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A B S T R A C T   

Vascular smooth muscle cells (VSMCs), known for their remarkable lifelong phenotypic plasticity, play a pivotal 
role in vascular pathologies through their ability to transition between different phenotypes. Our group 
discovered that the deficiency of the mitochondrial protein Poldip2 induces VSMC differentiation both in vivo 
and in vitro. Further comprehensive biochemical investigations revealed Poldip2’s specific interaction with the 
mitochondrial ATPase caseinolytic protease chaperone subunit X (CLPX), which is the regulatory subunit for the 
caseinolytic protease proteolytic subunit (ClpP) that forms part of the ClpXP complex – a proteasome-like pro
tease evolutionarily conserved from bacteria to humans. This interaction limits the protease’s activity, and 
reduced Poldip2 levels lead to ClpXP complex activation. This finding prompted the hypothesis that ClpXP 
complex activity within the mitochondria may regulate the VSMC phenotype. 

Employing gain-of-function and loss-of-function strategies, we demonstrated that ClpXP activity significantly 
influences the VSMC phenotype. Notably, both genetic and pharmacological activation of ClpXP inhibits VSMC 
plasticity and fosters a quiescent, differentiated, and anti-inflammatory VSMC phenotype. The pharmacological 
activation of ClpP using TIC10, currently in phase III clinical trials for cancer, successfully replicates this 
phenotype both in vitro and in vivo and markedly reduces aneurysm development in a mouse model of elastase- 
induced aortic aneurysms. Our mechanistic exploration indicates that ClpP activation regulates the VSMC 
phenotype by modifying the cellular NAD+/NADH ratio and activating Sirtuin 1. Our findings reveal the crucial 
role of mitochondrial proteostasis in the regulation of the VSMC phenotype and propose the ClpP protease as a 
novel, actionable target for manipulating the VSMC phenotype.   

1. Introduction 

Vascular smooth muscle cells (VSMCs) play a critical role in main
taining vascular integrity and function. Differentiated VSMCs are char
acterized by the expression of proteins from the contractile apparatus, 
such as Myosin Heavy Chain (MYH11), Transgelin (TAGLN), Calponin 1 
(CNN1), and Alpha Smooth Muscle Actin (ACTA2) [1]. In addition, 
establishing and maintaining the VSMC differentiated phenotype re
quires the repression of the Krüppel-like zinc finger factor 4 (KLF4) [2], 
which antagonizes SMC-specific gene expression through various 

mechanisms [3–5]. 
A unique characteristic of VSMCs is their remarkable plasticity 

throughout life, as they are not terminally differentiated. In response to 
various stimuli, such as cholesterol, growth factors, or mechanical 
injury, VSMCs dedifferentiate to adopt alternative phenotypes [1]. This 
ability is critical for vessel maturation, remodeling, and injury repair but 
also increases susceptibility to vascular diseases [1]. For instance, in 
aortic aneurysms, weakening of arterial walls results from complex 
vessel wall remodeling, where VSMC phenotypic modulation plays a 
central role [6–15]. 
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Our laboratory’s recent work highlighted the crucial role of mito
chondria and metabolic signaling in controlling the VSMC phenotype 
[16]. Initiatlly, we focused on a previously uncharacterized mitochon
drial protein called Poldip2. Our findings revealed that Poldip2 defi
ciency promotes the differentiation of VSMCs and limits their 
phenotypic plasticity, both in vitro and in vivo [16]. Our biochemical 
studies demonstrated that Poldip2 specifically binds to the Caseinolytic 
Mitochondrial Matrix Peptidase Chaperone Subunit X (CLPX) [17]. This 
is significant because CLPX is a key regulatory ATPase for the Casein
olytic Mitochondrial Matrix Peptidase Proteolytic Subunit (ClpP), a 
highly conserved serine protease [18]. Together, CLPX and ClpP form 
the ClpXP complex that participates in mitochondrial proteostasis [18]. 

In this molecular partnership, Poldip2 effectively sequesters CLPX, 
leading to the inactivation of ClpP [17]. Conversely, when Poldip2 levels 
are reduced, CLPX becomes available to activate ClpP, which then de
grades its target proteins [17]. As previously mentioned, these 
Poldip2-deficient VSMCs also exhibit a remarkable degree of differen
tiation [16]. This relationship between Poldip2 deficiency, ClpP acti
vation, and VSMC differentiation led us to hypothesize that ClpP 
activation directly regulates the VSMC phenotype. 

In this paper, we report a novel role for the ClpXP complex, in that 
the activation of ClpP proteolytic activity induces a differentiated and 
anti-inflammatory phenotype in VSMCs, dependent on the increased 
cellular NAD+/NADH ratio and the activation of the NAD+-dependent 
deacetylase Sirtuin 1 (SIRT1). 

ClpP agonists are the subject of active investigation for cancer 
treatment. One such ClpP agonist is TIC10 (ONC201) [19], which is 
currently in Phase III clinical trials for glioma treatment. Interestingly, 
in our study, TIC10 mimics the ClpXP gain-of-function VSMC differen
tiated phenotype and effectively reduces the aorta diameter in a mouse 
model of elastase-induced aneurysm formation. Together, these findings 
suggest that the mitochondrial protease ClpP, a druggable target, plays a 
critical role in regulating VSMC phenotype. Our study reveals a novel 
regulatory mechanism in VSMC biology. Understanding this mechanism 
opens new avenues for exploring how VSMCs transition between 
different phenotypes and how this transition might be manipulated for 
therapeutic purposes. 

2. Methods 

2.1. General reagents 

Nicotinamide Ribose, ADEP1, and TIC10/ONC201 were obtained 
from Cayman Chemical. Recombinant human platelet-derived growth 
factor (PDGF)-BB was obtained from R&D Systems Inc. 

2.2. Elastase model of aneurysm 

We used the elastase-induced model of aneurysm formation in mice 
as previously described [20,21]. Briefly, 10-week wild-type C57BL/6 J 
male mice (Jackson Laboratory) were allowed to acclimate in-house for 
two weeks. Male mice were injected with TIC10 (50 mg/kg) or vehicle 
on days − 6, − 1, 4, and 9 via IP. On the day of the surgery, general 
anesthesia was achieved by isoflurane (3 % in O2) inhalation. Next, the 
infrarenal abdominal aorta was exposed for 10 min to soaked cotton 
with 5 μL of type I porcine pancreatic elastase (0.45 U/mL, Sigma). Mice 
were euthanized by CO2 asphyxiation, and infrarenal abdominal aortas 
from both groups were harvested for tissue analysis on day 14. 

Additionally, abdominal aortas (infrarenal segment) were visualized 
in anesthetized mice at baseline and on days 7 and 14 after surgery using 
a portable Vevo 3100 Micro-Imaging System with a D550 probe (Fuji). 

Longitudinal and cross-sectional images of the abdominal aortas 
were captured and normal and maximal diameters of the abdominal 
aortas at aneurysm sites were measured. All recordings were made in a 
blinded manner. 

2.3. Cell culture 

Primary Human Aortic Smooth Muscle Cells (HASMCs) were ob
tained from human aortic tissues and cryopreserved at passage 3 
(ThermoFisher Scientific, #C0075C). For this study, cell cultures origi
nating from a single donor were used, although cells from multiple do
nors were employed throughout the research. Culturing of HASMCs 
adhered to the protocol recommended by the supplier, utilizing basal 
media 231 enhanced with specific growth supplements. 

2.4. Cell transfection and viral expression of CLPX 

Cells were transfected using Lipofectamine RNAiMAX reagent 
(Thermo-Fisher) following the manufacturer’s suggested protocol. Se
quences were: For CLPX: 5′-CAGAUUGGCACUAGAACGA[dT][dT]; for 
CLPP 5′-GCUCAAGAAGCAGCUCUAU[dT][dT]. For SIRT1:5′-GUGU
CAUGGUUCCUUUGCA[dT][dT]. In all experiments, AllStars Negative 
Control siRNA (Qiagen cat#1027281) was used as a control siRNA. Cells 
were harvest 48 h after transfection. 

Adenovirus with CMV promoter-driven expression of the human 
Caseinolytic Mitochondrial Matrix Peptidase Chaperone Subunit X 
(ClpX) cDNA (Accession NM_006660) in pAD vector with kanamycin 
selection and C-terminal FLAG and His tags were obtained from Vigene 
Bioscience (catalog# VH847033). Control Adenovirus was also from 
Vigene (catalog# CV10001). 

The Emory Environmental Health and Safety Office approved the use 
of recombinant nucleotides and adenoviruses. 

2.5. Immunohistochemistry and Verhoeff Van Gieson (VVG) elastic 
staining 

Aortic sections were deparaffinized, rehydrated, and then blocked 
for 1 h at room temperature (2 % BSA and 5 % donkey serum in Uni
versal buffer). Next, sections were incubated with ACTA2 antibody 
(Sigma Aldrich A2547, 1:400) for 1 h at 4 ◦C. Then incubated with Alexa 
Fluor® 647-AffiniPure donkey Anti-mouse IgG (Jackson Immunor
esearch Cat# 715-605-150) and counterstained with DAPI. Sections 
treated with secondary antibodies alone did not show specific staining. 
Confocal micrographs were acquired with a Zeiss LSM 800 Confocal 
Laser Scanning Microscope using a 63× oil objective lens and Zeiss ZEN 
acquisition software. When comparing sections from different experi
mental groups, all confocal microscope image threshold settings 
remained constant. 

Elastin staining was performed using a commercial kit (Sigma 
Aldrich, HT25A), following the manufacturer’s recommendations. Im
ages were captured using the Hamamatsu NanoZoomer SQ Whole Slide 
Scanner, specifically designed for Brightfield imaging. To evaluate the 
structural integrity of elastin within the medial layer, we utilized Image 
J software (National Institutes of Health, Bethesda, MD, USA) with the 
color threshold tool. The outer boundary of the medial layer was iden
tified at the point where disrupted or concentric elastin rings transi
tioned to the connective tissue of the adventitial layer. 

2.6. Western blots 

Total protein lysates were prepared in RIPA buffer with Glycerol 
(Tris-HCL 100 mM, NaCL 300 mM, Triton x 100 2 %, Sodium deoxy
cholate 1 %, SDS 0.2 % and Glycerol 10 %). Protein samples were 
separated on Express-Plus Page Gels (GenScript) with Tris-MOPS buffer 
containing SDS and transferred onto Immobilon-P membrane (Millipore, 
IPVH00010). All antibodies were incubated for 24 h at 4 ◦C. Protein 
bands were visualized using HRP-conjugated secondary antibodies and 
ECL Western Blotting Substrate (Luminata Crescendo, Millipore) and 
imaged on a Kodak Camera System. 
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2.7. Western blotting of aortic tissue 

Mouse aortas were harvested, cleaned of fat and connective tissue, 
and then flash-frozen in liquid nitrogen. Frozen aortas were ground into 
a fine powder using a pre-chilled mortar and pestle. Proteins were 
extracted in RIPA buffer (25 mmol/L HEPES, 150 mmol/L KCl, 1.5 
mmol/L MgCl2, 1 mmol/L EGTA, 10 mmol/L Na-pyrophosphate, 10 
mmol/L NaF, 1 % Na deoxycholate, 1 % Triton X 100, 0.1 % SDS, 10 % 
Glycerol, Na-orthovanadate, and protease inhibitors) from their lysates, 
sonicated, and cleared at 14,000×g for 20 min. Proteins were separated 
using SDS-PAGE and transferred to Immobilon-P polyvinylidene 
difluoride (PVDF) membranes (Millipore), blocked with 5 % non-fat 
dairy milk, and incubated with primary antibodies. List of antibodies 
can be found in Table 1. 

2.8. Assessment of bioenergetics 

HASMCs were plated (20,000 cells/well) on Seahorse Extracellular 
Analyzer XF96 plates in culture media, and after 24hrs, cells were 
treated with TIC10 or ADEP1 or were transfected or infected with the 
corresponding siRNA or expression virus. Measurements of the oxygen 
consumption rate (OCR) and extracellular acidification rate (ECAR) 
were measured as previously described [22] by the XF96e extracellular 
flux analyzer (Agilent-Seahorse XF technology). After completion of the 
experiments, the total protein in each well was determined by the BCA 
protein assay (BioRad) for data normalization. 

2.9. SIRT1 enzymatic activity assay 

SIRT1 activity was measured using a fluorometric SIRT1 Activity 
Assay Kit (Abcam #ab156065) as previously described [23]. Briefly, 
cells were seeded into 6 well plates (2 × 105 cells/well). The day after, 
the medium was removed, and cells were treated with TIC10 or ADEP1 
or were transfected or infected with the corresponding siRNA or 
expression virus. After 48hrs, cells were harvested in the recommended 
lysis buffer. Reactions were initiated by adding cell lysates to the reac
tion mixture containing SIRT1 assay buffer, fluoro-substrate peptides 
(100 mM), and NAD+ (100 mM). Fluorescence intensity was measured 
for 30 min at 2–3 min intervals on a microplate fluorometer (excitation, 
350 nm; emission, 460 nm). SIRT1 activity was calculated within the 
linear range of reaction velocity and normalized against the protein 
concentration in WT control cells. 

2.10. NAD+ and NADH quantification 

NAD+ and NADH concentrations were measured using the NAD+/ 
NADH-Glo™ assay (Promega #G9071) following the manufacturer’s 
instructions. 

2.11. Statistical analysis 

Images that better represent the data set averages were selected as 
representative. Data are presented as mean ± SEM from a minimum of 4 
independent experiments (biological replicates). For variables that 
passed the Shapiro-Wilk normality test, significance was determined 
using a t-test for unpaired samples, 1-way ANOVA, or 2-way ANOVA, 
followed by Dunnett’s or Tukey’s post-hoc test for multiple compari
sons. Non-parametric variables and ranks were compared using the 
Mann-Whitney test or the Kruskal-Walli’s test. The GraphPad Prism 
10.0.2 software was used for statistical analysis. A threshold of P < 0.05 
was considered significant and is indicated by * for P < 0.05, ** for P <
0.01, *** for P < 0.001, and **** for P < 0.0001. 

3. Results 

To investigate a possible relationship between the ClpXP protease 
complex and the VSMC phenotype, we employed gain- and loss-of- 
function approaches. As anticipated, the reduction in either compo
nent of the ClpXP complex, ClpP or CLPX, led to a notable decline in 
protease activity, evident by the accumulation of recognized substrates 
of ClpP: the succinyl CoA dehydrogenase subunit A (SDHA) [24] and the 
Ubiquinol-Cytochrome C Reductase Core Protein 2 (UQCRC2) [25] 
(Fig. 1). 

The downregulation of ClpP or CLPX markedly alters the expression 
profile of vascular smooth muscle cell (VSMC) phenotypic markers. This 
modulation triggers a significant reduction in the levels of VSMC dif
ferentiation proteins, including ACTA2, TAGLN, and CNN, alongside an 
upsurge in KLF4 expression, as illustrated in Fig. 1. Furthermore, ClpXP 
loss-of-function-induced VSMC dedifferentiation was accompanied by 
an increase in the inflammatory cytokines Vascular Cell Adhesion Pro
tein 1 (VCAM1), Intercellular Adhesion Molecule 1 (ICAM1), and C–C 
motif Chemokine Ligand 2 (CCL2), and the expression of the transitional 
marker Galectin 3 (LGALS3) [26–28] (Fig. 1). 

Overexpression of the ATPase chaperone CLPX is sufficient to cause 
the activation of ClpP in prokaryotes and eukaryotes [29,30]. Thus, we 
used this approach to investigate the effects of ClpXP-gain-of-function. 
As shown in Fig. 2, forced expression of CLPX was sufficient to acti
vate the ClpX complex, inducing the degradation of SDHA and 
UQCRC2—while concurrently increasing the expression of differentia
tion markers in VSMCs under basal and platelet-derived growth factor 
(PDGF)-stimulated conditions (Fig. 2). Furthermore, in addition to 
increased differentiation and reduced plasticity, ClpP activation 
inhibited the expression of inflammatory cytokines, a phenomenon 
particularly evident in cells subjected to PDGF stimulation (Fig. 2). 
These experiments demonstrated that the expression and activity of the 
ClpXP proteolytic complex in the mitochondria has a remarkable ca
pacity to regulate the VSMC phenotype, inducing a differentiated, 
non-inflammatory phenotype. Consequently, our research efforts 
focused on understanding the mechanism by which ClpP activation 
drives differentiation in VSMCs. 

Building on our prior studies that underscore the impact of ClpP 
activation on VSMC metabolism [17] and considering its capability to 
degrade critical constituents of the electron transfer chain, such as SDHA 
and UQCRC2 (Fig. 2), the observation that activating ClpP by over
expressing CLPX leads to reduced basal mitochondrial respiration and 
ATP production linked to respiration (detailed in Fig. 3A and B) was 
anticipated. Despite the inhibition of mitochondrial respiration when 
ClpP is activated, the energy phenotype revealed that CLPX over
expressing cells did not upregulate glycolysis and transitioned into a 

Table 1 
Antibodies used in this study.  

Protein Company Catalog number 

PAN-ACTIN Santa Cruz sc-1615 
PAN-ACTIN Cell Signaling 8456S 
SDHA Cell Signaling 5839S 
UQCRC2 GeneTex GTX114873 
CLPX Abcam ab168338 
CLPX GeneTex GTX53477 
CLPP Cell Signaling 14181S 
VCAM1 Abcam ab123801 
CNN Santa Cruz SC-136987 
TAGLN Abcam ab14106 
ACTA2 Sigma A5228 
SIRT1 Cell Signaling 8469S 
MYOCD R&D Systems MAB4828 
MRTFA Novus NBP1-88498 
KLF4 R&D Systems AF3640 
CD68 Cell Signaling 86985S 
LGALS3 Cell Signaling 12733S 
CCL2 BD Biosciences 551217 
ICAM Thermo Fisher MA5407 
SIRT1 Cell Signaling 9475S  
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quiescent state (Fig. 3C). Regarding total cellular levels of nicotinamide 
adenine dinucleotide in its oxidized (NAD+) and reduced (NADH) forms, 
we found that the activation of ClpP leads to elevated NAD+ levels while 
simultaneously lessening NADH content within the cell (Fig. 3D), 
resulting in a marked enhancement of the NAD+/NADH ratio (Fig. 3E). 

The association between heightened NAD+/NADH ratios and Sirtuin 
(SIRT)1 activation in other cell types [31] led us to examine whether 
ClpXP-gain-of-function activates SIRT1. Consistent with this previous 
report, we observed that the metabolic changes observed were coupled 
with a notable upsurge in SIRT1 activity (Fig. 4A). SIRT1 is a 
NAD-dependent protein deacetylase linked to preserving the VSMC’s 
contractile phenotype [32], and polymorphisms on its promoter region 
have been associated with cardiovascular diseases [33,34]. With this in 

mind, we tested whether SIRT1 was involved in the VSMC phenotypic 
regulation downstream of ClpXP activation. We confirmed that SIRT1 
expression is required for the VSMC phenotypic regulation induced by 
ClpXP activation (Fig. 4B and C). These cumulative findings illustrate 
that ClpXP gain-of-function initiates a metabolic adaptation, leading to a 
metabolically quiescent phenotype characterized by an upregulated 
NAD+/NADH ratio and SIRT1 induction. This, in turn, mediates the 
establishment of a differentiated and anti-inflammatory phenotype in 
VSMCs following ClpP activation. 

To investigate the translational potential of pharmacological acti
vation of ClpP, we utilized two drugs known to activate ClpP: a naturally 
occurring antibiotic, the acyldepsipeptide ADEP1 [35,36], and the 
synthetic imipridone TIC10 [19]. So, we tested the ability of these drugs 

Fig. 1. ClpXP loss-of-function reduces differentiation and increases inflammatory cytokines expression in VSMCs. Representative western blots of protein expressed 
in HASMCs transfected with siRNA control or against CLPX or siClpP (left). Box-and-whisker plots illustrate the distribution of protein expression levels across 
multiple experiments (right). The box represents the interquartile range, encompassing the 25th to 75th percentiles of the dataset, with the median protein expression 
level indicated by a line within the box. Whiskers extend to the 5th and 95th percentiles, denoting the range of data of 4–5 independent experiments. A threshold of P 
< 0.05 was considered significant and is indicated by * for P < 0.05, ** for P < 0.01, *** for P < 0.001, and **** for P < 0.0001. 
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to induce the ClpP-mediated phenotypic regulation in VSMCs. Both 
drugs induced the degradation of SDHA and UQCRC2, evidence of their 
avility of activating ClpP (Fig. 5). As expected, the treatment with these 
drugs reiterate the effect of ClpXP-gain-of-function on VSMC phenotype 
(Fig. 5). Furthermore, these drugs also recapitulate key elements of the 
mechanism as they increased the NAD+ and NAD+/NADH ratio (Sup
plemmental Fig. 1A) and SIRT1 activation (Supplemmental Fig. 1B). 
Similarly, pharmacological activation of ClpP-induced VSMC pheno
typic regulation occurs by a SIRT1-dependent mechanism (Supplem
mental Fig. 2). 

TIC10, an orally bioavailable small molecule, is currently in Phase III 
clinical trials for the treatment of glioma (clinicaltrials.gov ID: 
NCT05580562 and NCT05476939). Consequently, we were particularly 
interested in testing its ability to control VSMC phenotype in vivo as 
proof of concept for potentially repurposing this drug to treat vascular 
diseases involving VSMC phenotypic modulation. We discovered that 
two 50 mg/kg injections can modulate the VSMC phenotype and 

inflammatory cytokine expression in the aorta of male mice (Supple
mental Figure 3), closely mirroring our in vitro data (Fig. 5). We 
confirmed that this effect is mediated by ClpP, as the absence of ClpP 
nullifies TIC10’s effects on the VSMC phenotype (Supplemental 
Figure 4). Collectively, these findings strongly suggest that TIC10 in
duces a differentiated phenotype in VSMCs both in vitro and in vivo 
primarily through the activation of ClpP. 

Aortic aneurysms are a life-threatening disease currently lacking 
effective pharmacological treatments. Given the central role of VSMC 
phenotypic modulation in this disease [8,9], we investigated the efficacy 
of TIC10 in preventing aneurysm formation using an elastase-induced 
mouse model [20,21]. Male mice received intraperitoneal injections of 
either TIC10 (50 mg/kg) or a control vehicle, administered both before 
and after surgery, as depicted in Fig. 6A. TIC10 treatment markedly 
decreased the aortic diameter (Fig. 6B) and limited maximal aortic 
dilation (Fig. 6C) when compared to control mice. Observing the pro
nounced difference in aneurysm development between the 

Fig. 2. ClpXP gain-of-function induces differentiation and increases inflammatory cytokines expression in VSMCs. Representative western blots showing protein 
expression in human aortic smooth muscle cells (HASMCs) transduced with either an adenovirus expressing CLPX or a control adenovirus containing no insert (left). 
Cells were treated with either platelet-derived growth factor (PDGF) at a concentration of 10 ng/mL or a vehicle control for 48 h. Box-and-whisker plots illustrate the 
distribution of protein expression levels across multiple experiments (right). The box represents the interquartile range, encompassing the 25th to 75th percentiles of 
the dataset, with the median protein expression level indicated by a line within the box. Whiskers extend to the 5th and 95th percentiles, denoting the range of data of 
5–6 independent experiments. A threshold of P < 0.05 was considered significant and is indicated by * for P < 0.05, ** for P < 0.01, *** for P < 0.001, and **** for P 
< 0.0001. 
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TIC10-treated and control groups, we further evaluated elastin degra
dation and ACTA2 expression at the 14-day mark. Utilizing Ver
hoeff–Van Gieson (VVG) staining and indirect immunofluorescence, we 
found that elastin preservation was notably better in the TIC10 group 
(Supplementary Figure 5A). ACTA2 staining was significantly more 
pronounced in the TIC10-treated mice compared to the controls 

(Supplementary Figure 5B). Together, these results underscore the po
tential of targeting ClpP as a strategic approach to enhance VSMC dif
ferentiation in vivo. Moreover, they demonstrate the effectiveness of 
TIC10 in reinforcing the structural integrity of vessel walls and effec
tively slowing down the progression of aneurysms in this experimental 
model. 

Fig. 3. Metabolic changes induced by ClpXP gain-of-function in VSMCs. (A) Profile of mitochondrial respiration over time in HASMCs expressing Ad_Control or 
Ad_CLPX. Basal OCR measurements were made, and 1 μg/mL oligomycin, 1 μM carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP), and 10 μM 
antimycin-A and 1 μM rotenone were then sequentially injected. Data are presented as mean ± SE (B) Box-and-whisker plots from the data obtained from the analysis 
of OCR profiles (basal corresponds to antimycin-A–inhibitable and ATP-linked corresponds to oligomycin-inhibitable). (C) Energy map showing the metabolic 
reprogramming (D) Box-and-whisker plots depicting total cellular NAD+ and NADH levels and (E) Box-and-whisker plots depicting NAD+/NADH ratio induced by 
ClpXP gain-of-function in VSMCs. Box-and-whisker plots illustrate the distribution of protein expression levels across multiple experiments (right). The box represents 
the interquartile range, encompassing the 25th to 75th percentiles of the dataset, with the median protein expression level indicated by a line within the box. 
Whiskers extend to the 5th and 95th percentiles, denoting the range of data of 4–5 independent experiments. A threshold of P < 0.05 was considered significant and is 
indicated by * for P < 0.05, ** for P < 0.01, *** for P < 0.001, and **** for P < 0.0001. 
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4. Discussion 

Maintaining proteostasis is critical for normal cell development and 
the stress response to environmental factors and pathogens [37,38]. 
Cellular dysregulation of proteostasis is linked to aging-associated 
cellular senescence [38,39] and several human diseases such as Alz
heimer’s, Parkinson’s, Huntington’s, and Creutzfeldt-Jacob diseases 
[40]. 

Moving beyond general proteostasis, we delve into the specific role 
of ClpP, which is highly conserved in prokaryotes and the mitochondria 
and plastids of eukaryotes [18], highlighting its biological importance. 

In humans, the conformation and activity of the mitochondrial pro
tease ClpP are regulated by its association with the chaperone CLPX 
[41]. Our previous research found that Poldip2 specifically binds to 
CLPX to negatively regulate ClpP activity [17]. The interaction of Pol
dip2 and CLPX has been subsequently validated across various systems 
[42,43]. The fact that ClpP activation induces differentiation in VSMC 
(Figs. 2 and 6) is consistent with the observation that low Poldip2 in
duces a similar differentiated phenotype [16]. 

Turning our attention to metabolic aspects, we observed shifts in the 
NAD+/NADH ratio. Although an increase in NAD+ has been documented 
following targeted depletion of SDHA [44] and SDHB [45], it was some
what surprising to discover that ClpXP activation elevates the 
NAD+/NADH ratio. One might intuitively assume that disrupting the 
electron transport chain would reduce the NAD+/NADH ratio due to res
piratory complex I’s hindered ability to oxidize NADH. This would be the 
case unless the NADH oxidation process remains unaffected by ClpXP 
upregulation. The mammalian respiratory complex I is a distinct L-shaped 
structure, composed of a transmembrane P-module functioning as the 
proton pump, an adjacent ubiquinone-reducing-Q-module, and a matrix 
NADH-oxidizing-N-module [46]. Intriguingly, recent findings suggest that 
ClpXP consistently oversees the high turnover rate of the NADH-oxidizing 
N-module, independent of the entire complex [47]. Therefore, the fleeting 
half-life of the N-module subunits might render them resistant to 
augmented ClpXP activity, ensuring that the NADH oxidizing function of 
Complex I remains intact. Moreover, as the cell transitions to a quiescent 
state, it utilizes less NAD+ for oxidative catabolic reactions, leading to an 
accumulation of NAD+ and a consequent increase in the NAD+/NADH 

Fig. 4. ClpXP-induced VSMC phenotypic modulation is mediated by SIRT1 activation in VSMCs. (A) Human aortic smooth muscle cells (HASMCs) were transduced 
with either an adenovirus expressing CLPX or a control adenovirus containing no insert and SIRT1 activity was measured as described in the methods section. (B) 
Representative western blots of protein expression in HASMCs transduced with either an adenovirus expressing CLPX or a control adenovirus containing no insert in 
cells transfected with control siRNA or SIRT1 directed siRNA. (C) Box-and-whisker plots depicting NAD+/NADH ratio induced by ClpXP gain-of-function in VSMCs. 
Box-and-whisker plots illustrate the distribution of protein expression levels across multiple experiments. The box represents the interquartile range, encompassing 
the 25th to 75th percentiles of the dataset, with the median protein expression level indicated by a line within the box. Whiskers extend to the 5th and 95th 
percentiles, denoting the range of data of 4–5 independent experiments. A threshold of P < 0.05 was considered significant and is indicated by * for P < 0.05, ** for P 
< 0.01, *** for P < 0.001, and **** for P < 0.0001. 
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ratio. Further investigations are crucial to comprehend how specific shifts 
in mitochondrial proteostasis result in such pronounced functional 
changes. 

Aneurysms are pathological enlargements of the diameter of an 
arterial wall that become vulnerable to pressure; continued weakening 
leads to rupture and hemorrhage. Aortic aneurysms constitute a life- 
threatening disease without an effective pharmacological treatment. 
Aortic aneurysm pathophysiology is complex and involves active vessel 
wall remodeling in which VSMC phenotypic modulation and dediffer
entiation plays a central role [8,9]. 

In human and rodent studies, VSMC phenotypic modulation has been 
reported in abdominal aortic aneurysms (AAA) [48–60] and thoracic 
aorta aneurysms (TAA) [61–68]. Furthermore, in animal models of 
aortic aneurysms, SMC-specific gene downregulation precedes the 
weakening of the arterial wall [69] and KLF4 deficiency inhibits aneu
rysm formation [60]. Additionally, heterozygous mutations, or differ
ential expression of proteins from the VSMC contractile apparatus, as 

well as the kinases that regulate their assembly, have been linked to the 
formation of aneurysms in humans [6,7,10–15]. 

To validate our findings regarding the role of ClpP activation in 
maintaining a highly differentiated VSMC phenotype in vivo, we utilized 
an elastase-induced aneurysm model in animals. Our observations 
indicate that TIC10 treatment effectively inhibits aneurysm formation in 
this model. The aneurysm formation inhibition observed in our study is 
similar to that reported in animals with VSMC-specific deficiency of 
KLF4, which inhibits VSMC phenotypic modulation [60]. While these 
results are consistent with the preservation of the VSMC phenotype, it’s 
important to note that we cannot completely rule out the potential 
involvement of TIC10-mediated ClpXP activation in other cell types 
within this mechanism. 

These drugs bind to each monomer of ClpP via non-covalent allo
steric interactions, rendering a conformational change that opens the 
proteolytic chamber, activating it without the chaperone CLPX [36]. 

Recently, it was shown that ClpP is the molecular target of the small 

Fig. 5. Pharmacological activation of ClpP induces a differentiated and anti-inflammatory phenotype in VSMCs. Representative western blots of protein expression in 
human aortic smooth muscle cells treated with TIC10 (1 μM) or ADEP1 (1 μM) for 48 h (right). Box-and-whisker plots illustrate the distribution of protein expression 
levels across multiple experiments (right). The box represents the interquartile range, encompassing the 25th to 75th percentiles of the dataset, with the median 
protein expression level indicated by a line within the box. Whiskers extend to the 5th and 95th percentiles, denoting the range of data of 5–6 independent ex
periments. A threshold of P < 0.05 was considered significant and is indicated by * for P < 0.05, ** for P < 0.01, *** for P < 0.001, and **** for P < 0.0001. 
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molecule TIC10 (ONC201) [19,41], currently in Phase III clinical trials 
for glioma treatment. Detalied biochemical and crytalography data 
shows that TIC10 binds to ClpP via non-covalent allosteric interactions, 
rendering a conformational change that opens the proteolytic chamber, 
activating it in the absence of the chaperone a CLPX 
chaperone-independent manner [19,36]. In our studies, we confirm that 
ClpP is the molecular target of TIC10 as it is required for this drug to 
induced the phenotypic changes in VSMCs (Suplemmentary Fig. 4). 

Regarding the dosage of TIC10 used in our study, we initially relied 
on a substantial amount of published data [36,70–86]. Typical dosages 
for rodents reported in these studies range from 25 to 50 mg/kg, with the 
highest recorded dosage being 100 mg/kg [82]. Bearing this in mind, we 
conducted preliminary studies (data not shown) and concluded that the 
effect on VSMC phenotype was within the range of dosages previously 
used in animal research. Consequently, we decided to use a dosage of 50 
mg/kg (Supplementary Figure 3). 

Although there are several mouse models for aneurysm formation, 

none fully encapsulate the complexities of human abdominal aortic 
aneurysms. However, we chose the elastase model due to its reliable 
replication of key pathophysiological features characteristic of human 
aneurysms, specifically its ability to induce aneurysms without causing 
dissections. Crucially, this model offers a high degree of reproducibility, 
consistently yielding aneurysms of similar sizes and at similar locations, 
making it particularly valuable for comparative studies. 

Based on our current and previous findings, we propose that the 
mitochondrial ClpP protease is a novel regulator of the in vivo pheno
type of VSMCs. Furthermore, we suggest that imipridones, such as 
TIC10, should be further investigated as potential treatments for aneu
rysms in humans. 
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