glutaraldehyde in 0.1 M cacodylate 
buffer) for 1 hr at room temperature. After centrifugation at 
3000 RPM for 10 min at 30 °C, the cells were rinsed with 0.1 M 
cacodylate buffer and then stained for 20 min with Evans Blue 
solution. The cell suspension was centrifuged again for 10 min 
at 3000 RPM with the buffer removed. Subsequently, 20 μl of 
4% low-melting agarose was added, centrifuged at 3000 RPM 
for 10 min at 30 °C, and solidified by incubating for 15 min at 
4 °C. The resulting pellet was transferred to a 27G needle and 
examined under a transmission electron microscope after 
washed 2-3 times with buffer.

Statistical analysis
Statistical significance between two different groups 

was calculated using Student’s t-test. Results represent the 
mean±SD of three independent experiments. Experimental 
data P < 0.05 (*P < 0.05, **P < 0.01, ***P < 0.001, 
****P<0.0001) were considered statistically significant.

Results 
NE upregulates ROCK1 expression in rVSMCs

ROCK1 is typically expressed at low levels in rVSMCs 
under basal conditions. Our results demonstrated that both 
protein and mRNA expression of ROCK1 were significantly 
increased following NE treatment (Figure 1A-C). This 

Figure 1. Expression of ROCK1 increases in rat vascular smooth muscle cells (rVSMCs) treated with Norepinephrine (NE)
A. Representative Western blot analysis of ROCK1 protein expression in rVSMCs after treatment with 30 μmol/L NE for 24 h. β-actin was used as a loading control. Quantification 
is shown on the right (n=3).* indicated P<0.05. (B) Relative mRNA expression of ROCK1 measured by quantitative real-time PCR (qRT-PCR) (n=3).**** indicated P<0.0001. (C) 
Immunofluorescence staining of ROCK1 (green) in rVSMCs. Nuclei were stained with Hoechst (blue). Quantification of fluorescence intensity is shown on the righ. Scale bar, 100 
μm. ** indicated P<0.01. Con: Conrtrol; ROCK1: Rho-associated coiled-coil containing protein kinase 1
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finding was further confirmed by immunofluorescence 
staining, which revealed enhanced ROCK1 expression in 
NE-treated cells (Figure 1D).

NE promotes rVSMCs proliferation via ROCK1
To investigate the role of ROCK1 in NE-induced cell 

proliferation, we first confirmed efficient ROCK1 knockdown 
by Western blotting (Figure S1A). EdU incorporation assays 
revealed that NE markedly enhanced rVSMCs proliferation, 
whereas this effect was significantly attenuated by ROCK1 
knockdown (Figure 2A). Consistently, the expression of 
proliferative markers Proliferating Cell Nuclear Antigen 

(PCNA) and Cyclin D1 was up-regulated by NE but reduced 
after ROCK1 silencing, as shown by Western blot (Figure 
2B, 2C) and real-time PCR analyses (Figure 2D, 2E). These 
results indicate that ROCK1 is essential for mediating NE-
induced proliferation in rVSMCs.

NE enhances rVSMCs migration through ROCK1
Wound-healing assays showed that NE significantly 

promoted rVSMC migration at 24 hr compared with 
controls, whereas ROCK1 knockdown markedly suppressed 
this effect (Figure 3A). Mechanistically, NE treatment 
increased the expression of matrix metalloproteinases 

Figure 2. Down-regulation of ROCK1 inhibits rat vascular smooth muscle cells (rVSMCs) proliferation after induced by norepinephrine (NE)
A. Cell proliferation was evaluated by EdU staining assay (n=3). Scale bar, 50 μm. ** indicated P<0.01, *** indicated P<0.001. B-C. The protein levels of proliferation-related 
proteins, PCNA and Cyclin D1, were up-regulated in NE-treated rVSMCs and downregulated following ROCK1 knockdown (n=3). * indicated P<0.05, ** indicated P<0.01, *** 
indicated P<0.001. D-E. The mRNA levels of proliferation-related proteins PCNA and Cyclin D1 expression measured by quantitative real-time PCR up-regulated in NE-treated 
rVSMCs were downregulated following ROCK1 knockdown (n=3). *** indicated P<0.001, **** indicated P<0.0001 
Con: Control; EdU: 5-Ethynyl-2’-deoxyuridine; ROCK: Rho-associated coiled-coil containing protein kinase1; PCNA: Proliferating Cell Nuclear Antigen; NC:Negative control

Figure 3. Down-regulation of ROCK1 inhibits rat vascular smooth muscle cells (rVSMCs) migration after induced by Norepinephrine (NE)
A. Cell migration was evaluated by wound healing assay (n=3). Scale bar, 200 μm. ** indicated P<0.01. B-C. The protein levels of migration-related proteins, MMP2 and MMP9, 
were up-regulated in NE-treated rVSMCs and downregulated following ROCK1 knockdown (n=3). * indicated P<0.05, *** indicated P<0.001. D-E. The mRNA levels of 
proliferation-related proteins, MMP2 and MMP9, were up-regulated in NE-treated rVSMCs and downregulated following ROCK1 knockdown (n=3). ** indicated P<0.01, *** 
indicated P<0.001 
Con: Control; ROCK: Rho-associated coiled-coil containing protein kinase 1; MMP2: Matrix Metalloproteinase 2; MMP9: Matrix Metalloproteinase 9; NC: Negative control
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MMP-9 and MMP-2, key mediators of cellular migration 
(31, 32).ROCK1 knockdown effectively reversed this 
upregulation at both the protein (Figure 3B, 3C) and mRNA 
levels (Figure 3D, 3E). These findings demonstrate that 
ROCK1 contributes to NE-induced migration of rVSMCs, 
in part by regulating MMP-9 and MMP-2.

ROCK1 mediates NE-induced phenotypic switching of 
rVSMCs

SM22α and α-SMA are well-established markers of the 
contractile phenotype in VSMCs (33). Immunofluorescence 
staining showed that NE treatment significantly reduced 
α-SMA fluorescence intensity, whereas ROCK1 knockdown 
restored it (Figure 4A). Western blot analyses further 
revealed that NE decreased SM22α and α-SMA expression, 
which was partially rescued upon ROCK1 knockdown 
(Figure 4B, 4C). Real-time PCR confirmed consistent 
changes at the mRNA level (Figure 4D, 4E). These results 
indicate that ROCK1 plays a crucial role in mediating NE-
induced phenotypic switching of rVSMCs from a contractile 
to a synthetic state.

NE regulates mitochondrial dynamics in rVSMCs
Mitochondria are highly dynamic organelles undergoing 

continuous fission and fusion, processes critical for 
VSMC phenotype regulation (34, 35). TEM analysis 
revealed increased mitochondrial division in NE-treated 
rVSMCs, accompanied by a dose-dependent reduction in 
mitochondrial area and circumference, and an elevated 
aspect ratio (Figure 5A). Despite these morphological 
changes, NE did not significantly alter the expression of 
the key fission mediator DRP1 (Figure 5B)(36, 37) or the 
fusion regulators MFN1 and OPA1 (Figure 5C, 5D)(38, 
39). Interestingly, NE treatment induced a transient rise 
in cytoplasmic calcium levels (Figure 5E), suggesting a 
potential calcium-dependent mechanism underlying the 
observed mitochondrial fission.

Discussion
In this study, we identified a novel role for norepinephrine 

(NE) in promoting rVSMC proliferation, migration, and 

Figure 4. Down-regulation of ROCK1 inhibits rat vascular smooth muscle cells (rVSMCs) phenotype switch after induced by Norepinephrine (NE)
A. Phenotype switch was evaluated by Immunofluorescence staining. B-C. The protein levels of phenotype-related proteins SM22α and α-SMA, which were up-regulated in NE-
treated rVSMCs, were downregulated following ROCK1 knockdown (n=3). * indicated P<0.05, ** indicated P<0.01, *** indicated P<0.001, **** indicated P<0.0001. D-E. The 
mRNA levels of proliferation-related proteins, MMP2 and MMP9, were up-regulated in NE-treated rVSMCs and downregulated following ROCK1 knockdown (n=3). ** indicated 
P<0.01, *** indicated P<0.001, **** indicated P<0.0001 
Con: Control; ROCK: Rho-associated coiled-coil containing protein kinase 1; SM22α: Smooth Muscle Protein 22-α; α-SMA: α-smooth muscle actin; NC: Negative control

Figure 5. Norepinephrine (NE) promotes mitochondrial division and 
increases intracellular calcium ions
A. Following NE treatment, partial mitochondria were divided (indicated by white 
arrows). Scale bar=5 μm. B. DRP1 expression in cells treated with NE (24 h) for 
different durations(n=3). ns compared to the Control group C. MFN1 expression in 
cells treated with NE (24 h) for different durations (n=3). ns compared to the Control 
group D. OPA1 expression in cells treated with NE (24 h) for different durations 
(n=3). ns compared to the Control group E. NE induces an increase in mitochondrial 
cytoplasmic Ca2+ concentration 
Con: Control; DRP1: Dynamin-related protein 1; MFN1: Mitofusin 1; OPA1: Optic 
Atrophy 1; ns: non-significant
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phenotypic switching through activation of ROCK1. These 
findings extend previous evidence linking sympathetic 
overactivity with hypertensive nephropathy and vascular 
injury, and highlight ROCK1 as a critical mediator of renal 
vascular remodeling.

ROCK1 has long been implicated in cardiovascular and 
renal pathophysiology. Its activation increases vascular 
resistance, promotes extracellular matrix deposition, and 
contributes to glomerulosclerosis and tubulointerstitial 
fibrosis (20, 40, 41). Our results are consistent with these 
reports and further demonstrate that NE-induced ROCK1 
activation drives the phenotypic transition of VSMCs 
from a contractile to a synthetic state. This switch was 
characterized by upregulation of proliferative and migratory 
markers, including PCNA, Cyclin D1, MMP-9, and MMP-
2, underscoring ROCK1 signaling as a convergence 
point linking sympathetic hyperactivity to renal vascular 
remodeling in hypertensive nephropathy.

Beyond structural remodeling, our study provides the 
first evidence that NE influences mitochondrial dynamics 
in rVSMCs. NE treatment enhanced mitochondrial fission, 
in line with previous reports that excessive mitochondrial 
fragmentation contributes to vascular dysfunction and 
kidney injury (42, 43). Interestingly, the expression levels 
of canonical regulators of mitochondrial dynamics, such 
as DRP1, MFN1, and OPA1, were not significantly altered. 
This suggests that alternative pathways, possibly involving 
calcium signaling, may mediate NE-induced mitochondrial 
fission. Further investigation is needed to clarify this 
mechanism.

From a therapeutic standpoint, the NE–ROCK1 axis 
represents a promising target in hypertensive nephropathy. 
ROCK inhibitors such as fasudil and Y-27632 have 
demonstrated renoprotective effects in animal models by 
reducing fibrosis, improving renal hemodynamics, and 
attenuating proteinuria (44-46). Similarly, renal sympathetic 
denervation, which reduces circulating NE levels, has been 
shown to lower blood pressure and improve renal outcomes 
(47). Our findings provide a mechanistic rationale for 
these interventions and suggest that combining ROCK1 
inhibition with approaches that modulate mitochondrial 
dynamics could provide synergistic benefits.

Nevertheless, several limitations must be acknowledged. 
First, the precise signaling mechanisms linking NE, calcium 
homeostasis, and mitochondrial fission remain unresolved. 
Second, our study was limited to in vitro cellular models; 
in vivo validation is necessary to confirm the physiological 
relevance of these findings. Finally, the potential crosstalk 
between ROCK1 signaling and other pathways, such as NF-
κB or MAPK signaling, warrants further exploration.

In conclusion, we demonstrate that NE promotes rVSMCs 
proliferation, migration, phenotypic transformation, 
and mitochondrial dysfunction via ROCK1 activation, 
thereby contributing to the pathogenesis of hypertensive 
nephropathy. Targeting ROCK1 may represent a promising 
therapeutic strategy, and future studies should evaluate the 
efficacy of ROCK1 inhibitors and mitochondrial modulators 
in preclinical and clinical settings.

Conclusion
To our knowledge, this is the first study to demonstrate 

that norepinephrine (NE) regulates rVSMCs through 
ROCK1 signaling. We showed that NE upregulates ROCK1, 

thereby promoting rVSMCs proliferation, migration, and 
phenotypic switching, while simultaneously impairing 
mitochondrial homeostasis by reducing mitochondrial 
membrane potential and enhancing mitochondrial fission. 
Silencing ROCK1 effectively attenuated these pathological 
responses, underscoring its central role in NE-mediated 
vascular remodeling. These findings identify the NE–
ROCK1 axis as a novel driver of hypertensive nephropathy 
and highlight ROCK1 inhibition as a potential therapeutic 
strategy. Future in vivo and clinical studies are needed to 
validate these mechanisms and explore the translational 
value of targeting ROCK1 in hypertensive vascular injury.
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