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NMN/NAD+ enhances SIRT2-modulated microtubule dynamics to improve 
mitochondrial and mitophagy functions in senescent cells
Jie Cuia*, Shifeng Rena*, Bingjie Wanga*, Nan Zhanga, Shanshan Zhua, Yajun Zhanga, Xiangqing Qia, Weixue Menga, 
Liwei Shaoa, Shan Gaoa, Lijie Xingb, Zengjun Lib, and Xiaodong Mua

aSchool of Pharmaceutical Sciences, National Key Laboratory of Advanced Drug Delivery System, Shandong First Medical University & Shandong 
Academy of Medical Sciences, Jinan, China; bShandong Cancer Hospital and Institute, Shandong First Medical University & Shandong Academy of 
Medical Sciences, Jinan, China

ABSTRACT
The effect of NAD+ in enhancing mitochondrial function and energy metabolism in human cells is 
closely linked to NAD+-dependent sirtuins (i.e. SIRT1 and SIRT3). SIRT2 primarily functions in the 
cytoplasm, where it can serve as a key deacetylase for tubulin and modulates stability of micro
tubules. Microtubule plays a pivotal role in regulating mitochondrial dynamics, including mitochon
drial movement, fission/fusion, repair, and mitophagy-dependent clearance. However, the potential 
role of NAD+ in modulating SIRT2-related microtubule stability, and the potential involvement of the 
NAD+-SIRT2-microtubule axis in regulating mitochondrial and mitophagy functions remains unex
plored. In this study, we demonstrate that senescent muscle cells exhibit microtubule hyper-stabili
zation and reduced dynamics, concomitant with SIRT2 inactivation and tubulin hyperacetylation. 
These alterations impair microtubule-dependent mitochondrial repair and mitophagy function, 
resulting in mtDNA leakage, CGAS-STING1 activation and subsequently accelerated senescence. 
Notably, treatment with nicotinamide mononucleotide (NMN) effectively reactivates SIRT2, restores 
microtubule dynamics, and enhances mitochondrial quality control by promoting repair and mito
phagy. Consequently, NMN mitigates CGAS-STING1-driven senescence. Our findings reveal a novel 
mechanism by which NMN preserves mitochondrial health in senescent cells via a SIRT2-microtubule 
axis, highlighting its protective role beyond canonical NAD+-sirtuin pathways, and suggesting micro
tubule dynamics as a promising therapeutic target for improving cellular defects associated with 
mitochondrial and mitophagy dysfunctions.

Abbreviations: D-gal: D-galactose; EdU: 5-ethynyl-20-deoxyuridine; HDAC6: histone deacetylase 6; 
LAMP1: lysosome associated membrane protein 1; MSCs: mesenchymal stem/stromal cells; mtDNA: 
mitochondrial DNA; NAD+: nicotinamide adenine dinucleotide; NMN: nicotinamide mononucleotide; 
PBS: phosphate-buffered saline; SA-GLB1/β-gal: senescence-associated galactosidase beta 1; SIRT2: 
sirtuin 2.
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Introduction

Nicotinamide mononucleotide (NMN) is a precursor of nico
tinamide adenine dinucleotide (NAD+), a critical coenzyme 
involved in various cellular processes, such as mitochondrial 
homeostasis, energy metabolism and DNA repair [1,2]. The 
potential beneficial effects of NMN/NAD+ in delaying the 
senescence of various types of cells have been extensively 
studied, and the underlying mechanisms have been greatly 
attributed to the enhancement of mitochondrial function and 
improvement of energy metabolism [3,4]. NAD+ levels in 
human cells decline with age, leading to reduced activity of 
NAD+-dependent enzymes, including sirtuins [5]. Sirtuins are 
a class of NAD+-dependent deacetylases that can function by 
removing acetyl groups from target proteins (deacetylation) 

and regulate gene expression, metabolism, and stress 
responses [5,6]. Among various target proteins of NAD+, 
sirtuins are well-recognized for their crucial roles in lifespan 
extension and slowing down aging in various organisms [7,8] 
Particularly, SIRT2 is a unique member of the sirtuins, pri
marily localized in the cytoplasm, with TUBA/α-tubulin being 
one of its key targets of deacetylation activity [9]. Thus, SIRT2 
play a critical role in influencing microtubule stability and 
dynamics [10]. Like other sirtuins, activity of SIRT2 also 
declines during cellular senescence [11]. Recent studies have 
shown that NMN supplementation to human cells or animal 
models can boost NAD+ levels, improving sirtuins activity 
and relevant cell functions [12,13]. However, the potential 
effect of NAD+ on the SIRT2-microtubule system, and their
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potential role in the regulation of aging process remain 
unknown [13].

Cytoskeleton is the key structural element determining 
the mechanical properties of cells, and mechanical stress 
from the extracellular matrix (ECM) can be transmitted to 
the nucleus through cytoskeleton, and change the gene 
expression profile [14,15]. In addition, ECM-derived pep
tides can also act as ligands to activate signaling pathways 
and regulate (e.g., activate or inhibit) the activity of 
enzymes such as SIRT2, thereby altering the acetylation 
status and stability of the cytoskeleton [16]. Microtubule 
is the main cytoskeletal structure that plays an important 
role in regulating cell morphology or shape, cell migration 
or motility, cell division, nuclear deformation, signal trans
duction and many other cell events [17,18]. Importantly, 
microtubule also serves as the trafficking track for various 
intracellular organelles, and is critical for regulating their 
distribution, migration, and interaction [18]. For example, 
organelles such as mitochondria, autophagosomes, and 
lysosomes move and interact with other organelles in the 
cytoplasm using microtubule as guiding tracks [19]. 
Particularly, SIRT2 is a unique member of the sirtuins, 
primarily. Also, newly formed autophagosomes is trans
ported along microtubule tracks to the peri-nuclear micro
tubule-organizing center (MTOC) for further processing, 
including its maturation and autophagosome – lysosome 
fusion event [20,21]. Specifically, microtubule has been 
demonstrated as the essential regulator of mitochondrial 
dynamics (i.e., fission, fusion, and motility) and repair 
process [22,23]. Microtubules are assembled by TUBA 
and TUBB/β-tubulin heterodimers, and tubulin acetylation 
is crucial in determining the stability of microtubule, and 
in regulating microtubule organization and intracellular 
transport. The dynamic instability of microtubule network 
(i.e., the polymerization and depolymerization process) is 
of particular importance for the kinetic activity of micro
tubule, which underlies their important biological functions 
such as the regulation of mitochondrial dynamics [24].

Recent research has indicated in many types of cells that 
microtubule stabilization [11] intensifies with cellular senes
cence [25,26], resulting in diminished microtubule dynamics 
and impaired microtubule-relevant cellular functions. 
However, how the biological functions of microtubule net
works change during cellular senescence process remain 
much unknown. The critical role of NMN/NAD+ on SIRT2- 
mediated microtubule dynamics and the potential contribu
tion of this pathway in delaying cellular senescence deserve 
further investigation. Here our results support that, the 
enhanced SIRT2 activity by NMN/NAD+ can lead to 
increased deacetylation of TUBA and improved microtubule 
dynamics in senescent cells, and subsequently improve mito
chondrial functions that are greatly dependent on microtu
bule dynamics.

Therefore, in the current study, with human muscle cells 
as a model, we explored a potential novel mechanism of 
NMN-mediated anti-aging effect involving SIRT2-microtu
bule axis, and will clarify whether NMN can delay muscle 
cell senescence by activating SIRT2-modulated microtubule 
dynamics. Results of this study can improve our 

understanding of the mechanism of effective anti-aging 
strategies such as NMN or other anti-aging drugs, and 
will find out the potential therapeutic value of microtu
bule-targeting methods in addressing age-related muscle 
degeneration and sarcopenia disease.

Results

NMN effectively delayed muscle cell senescence

We established a cellular senescence model using D-galactose 
(D-gal)-treated human skeletal muscle-derived MSCs [27,28]. 
Then the senescent MSCs were treated with NMN of varied 
concentrations (0, 50, 70, 100 and 150 µM) for 3 days. Results 
showed that NMN of 100 µM was most effective in reducing 
the ratio of senescent cells, as evidenced by SA-GLB1/β-Gal 
staining (Figure 1A). Further validation using fluorescent 
staining of SA-GLB1/β-Gal (CellEvent Senescence Green) 
and EdU assays demonstrated reduced senescence markers 
and enhanced proliferation in NMN-treated cells (Figure 1B, 
C). The initial experiments to verify the cellular senescence 
model was performed by testing the cytotoxic effects of vary
ing D-gal concentrations (20, 30, and 40 g/L) over 3 days, and 
30 g/L of D-gal was identified as optimal for inducing senes
cence without significant cell death (Figure S1A-B). Western 
blot (CDKN2A/p16, CDKN1A/p21) and PCR (CDKN2A, 
CDKN1A, and senescence-associated secretory phenotype 
(SASP) factors CXCL1, MMP1, IL1A/IL-1α, IL1B/IL-1β, and 
IL6) analyses confirmed senescence induction (Figure S1C-D).

Furthermore, in MSCs isolated from naturally aged mice, 
extended NMN treatment (100 µM, 7 days) also led to 
a notable reduction in the number of SA-GLB1/β-Gal-positive 
cells compared with the untreated group, despite the presence 
of replicative senescence (Figure S2). This suggests that NMN 
can, to some extent, delay the rate of cellular senescence, 
though it does not significantly reverse the established senes
cent phenotype.

NMN led to re-activation of SIRT2 and relieved 
microtubule hyper-stabilization in senescent muscle cells

Our previous finding revealed increased cytoskeleton stiffness 
and disorganization in progeria aged cells [18,29], and it was 
shown in others’ studies that microtubules in senescent cell 
develop abnormal structure and organization [11]. A dynamic 
microtubule network with smooth polymerization and depo
lymerization activities is important for proper microtubule 
functions, especially for its roles in modulating the distribu
tion and movement of intracellular organelles and vesicles 
[30,31].

Here we found that D-gal-induced senescent muscle cells 
exhibited disorganized microtubules, characterized by 
increased polymerization, shortened length, and excessive 
curvature (Figure 2A-B). Meanwhile, the microtubule poly
merization assay by turbidity measurement method also sup
ports that D-gal induced increased microtubule 
polymerization in muscle cells (Figure S3). This result sug
gests that there is increased microtubule hyper-stabilization 
and decreased microtubule dynamics in D-gal induced

2 J. CUI ET AL.

http://heterodimers


SA-GLB1/β-Gal-positive cells

CellEvent-positive cells

Control D-gal NMN 50 µM

NMN 70 µM NMN 100 µM NMN 150 µM

CellEvent Senescence 
Green Probe DAPI

CellEvent Senescence 
Green Probe/ DAPI

Control

D-gal

NMN

A

B

EdU-positive cells

Control

D-gal

NMN

EdU/ DAPIDAPIEdUC

Figure 1. NMN delayed cellular senescence of human muscle MSCs. (a) After treatment of human muscle MSCs with different concentrations of NMN, the number of 
SA-GLB1/β-gal-positive cells and the number of senescent cells were statistically analyzed under a microscope. Scale bar: 100 µm. Data are presented as mean ± sd 
(n = 6). Unpaired Student’s t-test was used for statistical analysis. Compared with control, ****p < .0001. And compared with D-gal group, ns p > 0.05, ##p < .01, 
####p < .0001. (b) After treatment of human muscle MSCs with NMN (100 µM, 3 days), the number of CellEvent-positive cells were observed under a fluorescence 
microscope. Aging cells showed green fluorescence and the nuclei were blue. Scale bar: 100 µm. Data are presented as mean ± sd (n = 6). Unpaired Student’s t-test 
was used for statistical analysis. Compared with control, ***p < .001. And compared with D-gal group, ##p < .01. (C) After treatment of human muscle MSCs with 
NMN, EdU measurement was performed, and the number of EdU-positive cells (green) and Hoechst-stained nucleus of all the cells (blue) were observed under 
a fluorescence microscope, along with a statistical chart of EdU-positive cells. Scale bar: 100 µm. Data are presented as mean ± sd (n = 6). Unpaired Student’s t-test 
was used for statistical analysis. Compared with control, ****p < .0001. And compared with D-gal group, ###p < .001.
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Figure 2. NMN relieved microtubule hyper-stabilization in senescent muscle cells. (a) NMN changed organization/structure of microtubule network in senescent 
muscle cells. The microtubule is fluorescent green and the nuclei are labelled by Hoechst (blue). The microtubule images were transferred to gray by ImageJ and then 
tubeness plugin was used to discern “linear” polymerized microtube. Scale bar: 10 μm. (b) the statistical analysis of microtubule status in (a). Polymerization of TUBA, 
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senescent muscle cells. The status of microtubule polymeriza
tion is closely related to the level of TUBA acetylation [32], 
and here our result showed that senescent muscle cells had 
elevated level of TUBA acetylation (Figure 2C-D). Meanwhile, 
the protein level of the two most important tubulin deacety
lases HDAC6 and SIRT2, was found to be greatly reduced in 
senescent muscle cells (Figure 2C-D). Furthermore, direct 
measurement of SIRT2 deacetylase activity confirmed its sig
nificant reduction in senescent muscle cells (Figure 2E). Thus, 
the elevated TUBA acetylation and decreased microtubule 
dynamics in senescent muscle cells can be mediated by deac
tivation of HDAC6 and SIRT2.

Microtubule network has important roles in maintaining 
normal cell functions, and develops profound changes during 
cellular senescence [25,33]. Since NMN is able to delay the 
senescence of muscle MSCs, here we examined potential 
impact of NMN treatment on microtubule network in senes
cent cells (Figure 2A-B). We found that NMN treatment of 
senescent muscle cells led to obvious changes in microtubule 
network, including reduced microtubule polymerization 
index, and restored linear arrangement and polarity distribu
tion (Figure 2A-B). Also, immuno-fluorescent staining of 
acetylated TUBA showed that NMN reduced the level of 
TUBA acetylation, suggesting that it might repress microtu
bule hyper-stabilization by increasing TUBA de-acetylation 
(Figure 2C-D). Sirtuins (including SIRT2) are NAD+-depen
dent deacetylase, and our western blot results showed that, 
NMN treatment of senescent muscle cells significantly 
increased the level of SIRT2 protein (but not HDAC6) 
(Figure 2C-E), which can be responsible for the reduced 
level of TUBA acetylation.

NMN-induced destabilization of microtubules in 
senescent cells improved mitochondrial repair and 
function

Previous studies on NMN have primarily focused on its direct 
effects on mitochondrial characteristics and functions, such as 
modulating oxidative phosphorylation, mitigating oxidative 
stress, and improving energy metabolism. However, the func
tions and dynamics of mitochondria is intricately linked to the 
status of microtubule, which serve as the primary cytoskeletal 
structures regulating multiple critical cellular processes [34]. In 
particular, microtubule acts as intracellular transport/trafficking 
tracks for various types of organelles including mitochondria, 
orchestrating their distribution, motility, fusion, fission, and 
repair, as well as the mitophagy process [35,36]. Thus, we 
hypothesized that dysfunction in microtubule networks could 
exacerbate mitochondrial damage and interfere with the 

mitochondrial repair mechanisms, and that NMN might 
reverse these defects.

Here our results showed that, hyper-stabilized microtubule 
network in senescent muscle cells is coupled with increased level 
of fragmented mitochondria (Figure 3A-B), while NMN treat
ment (100 µM, 3 days) effectively restored mitochondrial mor
phology (length, branching, and network integrity) and 
function, evidenced by increased NAD+: NADH ratios, ATP 
production, and reduced lactate accumulation (Figure S4A – C). 
Additionally, NMN restored mitochondrial membrane potential, 
reduced oxidative stress (mitoSOX), and decreased the level of 
oxidative damage to mitochondrial DNA (mtDNA), as evidenced 
by immunostaining of 8-OHdG (Figure S4D).

Next, in order to further verify that the improvement of 
mitochondrial functions by NMN can be mediated by SIRT2- 
microtubule axis, we used plasmid vectors carrying DNA 
fragments encoding SIRT2-GFP to re-activate the TUBA dea
cetylase activity of SIRT2. Result showed that, SIRT2 over
expression in senescent muscle cells produced similar results 
as NMN treatment, including decreased level of microtubule 
hyper-stabilization, improved mitochondrial morphology and 
reduced mitochondrial damage (Figures 3, 4). Meanwhile, 
transient microtubule depolymerization in senescent muscle 
cells by low-dose of microtubule depolymerizer colchicine (2  
nM, 3 days) was also effective in relaxing hyper-stabilized 
microtubule network and reducing mitochondrial damage 
(Figures 3, 4), which result is consistent with previous obser
vations of colchicine’s effect in repressing ROS, inflammation, 
autophagy, and senescence [37–39].

Collectively, these findings demonstrate that SIRT2-mico
tubule axis plays a critical role in mediating the effect of NMN 
on mitochondrial/ functions, and that NMN’s restoration of 
microtubule dynamics is possibly indispensable for rescuing 
mitochondrial function in senescent cells. By improving 
microtubule-dependent mitochondrial trafficking and 
dynamics, NMN could mitigate metabolic dysfunction and 
oxidative stress in mitochondria, underscoring the cytoskele
ton’s pivotal role in mediating its anti-aging effects.

NMN reduced mtDNA leakage and CGAS-STING1 
activation through restoring microtubule dynamics

Usually, DNA in cells is strictly contained in the nucleus or 
mitochondria, and the presence of DNA in the cytoplasm is 
a danger signal to cells. Just like DNA from viral or bacterial 
infection, DNA leaked from damaged mitochondria can activate 
the innate immune response of cells, especially the CGAS- 
STING1 signal [40]. Our previous research has revealed that 
increased mitochondrial damage can lead to increased mtDNA

ratio of aggregated microtubules area:cell area, indicated the degree of microtubule aggregation. The tubeness images were then analyzed with ImageJ 
mitochondrial network analysis (MiNA) toolset plugin to check structural changes of microtubule. With this plugin, we analyzed and compared changes in 
microtubule branches (number of microtubule branches) and branch junctions (crossing of microtubule filament). Our result showed NMN improve D-gal-induced 
disordered microtubule network, including reduced microtubule aggregation, restored linear arrangement and polarity distribution (n = 6). Unpaired Student’s t-test 
was used for statistical analysis. Compared with control, ****p < .001. And compared with D-gal group, ##p < .01, ####p < .001. (C) NMN decreased the level of 
microtubule acetylation in senescent muscle cells. Immunofluorescence staining of acetyl-TUBA (ace-TUBA, bright green). The nuclei are labelled by DAPI (blue). Scale 
bar: 10 μm. (d) Western blot was used to detect the expression levels of ace-TUBA, the microtubule histone deacetylase HDAC6 and SIRT2 after NMN treatment. 
Statistical analysis was performed for western blot result, and are presented as mean ± sd (n = 3). Unpaired Student’s t-test was used for statistical analysis. Compared 
with control, ***p < .05, ##p < .001. And compared with D-gal group, ****p < .05, ###p < .001. (e) the activity of SIRT2 was determined with an Elisa kit by measuring 
the absorbance at 450 nm (OD450) of lysates from 1 × 106 cells. Data are presented as mean ± sd (n = 3). Unpaired Student’s t-test was used for statistical analysis. 
Compared with control, **p < .001. And compared with D-gal group, #p < .01.
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Figure 3. NMN-induced destabilization of microtubules in senescent cells restored abnormal mitochondrial morphology and distribution. (a) confocal imaging 
showing NMN and microtubule destabilization (SIRT2 over expression and colchicine, 2 nM, 3 days) effectively improve mitochondrial distribution in senescent cells. 
vital cell staining of mitochondria (MitoTracker, red) and microtubule (green). The nuclei are labelled by Hoechst (blue). Scale bar: 10 μm. (b) mitochondrial 
morphology analysis. Mitochondria analyzer plugin in ImageJ was used for mitochondrial morphological analysis. Scale bar: 10 μm. Data are presented as mean ± sd 
(n = 6). Unpaired Student’s t-test was used for statistical analysis. Compared with control, ****p < .001. And compared with D-gal group, ##p < .05, ####p < .01.
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Figure 4. NMN-induced destabilization of microtubules in senescent cells restored mitochondrial function. (a) Confocal imaging of changes after NMN and 
microtubule destabilization (SIRT2 overexpression and colchicine) treatment in the mitochondrial membrane potential stained by JC-1 (green: J-monomers in low- 
potential; red: J-aggregates in healthy high-potential). Statistics was done to the ratio of fluorescence red to green, to indicate the level of normal mitochondrial 
membrane potential. Scale bar: 10 μm. Data are presented as mean ± sd (n = 6). Unpaired Student’s t-test was used for statistical analysis. Compared with control, 
****p < .01. And compared with D-gal group, ##p < .05, ####p < .01. (b) mtROS level were examined by mitoSOX indicator (red). Scale bar: 10 μm. Data are presented 
as mean ± sd (n = 6 visions). Unpaired Student’s t-test was used for statistical analysis. Compared with control, ***p < .001. And compared with D-gal group, ##p  
< .05, ****p < .001.
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leakage and activation of CGAS-STING1 in senescent myofibers 
[41]. Here we explored whether microtubule abnormalities have 
a role in mediating the mitochondrial damage-induced mtDNA 
leakage and CGAS-STING1 activation in senescent MSCs, and 
whether NMN supplementation had an impact on this process.

TFAM protein binds to mtDNA to form a nucleoid structure 
that protects mtDNA from damage and ensures its stability and 
normal function [42]. Our immunofluorescence staining results 
showed the presence of a large number of extra-mitochondrial 

TFAM in senescent muscle cells, which implies the increased 
leakage of mtDNA. Then, NMN treatment of the senescent mus
cle cells significantly reduced the level of mtDNA leakage 
(Figure 5). Also, the protein levels of CGAS-STING1 signaling- 
related factors (i.e., CGAS, STING1, p-STING1) and the gene 
expression level of target genes of CGAS-STING1 signaling 
(IFNA/IFN-α and IFNB/IFN-β), was significantly decreased 
(Figure 6), supporting that NMN is effective in repressing 
CGAS-STING1 activation.

D-gal

D-gal+
NMN

Control

TFAMTOMM20TOMM20/TFAMTOMM20/TFAM/DAPI

D-gal+
SIRT2 
Activation

D-gal+
Colchicine

Level of TFAM+ TOMM20-  signal

Figure 5. NMN reduced the level of mtDNA leakage in senescent muscle cells. Confocal imaging of cells after NMN and microtubule destabilization (SIRT2 over 
expression and colchicine) treatment for the leaked mtDNA stained by TFAM (a protein binding with DNA) and TOMM20 (a mitochondria membrane protein), mtDNA 
localized inside mitochondria are marked by white arrow (TFAM+ TOMM20+); mtDNA leaked into cytoplasm are marked by blue arrow (TFAM+ TOMM20−). Statistical 
analysis of TFAM in cytosol. Statistics was done to the ratio of fluorescence green (no overlap with red) to green (total), to indicate the level of mtDNA leakage. Scale 
bar: 10 μm. Data are presented as mean ± sd (n = 6). Unpaired Student’s t-test was used for statistical analysis. Compared with control, ****p < .01. And compared 
with D-gal group, ##p < .05, ####p < .01.

8 J. CUI ET AL.



Control

D-gal

NMN

TUBACGAS Merge BA

C

GAPDH

CGAS

STING1

p-STING1

36 KDa

60 KDa

37 KDa

42 KDa

D

E

Level of CGAS+ signal

Protein level of p-STING1

Protein level of STING1

mRNA level of IFNs

D-gal+
Colchicine

D-gal+
SIRT2 
Activation

R
el

at
iv

e 
m

R
N

A
 le

ve
ls

F
lu

o
re

sc
en

ce
 in

te
n

si
ty

o
f 

C
G

A
S

:D
A

P
I

IFNA IFNB

Figure 6. NMN decreased CGAS-STING1 activation in senescent muscle cells. (a) Confocal imaging of CGAS signal after NMN and microtubule destabilization (SIRT2 
over expression and colchicine) treatment. Scale bar: 10 μm. (b) Statistics of a was done to the ratio of fluorescence red to green, to indicate the intensity of CGAS 

AUTOPHAGY 9



Further, in order to validate the involvement of SIRT2- 
microtubule axis in mediating the effect of NMN in reducing 
mtDNA leakage and CGAS-STING1 activation, we per
formed SIRT2 overexpression or modulation of microtubule 
stability by low-dose of colchicine in senescent muscle cells. 
Results showed that both SIRT2 overexpression and transi
ent microtubule depolymerization displayed similar results 
as NMN treatment (Figures 5, 6), supporting the significant 
involvement of SIRT2-microtubule axis in regulating 
mtDNA leakage and CGAS-STING1 activation.

Therefore, it is possible that NMN can restore the function 
of damaged mitochondria or speed up the clearance of 
damaged mitochondria by regulating the microtubule 
dynamics, and reduce the total number of damaged mito
chondria in senescent MSCs, thereby reducing mtDNA leak
age and CGAS-STING1 activation.

NMN enhanced mitophagy function in senescent muscle 
cells through restoring microtubule dynamics

Changes in microtubule properties can also have a significant 
impact on the location, movement, function, and interaction 
of organelles such as autophagosomes and lysosomes [43]. 
Autophagosomes are also a part of the innate immune system, 
and the clearance of aging or damaged mitochondria requires 
the participation of autophagosomes/lysosomes to initiate and 
promote mitophagy, so as to avoid the leakage of ROS and 
mtDNA into the cytoplasm. As shown above, we have 
observed a significant reduction of mitochondrial damage in 
senescent MSCs with NMN treatment, so we further exam
ined the microtubule-mediated changes in mitophagy with 
NMN treatment.

Confocal imaging of fluorescent probes for lysosomes 
(LysoTracker) showed an increased accumulation of lysoso
mal vesicles in senescent muscle cells (Figure 7), suggesting 
potentially impaired lysosomal function. Consistently, immu
nofluorescent staining of LAMP1 (a lysosome-related protein) 
also showed obviously increased peri-nuclear accumulation in 
human senescent muscle cells (Figure S5), which is coupled 
with disorganized microtubule structure. Western blot assay 
of mitophagy-related proteins (i.e., PRKN/Parkin and PINK1) 
in senescent MSCs also showed that the level of PRKN and 
PINK1 were significantly increased (Figure 7B). Together with 
the observation of increased accumulation of lysosomal vesi
cles in the senescent cells above, the increased level of PRKN 
and PINK1 may indicate that damaged mitochondria or mito
chondrial autophagosomes (PINK1+ and PRKN+) in senes
cent muscle cells cannot properly interact and fuse with 
lysosomal vesicles (LysoTracker+ and LAMP1+) to proceed 
with mitophagy-dependent degradation process smoothly. 
Further, NMN treatment of the human senescent muscle 
cells effectively reduced the accumulation of LAMP1+ 

(Figure S5), and reversed the expression level of PRKN and 
PINK1 proteins (Figure 7B). To directly assess the level of 
mitophagy, we applied a mitophagy detection Kit with the 
Mtphagy Dye probe [44]. Results showed that there was 
a significant increase in fluorescence intensity of mitophagy 
in D-gal-induced senescent cells, indicating the accumulation 
of damaged mitochondria. While when the senescent cells 
were treated with NMN (100 μM, 3 days), the mitophagy 
flow was effectively restored (Figure S6), indicating improved 
lysosomal and mitophagy functions in NMN-treated senes
cent cells.

In order to further verify the involvement of microtu
bule dynamics in affecting mitophagy function, SIRT2 over
expression or transient modulation of microtubule stability 
by colchicine were performed in senescent muscle cells. 
Results showed that both SIRT2 overexpression and tran
sient microtubule depolymerization displayed similar 
results as NMN treatment in reducing the extensive accu
mulation of lysosomal vesicles (Figure 7, Figure S5), sup
porting the significant involvement of SIRT2-microtubule 
axis in regulating mitophagy function. Moreover, studies on 
MSCs isolated from both young and aged mice further 
demonstrate that microtubule modulation may serve as an 
effective strategy to ameliorate lysosomal accumulation and 
promote mitophagy (Figure S7). To further validate the 
direct effect of NMN on SIRT2, we transfected human 
muscle cells with plasmid over-expressing SIRT2 siRNA 
followed by NMN treatment. Our results demonstrated 
that although NMN could partially reduce the perinuclear 
accumulation of LAMP1+ organelles after SIRT2 knock
down, its effect was significantly weaker compared to 
NMN treatment alone (Figure S8). We speculate that alter
native or parallel pathways (such as SIRT1 or SIRT3) may 
exist, potentially directly improving mitochondrial function 
through the supplementation of cellular NAD+ levels. 
Nevertheless, our results still demonstrate that SIRT2 is 
a key downstream pathway for NMN, and an essential 
mediator through which NMN modulates microtubules to 
ameliorate mitophagy dysfunction.

NMN improved mitochondrial and mitophagy function of 
muscle cells through modulating SIRT2-microtubule axis

The results above demonstrated the effect of NMN supple
mentation on SIRT2- mediated microtubule deacetylation and 
restoration of microtubule dynamics. In order to further 
verify that the significant involvement of SIRT2-microtubule 
axis in mediating the beneficial effects of NMN on senescent 
muscle cells, we compared the effects of SIRT2 overexpression 
and the SIRT2 selective inhibitor SirReal2, and also compared 
the effects of direct regulators of microtubule polymerization 
and depolymerization.

signal. Data are presented as mean ± sd (n = 6). Unpaired Student’s t-test was used for statistical analysis. Compared with control, ****p < .001. And compared with 
D-gal group, ##p < .05, ####p < .01. (C) Western blot results showing the protein levels of CGAS-STING1 pathway factors (CGAS, STING1 and p-STING1) after NMN 
treatment. (d) Statistics of B. Our results showed NMN can effectively repress CGAS-STING1 activation. Data are presented as mean ± sd (n = 3). Unpaired Student’s 
t-test was used for statistical analysis. Compared with control, ***p < .05. And compared with D-gal group, ##p < .05, ****p < .001. (e) The expression level of innate 
immune-activated IFNA and IFNB detected by RT-qPCR. Data are presented as mean ± sd (n = 3). Unpaired Student’s t-test was used for statistical analysis. Compared 
with control, ###p < .001, **p < .0001. And compared with D-gal group, #p < .001, ##p < .0001.
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Our results show that, SIRT2 overexpression in D-gal 
induced senescent muscle cells produced a similar effect of 
NMN supplementation, and microtubule hyperacetylation 
was prevented. Moreover, the expression levels of CGAS- 
STING1 signaling factors (i.e., CGAS, STING1 and 
p-STING1) and lysosome or mitophagy-related proteins 
(i.e., LAMP1, PRKN and PINK1) were decreased; in con
trast, inhibition of SIRT2 activity by SirReal2 (5 μM, 3 days) 
resulted in an effect consistent with D-gal induce cellular 
senescence in muscle cells (Figure 8). This proves that NMN 
improves cell senescence by enhancing SIRT2 activity. Also, 

paclitaxel (5 nM, 2 days) and colchicine (2 nM, 3 days) were 
used individually here to promote microtubule polymeriza
tion and depolymerization. And similarly, after paclitaxel 
was used to stabilize microtubules in muscle cells, significant 
mitophagy disorders and CGAS-STING1 activation were 
observed, while muscle cells co-treated with D-gal and col
chicine at lower concentrations showed lower level of mito
phagy disorders and CGAS-STING1 activation (Figure 9). 
There results further support that SIRT2-micrtoubule axis 
is greatly involved in mediating the anti-aging effect 
of NMN.
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Control         D-gal  NMN

PRKN

PINK1
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Figure 7. NMN decreased accumulation of lysosomes in senescent muscle cells. (a) Immunostaining of human muscle senescent cells after NMN and microtubule 
destabilization (SIRT2 over expression and colchicine) treatment revealed the differential distribution of LAMP1+ signal (red; a marker for lysosomal and 
autophagosome vesicles). Statistics was done to the ratio of fluorescence red to blue. Scale bar: 10 μm. Data are presented as mean ± sd (n = 6). (b) Western blot 
results showing the protein levels of mitophagy-related factors (PRKN and PINK1) after NMN treatment. (n = 3). Unpaired Student’s t-test was used for statistical 
analysis. Compared with control, ****p < .05, ##p < .01. And compared with D-gal group, ####p < .05.
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Figure 8. SIRT2 regulation changes the state of TUBA acetylation, mitophagy function and CGAS-STING1 activation. Western blot results showing the protein levels of 
acetylation of microtubules, mitophagy-related pathway factors (LAMP1, PRKN and PINK1) and CGAS-STING1 pathway factors (CGAS, STING1 and p-STING1) after 
NMN treatment, SIRT2 overexpression (SIRT2 plasmid) and SIRT2 inhibition (SirReal2, 5 μM, 3 days). Data are presented as mean ± sd (n = 3). Unpaired Student’s t-test 
was used for statistical analysis. Compared with control, ****p < .05, ##p < .01, ####p < .001. And compared with D-gal group, ***p < .05, ##p < .01, ****p < .001.
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Figure 9. Microtubule polymerization/depolymerization changes the state of mitophagy function and CGAS-STING1 activation. Western blot results showing the 
protein levels of mitophagy-related pathway factors (LAMP1, PRKN and PINK1) and CGAS-STING1 pathway factors (CGAS, STING1 and p-STING1) after NMN treatment, 
microtubule aggregation (paclitaxel, 5 nM, 2 days) and depolymerization (colchicine, 2 nM, 3 days). Data are presented as mean ± sd (n = 3). Unpaired Student’s t-test 
was used for statistical analysis. Compared with control, ****p < .05, ##p < .01, ####p < .001. And compared with D-gal group, ***p < .05, ##p < .01, ****p < .001.
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Discussion

The profound impacts of NAD+ on Sirtuins and Sirtuin-regu
lated functions have been well-documented, including SIRT1 
and SIRT3-mediated improvements in mitochondrial function 
and energy metabolism [7,43]. While the potential effect of 
NAD+ on SIRT2-regulated microtubule dynamics during aging 
or diseased conditions remain unexplored. Our results uncover 
a novel mechanism through which NAD+ exerts the positive 
effect in improving mitochondrial homeostasis and function, 
which is relevant to SIRT2 activation-meditated microtubule 
destabilization and subsequently improved mitochondrial 
dynamics, as it is illustrated in Figure 10. This study provides 
new insights into the anti-aging effects of NMN/NAD+ beyond 
its previously well-known roles. These findings also underscore 
the potential of NMN/NAD+ as a therapeutic agent for age- 
related muscle degeneration.

Microtubule, key components of the cytoskeleton, plays 
a critical role in maintaining cellular structure and function. 
Importantly, microtubule serve as the trafficking track for 
various intracellular organelles and vesicles, and is crucial for 
modulating their distribution, movement, and interaction 

[45,46]. Microtubule is greatly involved in regulating mito
chondrial dynamics such as mitochondrial movement, fis
sion/fusion and interaction with autophagosome or 
lysosomal vesicles, as well as the process of mitophagy [47]. 
The dynamic instability of microtubule network (i.e., the 
polymerization and depolymerization process) is of particu
lar importance for the kinetic activity of microtubule, which 
underlies their important biological functions [48]. Thus, 
proper microtubule dynamics is needed for smooth mito
chondrial repair and mitophagy process. Hyper-stabilized 
microtubules are less dynamic and can impair cellular func
tions. In senescent cells, reduced SIRT2 activity can lead to 
hyper-acetylation of TUBA, increased microtubule stabiliza
tion and reduced microtubule dynamics. Reactivation of 
SIRT2 (e.g., by NMN supplementation) can restore TUBA 
deacetylation, destabilize microtubules, restore microtubule 
dynamics and improve cellular function, thereby delaying 
senescence.

SIRT2 is a mainly cytoplasmic localized protein, and can 
function as a tubulin deacetylase. SIRT2 plays a critical role in 
maintaining microtubule dynamics by deacetylating tubulin

Figure 10. Potential mechanism of NAD+-SIRT2-microtubule axis in modulating mitochondrial dynamics. Mitochondria, lysosome and autophagosome of damaged 
mitochondria are all intracellular membrane vesicles attached to and move along microtubules as trafficking tracks. Mitochondrial dynamics, including its movement, 
fusion/fission, and interaction with lysosome, is impaired in a senescent cell because of microtubule hyper-stabilization and declined microtubule dynamics, which 
however can be improved by NMN/NAD+-induced elevation of SIRT2 activation (as a tubulin deacetylase) and microtubule dynamics.
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[49,50]. Reduced SIRT2 activity in a cell can lead to hyper-acet
ylation of TUBA and increased microtubule stabilization. 
Microtubule hyper-stabilization results in reduced microtubule 
dynamics, which impairs microtubule-dependent mitochondrial 
dynamics (i.e., mitochondrial movement, fission and fusion, 
repair and mitophagy-dependent clearance), contributing to the 
senescent phenotype. Our findings demonstrate that SIRT2 inac
tivation is a key reason leading to the increased microtubule 
hyper-stabilization in senescent muscle cells. NMN, as 
a precursor of NAD+, was effective in re-activating SIRT2 in 
senescent muscle cells. By boosting NAD+ levels, NMN enhanced 
SIRT2 activity, leading to the deacetylation of TUBA and the 
restoration of microtubule dynamics [51]. Our results demon
strate that NMN treatment effectively repressed microtubule sta
bilization and delayed cellular senescence in muscle cells. It is 
notable that we also observed that NMN still exhibited partial 
effects after SIRT2 inhibition via siRNA in senescent cells, sug
gesting that other sirtuins such as SIRT1 and SIRT3, which are 
also NAD+-dependent protein deacetylase, might have been acti
vated by NMN through a mechanism of functional compensation, 
potentially assuming or overlapping with some of SIRT2’s roles. 
Thus, in addition to SIRT2-microtubule axis, there are other 
parallel pathways in responding to NMN in senescent cells. 
These findings suggest that NMN supplementation could be 
a potential therapeutic strategy for age-related muscle degenera
tion. Therapeutic strategies targeting TUBA deacetylases, such as 
SIRT2 and HDAC6, may hold great promise for treating age- 
related conditions, neurodegenerative diseases, and other disor
ders associated with microtubule dysfunction.

In conclusion, our study demonstrates that NMN delayed 
muscle cell senescence by activating SIRT2-mediated micro
tubule destabilization, which revealed a novel mechanism for 
effective anti-aging strategies. These findings provide new 
insights into the role of SIRT2 in regulating microtubule 
dynamics during cellular senescence, and in mediating the 
anti-aging effect of NMN for age-related muscle cell defects. 
Microtubule-targeting methods may hold great therapeutic 
potential for addressing age-related muscle degeneration and 
sarcopenia disease.

Materials and methods

Cell source

Human primary skeletal muscle cells were ordered from 
ATCC (HSkMC; PCS-950–010) and Procell Life 
Science&Technology Co., Ltd. (HSkMC; CP-H095), and cul
tured in DMEM (Vivacell Biotechnology, C3103-0500) sup
plemented with 20% FBS. These HSkMCs were verified to be 
mostly muscle-derived mesenchymal stem/stromal cells 
(MSCs) with flow cytometry assay for MSC markers (positive 
for ENG/CD105, NT5E/CD73, and THY1/CD90, and nega
tive for PTPRC/CD45), and immunostaining assay for 
PDGFRA (a marker for FAPs, a main subgroup of muscle 
MSCs) [52]. Mouse primary muscle cells were isolated from 
the gastrocnemius skeletal muscle of 2- or 18-month-old mice 
(Pengyue Experimental Animal Breeding Co., Ltd, SYXK(LU) 
2024 0019) based on their quick adhering capacity to col
lagen-coated surface/substrate, and then sorted with 

fluorescence activated cell sorting (FACS) according to the 
positive expression of PDGFRA [29].

Induction of cellular senescence

Muscle cells were induced to senesce using D-galactose 
(D-gal), a well-established model for inducing oxidative stress 
and cellular senescence [53]. After 3 days of exposure, senes
cent cells were characterized by increased expression of senes
cence-associated markers, such as CDKN2A, CDKN1A and 
SASPs, and reduced proliferative capacity. And the senescent 
cells in skeletal muscle MSCs were also identified using the 
senescence-associated β-galactosidase (SA-GLB1/β-gal) 
Staining Kit (Cell Signaling Technology, 9860S) following 
the manufacturer’s protocol. The number of cells positive 
for SA-GLB1/β-Gal activity at pH 6, a known characteristic 
of senescent cells, was determined.

Assessment of microtubule dynamics

Microtubule dynamics were assessed using live-cell imaging 
and immunofluorescence staining (Beyotime Biotechnology 
Co., Ltd., C2213S). The microtubule network images were 
transferred to gray and analyzed with ImageJ Tubeness plu
gin, which filters the images to show the “tube-like” points 
and structure in the image. Tubeness images were then ana
lyzed with mitochondrial network analysis (MiNA) toolset 
plugin from ImageJ to check structural changes of microtu
bule [49]. The levels of acetylated TUBA/tubulin, a marker of 
microtubule stabilization, were measured using western blot 
analysis and immunofluorescence staining.

SIRT2 activity assay

SIRT2 activity was measured using a fluorometric assay that 
quantifies the deacetylation of a synthetic substrate. The levels 
of SIRT2 expression were assessed using western blot analysis. 
SIRT2 activation is achieved by overexpressing plasmids. We 
used pcDNA3.1-SIRT2-EGFP synthesized by GenePharma 
(Shanghai, China). SIRT2 siRNA plasmid purchased from Santa 
Cruz Biotechnology (sc-40988) were used to repress the expres
sion of SIRT2. In short, Human muscle cells were transfected 
with the pcDNA3.1-SIRT2-EGFP plasmid or SIRT2 siRNA plas
mid using jetPRIME transfection reagent (PolyPlus, 101,000,046) 
[54]. According to the manufacturer’s instructions, when MSCs 
grew to 70–80% confluence, the cells were transfected with SIRT2 
overexpression plasmid (2 µg) or SIRT2 targeted siRNA (2 µg) 
diluted in 200 µL jetPRIME® buffer. Then, add 4 µL of jetPRIME® 
reagent and incubate at room temperature for 10 min. At 12 h of 
transfection, the medium was replaced with DMEM medium 
containing 10% FBS to stop transfection. Stably transfected cells 
were selected by G418 medium (500 µg/mL, Shandong Sparkjade 
Biotechnology Co., Ltd., SJ-MA0055) [55].

NMN treatment

Senescent muscle cells were treated with NMN (Selleck, 
S5259) at various concentrations for 3 days. The effects of
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NMN on SIRT2 activity, microtubule dynamics, mitophagy 
and cellular senescence were evaluated.

Mitochondrial function analysis

Cell mitochondrial membrane potential and active oxygen 
was detected using JC-1 Dye and MitoSOX Red (Invitrogen, 
M36008) [56,57]. Mitochondrial dynamics were assessed 
using live-cell imaging and immunofluorescence staining. 
Then, we used the mitochondrial network analysis (MiNA) 
toolset from ImageJ to semi-automatically analyze mitochon
drial networks [58]. Using this plugin, we analyzed and com
pared changes in mitochondrial branches, including branches, 
branch length, and branch junctions. In addition, the leakage 
of mtDNA was detected by immunofluorescence staining 
through the colocalization between TFAM and TOMM20.

Mitophagy Analysis

Fluorescent probes were used to stain lysosomes on mitophagy 
according to manufacturer’s instructions: LysoTracker™ Deep 
Red (Invitrogen, L12492) [59]. Then, mitophagy related-protein 
levels, such as PRKN, PINK1, and LAMP1 were assessed using 
western blot or immunofluorescence staining.

Direct detection of mitophagy

Mitophagy was also detected using the Mitophagy Detection Kit 
including Mtphagy Dye and Lyso Dye (Dojindo Molecular 
Technologies, MT02) [44]. In brief, cells were first washed 
twice with HBSS (Solarbio, H1040-500), followed by incubation 
at 37°C for 30 min with DMEM containing 100 nmol Mtphagy 
Dye. After incubation, the cells were washed twice again with 
HBSS, then further incubated for 30 min with 1 μM Lyso Dye 
and Hoechst. After two additional washes with HBSS, the cells 
were observed using fluorescence microscopy [60].

Western blot

Protein samples from MSCs were subjected to SDS-PAGE and 
transferred to PVDF membranes. BSA (5%; Beijing labgic Co., 
Ltd., BS114) was then added to seal the PVDF membranes for 
1 h at room temperature. The PVDF membranes were washed 
three times using TBST (10 min each time; Shandong 
Sparkjade Biotechnology Co., Ltd., ED0010). The primary 
antibodies used were acetyl-TUBA/α-tubulin (Abcam, 
EPR16772), TUBA (Abcam, EP1332Y), CDKN2A/p16 (Santa 
Cruz Biotechnology, sc-1661), CDKN1A/p21 (Santa Cruz 
Biotechnology, sc-471), PRKN/Parkin (Santa Cruz 
Biotechnology, sc-32282), PINK1 (Santa Cruz Biotechnology, 
sc-517353), CGAS (Santa Cruz Biotechnology, sc-515777), 
STING1 (Cell Signaling Technology, 13,647), p-STING1 
(Cell Signaling Technology, 50,907), TFAM (Santa Cruz 
Biotechnology, sc-166965), TOMM20 (Abcam, EPR15581- 
54), and LAMP1 (Santa Cruz Biotechnology, sc-20011), 
GAPDH(Abcam, EPR16891) were all applied at a 1:100 to 
1:1000 dilution. Diluted primary antibody was added and 
incubated at 4°C for 16 h. After the PVDF membranes were 
washed, horseradish peroxidase-labeled secondary antibody 

(Proteintech, SA00001) working solution was added and incu
bated at 37°C for 60 min. The secondary antibody was dis
carded, and the membranes were washed three times using 
TBST (10 min each time). ECL (enhanced chemilumines
cence; Proteintech, PK10002) was added to detect immune 
protein bands. Blots were imaged with the iBright™ CL750 
Imaging system (Thermo Scientific, USA). The band intensi
ties were measured using Image software (version 1.48, 
National Institutes of Health, Bethesda, MD, USA) and nor
malized to those of GAPDH (loading control). The original 
immunoblot images corresponding to the western blot results 
shown in the figures are provided in Data S1.

PCR analysis

mRNA analysis via reverse transcriptase-PCR: Total RNA was 
obtained from MSCs using the RNeasy Mini Kit (Qiagen, 
74,104) according to the manufacturer’s instructions. 
Reverse transcription was performed using an iScript cDNA 
Synthesis Kit (Bio-Rad Laboratories, 1725035BUN). 
Quantitative real-time PCR was performed using an iCycler 
thermal cycler (Bio-Rad Laboratories, USA). The gene-specific 
primer sequences used are listed in Table S1 for CDKN2A, 
CDKN1A, CDKN1B/p27, MMP1, IL1A/IL-1α, IL1B/1 L-1β, 
IL6, CXCL1, IFNA/IFN-α, IFNB/IFN-β and GAPDH, which 
was used as an internal control to normalize gene expression. 
The cycling parameters used for all primers were as follows: 
95°C for 10 min; PCR, 40 cycles of 30 s at 95°C for denatura
tion, 1 min at 54°C for annealing and 30 s at 72°C for exten
sion. All data were normalized to the expression of GAPDH.

SIRT2 activity detection with Elisa

After collecting cell lysates, add 100 μL of standards (0, 62.5, 
125, 250, 500, 1000, 2000, 4000 pg/mL) from the SIRT2 ELISA 
kit (Abcam, ab227895) [61,62] and test samples to the plate 
wells. Seal the plate and incubate at 37°C for 50 min. After 
incubation, discard the liquid and wash each well with 300 μL 
of wash buffer, allowing it to stand for 30 seconds before 
removal. Repeat this washing procedure three times. Then 
add 100 μL of biotinylated antibody working solution to 
each well and incubate at 37°C for 50 min. Perform the 
washing procedure as described above, then add 100 μL of 
SMAC complex solution to each well and incubate at 37°C for 
50 min. After repeating the washing procedure as before, add 
100 μL of TMB mixture to each well, mix thoroughly, and 
incubate in the dark at 37°C for 10–20 min until blue color 
develops. Finally, add 50 μL of stop solution to each well to 
terminate the reaction, and immediately measure the optical 
density at 450 nm using a microplate reader.

Plasmid transfection to overexpress SIRT2

pcDNA3.1-SIRT2-EGFP were synthesized by GenePharma 
(Shanghai, China). The target gene was Homo sapiens SIRT2 
(sirtuin 2), transcript variant 1 mRNA, NCBI Reference 
Sequence: NM_012237.4. Human muscle cells were trans
fected with the pcDNA3.1-SIRT2-EGFP plasmid using 
jetPRIME transfection reagent. At 4 h of transfection, the
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medium was replaced with DMEM medium containing 10% 
FBS to stop transfection. Stably transfected cells were selected 
using G418 medium.

Modulation of microtubule stability

Microtubule-stabilizing drug paclitaxel (5 nM for 2 days; 
Selleck, S1150) and the SIRT2-specific inhibitor SirReal2 
(10 μM for 2 days; Shandong Sparkjade Biotechnology Co., 
Ltd., SJ-MX4665) were applied treat MSCs to simulate the 
effects of NP-induced microtubule stabilization; colchicine 
treatment (2 nM for 2 days; Selleck, S2284) of MSCs was 
applied to transiently destabilize microtubule.

5-ethynyl-20-deoxyuridine (EdU) staining

Cell proliferation was detected using Click-iT EdU Imaging 
Systems (Invitrogen, C10337). Briefly, MSCs were incubated 
with EdU for 30 min, fixed in 1:1 acetone:methanol or 4% 
paraformaldehyde (PFA), and incubated with a Click-iT EdU 
reaction cocktail for 30 min. Cell nucleus was stained with 
DNA binding reagent 4′,6-diamidino-2-phenylindole (DAPI) 
for 5 min. Finally, cells were examined using a Nikon TE 2000 
microscope (Nikon, Tokyo, Japan).Microtubule 
Polymerization Assay by Turbidity Measurement

The microtubule polymerization status was analyzed 
using a turbidity assay, performed according to previously 
described methods with appropriate modifications [63]. 
Briefly, approximately 1 × 106 cells were collected and 
resuspended in microtubule-stabilizing buffer (containing 
100 mM PIPES, 1 mM EGTA, 1 mM MgCl2, pH 6.9) sup
plemented with 10 μM paclitaxel to stabilize polymerized 
microtubules and protease inhibitor cocktail (Beyotime 
Biotechnology Co., Ltd., P1008) to prevent protein degra
dation. The cell suspension was subjected to ultrasonication 
(80 W power, 5 s pulses with 10 s intervals, repeated 5 
times) to thoroughly disrupt cell membranes. The lysate 
was then centrifuged at 10,000 × g for 10 min at 37°C to 
remove cellular debris and unbroken cells. The supernatant 
was collected and further centrifuged at 100,000 × g for 
30 min at 37°C to separate microtubule polymers from 
soluble proteins. The pellet, containing polymerized micro
tubules, was resuspended in the same buffer and immedi
ately subjected to absorbance measurement at 340 nm 
(OD340) using a spectrophotometer to evaluate the degree 
of microtubule polymerization.

Statistical analysis

Image analysis was performed using ImageJ software (ver
sion 1.48; National Institutes of Health, Bethesda, MD, 
USA). Data from at least six groups of samples (i.e., 6 
visions of imaging) were pooled for statistical analysis, 
with at least three biological replicates and two technical 
replicates. Prism software (GraphPad) was used to plot 
graphs and the results were given as the mean ± standard 
deviation (SD). The statistical significance of any difference 
was calculated using Student’s t test. p values < 0.05 were 
considered statistically significant.
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