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Abstract 

Exploring the Influence of Progranulin on Vascular Contractility and Mitochondrial 
Homeostasis 

 
Shubhnita Singh, PhD 

 
University of Pittsburgh, 2023 

 
 
 
 

Cardiovascular diseases (CVDs) encompass a spectrum of conditions impacting the heart 

and blood vessels, attributing to around 19.1 million global deaths in 2020. These diseases can be 

congenital, acquired, or have a hereditary basis. Vascular smooth muscle cells (VSMCs) are 

crucial in maintaining vessel structure, diameter regulation, and vascular calcification—central 

processes in CVDs. Progranulin (PGRN), a glycoprotein, plays diverse roles in various tissues and 

cell types, involving embryogenesis, inflammation, wound healing, neurodegeneration, and 

lysosomal function. Mutations in the granulin (GRN) gene causing PGRN protein insufficiency 

lead to neurodegeneration. Our research reveals the significance of PGRN in protecting against 

CVDs. 

Analyzing aorta from PGRN-deficient mice, we discovered reduced aortic contractility, 

unveiling a new facet of PGRN’s function. RNA sequencing showed suppressed oxidative 

phosphorylation (OXPHOS) in aortae from PGRN knockout mice, notably downregulating genes 

related to complex I activity in the electron transport chain pathways. 

PGRN's functions span cell growth, embryogenesis, anti-inflammatory responses, and 

wound healing. We propose studying the molecular mechanisms behind mutant PGRN, potentially 

driving cardiovascular defects. Primary VSMCs from PGRN knockout mice exhibited perturbed 

contraction, reduced oxygen consumption rate (OCR), and impaired mitophagy, paralleled by 

lower ATP levels and increased mitochondrial oxidative stress due to PGRN deficiency. 



 v 

Increasing PGRN expression through a viral vector significantly improved vascular 

contractility, OCR, mitochondrial complex I activity, and reduced oxidative stress. PGRN 

deficiency disrupted lysosomal function within VSMCs, affecting mitophagy. In a model with 

chronic Angiotensin II treatment, PGRN-deficient mice displayed unresponsiveness in 

hypercontractility and increased collagen deposition. 

Our research underscores PGRN's crucial role in maintaining vascular contractility by 

regulating mitochondrial function. With the need for novel CVD therapies, these findings are 

significant. PGRN's influence on mitochondrial complex I quality, mitochondria recycling, and 

redox signaling pathways suggest its potential as a therapeutic target for CVDs, positioning PGRN 

as a promising alternative in treatment strategies.  
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1.0 Introduction 

1.1 Cardiovascular Diseases 

Cardiovascular diseases (CVDs) represent the leading global cause of mortality, 

accounting for approximately 17.9 million deaths each year[1]. In the United States alone, CVDs 

result in a fatality every 33 seconds, with a substantial proportion occurring prematurely in 

individuals under 70 years of age[2]. CVDs encompasses a spectrum of heart and blood vessel 

disorders, including but not limited to coronary heart disease, cerebrovascular disease, and 

rheumatic heart disease. In blood vessels, vascular smooth muscle cells (VSMCs) residing in the 

medial layer play an indispensable role in upholding vascular function. Under normal 

physiological conditions, VSMCs are responsible for finely regulating vascular tone and 

diameter[3]. They possess the ability to respond to biomechanical stresses stemming from 

hemodynamic fluctuations and significantly contribute to determining the stiffness of the vascular 

wall[4]. 

However, when subjected to various stimuli such as endothelial injury, growth factors, and 

metabolic irregularities, VSMCs can undergo a transition from a contractile to a more proliferative 

and synthetic phenotype[5]. This phenotypic shift is notably observed in pathological contexts 

associated with a wide spectrum of CVDs, including atherosclerosis[6], stroke[6], and myocardial 

infarction[7]. Given the substantial impact of CVDs, there is an urgent imperative within the 

healthcare sector to prioritize the development of innovative therapeutic strategies. These 

approaches should aim either to restore VSMC contractility or prevent the phenotypic switching 
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of VSMCs, addressing a critical aspect of CVDs management. Our research has unveiled a novel 

regulator of vascular contractility, known as Progranulin (PGRN). 

1.2 Progranulin: Structure and Regulation 

PGRN serves as a versatile growth factor and plays a crucial role as an anti-inflammatory 

molecule. Its significance extends to the maintenance and regulation of homeostatic processes in 

normal tissue development, regeneration, host defense responses, and cell proliferation. PGRN, 

alternatively referred to as acrogranin, GP88, PC-derived growth factor, epithelin precursor and 

proepithelin, is the product of the GRN gene located on human chromosome 17q21[8-10]. Full 

length PGRN contains 7½ tandem, non-identical repeats of a cysteine-rich motif (CX5-

6CX5CCX8CCX6C CXDX2HCCPX4CX5-6C, X: any amino acid) separated by 7 linker regions 

(P1-P7) in the order P-G-F-B-A-C-D-E, where A-G are full repeats, and P is the 1/2 motif[9, 11, 

12].PGRN is a protein with a strong degree of conservation, found in a wide range of species such 

as zebrafish, C. elegans, rodents and humans[13-15]. PGRN undergoes proteolytic cleavage to 

form 6 KDa peptides known as granulins (A-G). Each granulin domain typically harbors 12 

cysteine residues, resulting in the formation of 6 disulfide bonds, thereby creating a tightly packed 

β-sheet structure[15-17]. The cleavage of PGRN into granulins can be facilitated by various 

proteases, including matrix metallopeptidases[18, 19], disintegrin, elastases, cathepsins[20, 21], 

and neutrophil serine proteinase 3[22]. It is important to highlight that PGRN can manifest its 

effects either as a complete protein or via its granulin components. Notably, granulins play a 

distinct role in mitigating the effects of the complete protein, especially in processes like 

inflammation and neuroprotection[23, 24]. Another anti-inflammatory secretory protein that 
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frequently coexists with PGRN is Secretory leukocyte protease inhibitor (SLPI)[25]. SLPI exerts 

its protective function by inhibiting serine proteases and binding within sequences situated 

between granulin modules. This action forms a protective barrier around the full-length PGRN, 

effectively shielding it from proteolysis by elastase and various other proteases[10]. 

1.3 Progranulin: Synthesis and Transport 

PGRN is distributed among diverse cell types throughout the body, including but not 

limited to epithelial cells, hematopoietic cells, neurons, and various vascular cells such as 

endothelial cells and VSMCs[9, 26-30].PGRN synthesis commences within the endoplasmic 

reticulum, where it is subject to an array of post-translational modifications[31-33].Following its 

synthesis, PGRN traverses the secretory pathway, and it may either be sequestered intracellularly 

within dense-core vesicles or exocytosed. In the extracellular milieu, PGRN assumes a dual role, 

functioning as an autocrine and paracrine growth factor. This functionality enables the 

transmission of signaling cues through a diverse array of receptors, such as EphrinA2 

(EphA2)[34], Notch[35], and the tumor necrosis factor receptor (TNFR), acting as an 

antagonist[36].In the extracellular space, PGRN is also capable of binding to sortilin-1, a 

membrane protein that induces PGRN endocytosis, directing PGRN through the endosome and 

multivesicular bodies (MVBs) to ultimately reach the lysosome for subsequent cleavage and 

degradation[37]. Within the intracellular environment, PGRN predominantly localizes to endo-

lysosomes, where it operates as an autocrine growth factor[38, 39]. Moreover, intracellular PGRN 

exhibits the capacity to modulate the functions of both cellular and viral transcription factors, 
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thereby influencing various cellular processes such as inflammatory responses, cell migration, and 

proliferation[40, 41]. 

1.4 Progranulin: Impact on Disease Pathophysiology 

PGRN and Neurodegeneration 

PGRN is widely explored in the field of neuroscience due to its significant associations 

with various neurodegenerative disorders. Reduced PGRN levels have been linked to conditions 

like Parkinson's disease (PD), Alzheimer's disease (AD), amyotrophic lateral sclerosis (ALS), 

limbic-predominant age-related transactivation response DNA-binding protein 43 (TDP-43) 

encephalopathy, and autism[42, 43]. On the other end of the spectrum, individuals with 

homozygous GRN mutations experience the complete loss of PGRN, leading to neuronal ceroid 

lipofuscinosis (NCL), a lysosomal storage disease typically affecting children[44, 45]. NCL is 

characterized by intracellular accumulation of lipofuscin, pigmented protein and lipid residue, as 

a consequence of impaired lysosomal proteolysis. In contrast, heterozygous mutations in the GRN 

gene result in PGRN haploinsufficiency, contributing to the development of frontotemporal lobar 

dementia (FTLD)[46]. FTLD is one of the most prevalent forms of dementia, typically occurring 

before the age of 65 and second only to Alzheimer's disease (AD) in terms of frequency[47]. 

Expanding Horizons: PGRN's Diverse Roles Beyond Neurodegenerative Diseases 

While PGRN has been extensively explored in the center nervous system (CNS), recent 

findings indicate its vital role in immune response modulation, inflammatory resolution, and the 

influence on metabolic diseases [48, 49]. The research which initially proposed the anti-

inflammatory function of PGRN demonstrated its capacity to inhibit the activation of neutrophils 
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induced by TNF-α[36]. Additionally, recombinant PGRN (rPGRN) ameliorated the impaired 

wound-healing observed in mice deficient in SLPI[10]. Conversely, PGRN knockout (KO) mice 

have an exacerbated inflammatory phenotype, coinciding with diminished host defense against 

Listeria monocytogenes infection[50]. Moreover, upon exposure to lipopolysaccharide (LPS) 

stimulation, bone marrow-derived macrophages (BMDMs) lacking PGRN exhibited elevated 

production of proinflammatory cytokines, including MCP-1, IL-12p40, IL-6, and TNF-α, while 

concurrently displaying reduced IL-10 levels compared to their wild-type (WT) counterparts[50]. 

The underlying mechanism responsible for this heightened cytokine response in PGRN-deficient 

macrophages was ascribed to the attenuation of IL-10 production. This association between PGRN 

and IL-10 production was further substantiated by two subsequent in vivo studies, both of which 

documented elevated levels of mouse serum IL-10 subsequent to the administration of rPGRN or 

the introduction of the Grn transgene[36, 51]. 

PGRN demonstrates protective and therapeutic effects in various joint diseases, including 

collagen and antibody-induced arthritis, spontaneous arthritis, and intervertebral-disc (ID) 

degeneration[52, 53]. These properties were substantiated in a mouse model of collagen-induced 

arthritis (CIA), which closely mirrors both the immunological and pathological features of human 

rheumatoid arthritis. Significantly, PGRN deficient mice display more pronounced inflammatory 

arthritis and increased damage in bone and joint tissues compared to their control counterparts[36, 

54]. 

PGRN further demonstrates its protective attributes in the context of sepsis and endotoxic 

shock, conceivably by modulating cytokines[55], transcription factors, and immune cell 

apoptosis[56]. Findings from various animal studies have indicated that deficiency in PGRN 

exacerbates the severity of sepsis. Although PGRN holds promise as a prospective therapeutic 
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target, a comprehensive elucidation of its underlying mechanisms continues to be a persistent and 

evolving research pursuit[20, 41, 55, 57-59]. 

In the context of renal function, the administration of rPGRN has demonstrated the ability 

to ameliorate the impact of renal ischemia/reperfusion injury (IRI) by mitigating hypoxia-induced 

inflammation[60]. In cases of acute kidney disease (AKI), PGRN levels are diminished, within the 

kidneys, concomitant with elevated levels of serum creatinine, blood urea nitrogen, heightened 

morphological damage, and increased inflammation[60-62].Moreover, recent investigations have 

unveiled PGRN's emerging role in preserving mitochondrial homeostasis in podocytes in diabetic 

nephropathy (DN), thereby suggesting its potential as an innovative therapeutic approach for 

managing patients afflicted with DN, IRI and AKI[63]. 

While numerous studies underscore PGRN's anti-inflammatory attributes, a different 

narrative unfolds in the chronic setting of obesity and insulin-resistant diabetes[64]. In these 

chronic conditions, elevated PGRN levels have been linked to impaired glucose metabolism and 

low-grade inflammation. Intriguingly, mice deficient in PGRN are afforded protection from high-

fat-diet-induced obesity and insulin resistance. Furthermore, clinical evidence correlates increased 

PGRN levels in human subcutaneous adipose tissue and serum with obesity, type 2 diabetes, and 

dyslipidemia[65, 66]. This connection is reinforced by the observation that heightened PGRN 

levels hinder insulin signaling and glucose uptake, potentially contributing to the development of 

insulin resistance in the context of obesity[67, 68]. It is worth noting that PGRN's roles may vary 

within different tissues, cells, and metabolic scenarios, which adds to the complexity of its 

function. Additionally, it is crucial to differentiate between PGRN and its proteolytically derived 

peptides, known as granulins. While PGRN exhibits trophic properties and anti-inflammatory 

potential, granulins resemble inflammatory mediators akin to cytokines[69]. This underscores the 
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intricate and context-dependent nature of PGRN, where its regulatory proteolysis and subsequent 

generation of pro-inflammatory granulin peptides dictate its ultimate inflammatory or anti-

inflammatory role. 

While the function of PGRN has been the subject of scrutiny in both physiological and 

diverse pathophysiological contexts, the precise mechanisms through which PGRN modulates 

cellular biology remain a topic of debate and remain incompletely understood. In our present study, 

we are elucidating novel pathways through which PGRN exerts control over VSMC contractility. 

This control is achieved by orchestrating mitochondrial quality through the regulation of 

mitochondrial recycling processes and redox signaling, emphasizing the innovative and crucial 

role of PGRN in this particular context. 

1.5 Progranulin and Mitochondria 

Mitochondria are vital organelles distinguished by their double-membrane structure, 

including the outer mitochondrial membrane (OMM) and the inner mitochondrial membrane 

(IMM). They play a critical role in cellular processes, with a primary focus on energy production 

through oxidative phosphorylation (OXPHOS)[70]. The IMM encapsulates a crucial compartment 

referred to as the matrix, while the intermembrane space, located between the IMM and OMM, 

also plays a pivotal role in various cellular processes.[71, 72]. The IMM is the primary site for 

oxidative phosphorylation, encompassing components such as the electron transport chain and a 

range of channels. Notably, these channels include the mitochondrial Ca2+ uniporter and the inner 

membrane anion channel[73, 74]. The OMM has a distinct protein composition. These proteins 

encompass pore-forming components, enzymes, and proteins that actively participate in the 
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intricate processes of mitochondrial fission and fusion[75, 76]. Mitochondria serve as the primary 

energy generators within the cell, producing ATP through two main processes: the Krebs cycle in 

the matrix and oxidative phosphorylation facilitated by the five electron transport chain complexes 

embedded in the IMM[77, 78].The electrochemical gradient across the IMM plays a critical role 

in ATP synthesis, a process facilitated by ATP synthase, also referred to as Complex V. Any 

disruption or depolarization of the mitochondrial membrane potential can have far-reaching 

effects, influencing a wide range of essential functions and often serving as a reliable indicator of 

mitochondrial dysfunction[79]. Mitochondria, as highly dynamic organelles, participate in a 

continuous interplay of biogenesis, fission, fusion, and mitophagy processes. Biogenesis, creates 

new mitochondria to meet cellular energy demands and sustain function[80], is intricately 

interconnected with mitochondrial dynamics, encompassing fission (division) and fusion 

(merging). These dynamic processes meticulously govern the number, morphology, and overall 

functionality of mitochondria within a cell[81]. 

 Simultaneously, mitophagy is a selective process designed to eliminate damaged 

mitochondria, ensuring cellular health and homeostasis. The seamless coordination of these 

biogenesis and mitophagy mechanisms holds paramount importance in preserving mitochondrial 

function. Notably, mitochondrial dysfunction is closely linked to the aging process[82] and 

immune responses[83], contributing to various diseases, such as cancer[84], neurodegenerative 

disorders[85], and cardiovascular conditions[86]. Given the pivotal roles played by mitochondria, 

maintaining mitochondrial homeostasis is a critical aspect of overall cellular well-being. Our study 

has unveiled the role of PGRN in regulating mitophagy, thereby influencing VSMC contractility. 
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Mitophagy 

Mitophagy, denotes the autophagy-dependent degradation of mitochondria, a cellular 

phenomenon wherein mitochondria are enveloped within membrane-bound vesicles, commonly 

termed autophagic vacuoles or autophagosomes, with the ultimate intent of subsequent 

degradation and recycling in the lysosomes[87, 88]. Its primary objective is to uphold optimal 

cellular energy production by selectively identifying and breaking down impaired mitochondria, 

preventing the production of toxic molecules, such as reactive oxygen species (ROS). Mitophagy 

involves two key proteins, E3 ubiquitin ligase Parkin (Parkin), and PTEN-induced serine/threonine 

kinase 1(PINK1). Under normal, steady-state conditions, PINK1 continually enters the 

mitochondria, where it undergoes cleavage by mitochondrial proteases. The cleaved PINK1 is then 

retro transported to the cytosol, where it is degraded through the N-end rule pathway via the 

ubiquitin proteasome system, resulting in very low detectable levels of PINK1 in healthy 

cells[89].Conversely, Parkin, a cytosolic protein, becomes active on the OMM. It translocates to 

damaged mitochondria as a pivotal component of the mitochondrial degradation process[90, 91].  

Dysregulation of mitochondrial dynamics and impaired mitophagy in VSMCs, leading to 

an overproduction of ROS, has been associated with VSMC senescence and the potential 

acceleration of vascular aging, as demonstrated in mouse models[82] and clinical 

studies[92].VSMCs from atherosclerotic lesions display dysregulated mitophagy and a substantial 

decrease in mitochondrial respiration compared to VSMCs from disease-free arteries[93, 

94].Furthermore, mitochondrial dysfunction in VSMCs contributes to the development of aortic 

aneurysms, as observed in conditions like Marfan syndrome (MFS)[95]. In non-heritable aortic 

aneurysms and dissections induced by atherosclerosis, there is a decline in mitochondrial 

respiration, impaired mitochondrial biogenesis, and a reduction in mitochondrial proteins in 
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VSMCs from both mouse and human aortic aneurysms[96-98].In cases of hypertension, there is 

an accumulation of dysfunctional and ROS-producing mitochondria[99, 100]. Prior investigations 

have explored PGRN's involvement in mitochondrial biogenesis and mitophagy. These studies 

notably revealed that PGRN deficiency exacerbated mitochondrial impairment and dysfunction 

within the podocytes of diabetic mice[63]. Moreover, PGRN played a protective role in primary 

rat cortical neurons by preventing hyperglycemia-induced reductions in mitophagy[101]. 

In our current study, we are not only uncovering the influence of PGRN on VSMC 

contractility but also gaining insights into how PGRN governs mitochondrial dynamics and 

mitophagy within VSMCs. Significantly, our research is delving deeper, revealing that these 

effects are orchestrated by a compromised lysosome quality and a disturbance in biogenesis 

equilibrium. 

1.6 Progranulin and Lysosomes 

To ensure an efficient mitochondrial recycling process, the presence of high-quality 

lysosomes is imperative. Lysosomes, are membrane-bound organelles, that house enzymes which 

break down a variety of macromolecules and organelles through the formation of 

autophagosomes[102].It's noteworthy that diseases linked to the loss of PGRN function are 

categorized as lysosomal diseases. This association arises because the lysosomal transmembrane 

glycoprotein TMEM106b, which has been identified as a genetic modifier of PGRN expression. 

Genome-wide association studies (GWAS) have identified single nucleotide polymorphisms 

(SNPs) in or near TMEM106b that impact the age of onset of FTLD[103]. Elevated levels of 

TMEM106B are correlated with the enlargement of lysosomes. Moreover, the complete knockout 
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of PGRN has been linked to NCL, a lysosomal storage disorder characterized by the intracellular 

accumulation of ceroid lipofuscin in neurons due to impaired lysosomal degradation[104, 105]. 

These combined findings have led to a better understanding of PGRN's implications within 

the lysosome, making the regulation of lysosomal activity a central focus in therapeutic 

research[106]. In different model organisms such as C. elegans and zebrafish, the absence of 

PGRN has been linked to observable changes in lysosomal dynamics. For example, in C. elegans, 

it results in the formation of smaller yet more numerous lysosomes[107], while in zebrafish, it 

leads to a reduction in the length of neuronal axons and an amplified negative impact of TDP-

43[108, 109]. Similarly, mice lacking PGRN show elevated levels of lysosome associated 

membrane protein 1 (LAMP1), a recognized lysosomal marker, indicating a potential 

accumulation of lysosomes[110-112]. Furthermore, PGRN's binds Cathepsin-D (CTSD), an 

essential lysosomal protease[113]. Interestingly, the absence of CTSD also results in NCL, 

underscoring the critical nature of this regulation in lysosomal biology[114]. PGRN appears to 

play a role in promoting the maturation of CTSD, thereby enhancing its enzymatic activity[115-

117].The linkage among these diverse mechanisms, encompassing cathepsin activity[104, 116], 

acidification[114, 118], and the indirect indications of PGRN's potential role in lysosomal lipid 

catabolism[119-121], is further underscored by the association between PGRN and the lysosomal 

transmembrane glycoprotein TMEM106b[122, 123]. Moreover, the observed repercussions of 

PGRN deficiency on glycosphingolipid metabolism imply that PGRN may indeed serve broader 

functions within the lysosomal membrane[124, 125]. Nevertheless, the precise mechanism by 

which PGRN regulates lysosomal activities remains to be fully elucidated. 
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1.7 Regulation of Vascular Smooth Muscle Phenotype 

The regulation of vascular smooth muscle cell (VSMC) phenotype is a complex process 

crucial for maintaining vascular function. VSMCs possess a remarkable ability to adapt between 

two primary phenotypes: synthetic and contractile. These distinct states play pivotal roles in 

vascular homeostasis, repair, and pathophysiology. 

The contractile phenotype is characterized by a differentiated state optimized for force 

generation and maintenance of vascular tone. These cells exhibit a spindle-shaped morphology 

with well-developed contractile apparatus, enriched in contractile proteins such as smooth muscle 

alpha-actin (α-SMA) and myosin heavy chain[126]. Contractile VSMCs actively regulate blood 

vessel diameter, responding to various stimuli, including vasoconstrictors (e.g., endothelin-1) or 

vasodilators (e.g., nitric oxide), to modulate blood flow and pressure[3]. 

Conversely, the synthetic phenotype is associated with a more proliferative and secretory 

nature[127]. These VSMCs adopt a synthetic state in response to injury or during vascular 

remodeling. In this state, cells exhibit increased synthetic activity, producing extracellular matrix 

components like collagen and elastin, as well as growth factors and cytokines. This phenotype 

contributes to repair processes but, when dysregulated, can lead to pathological conditions like 

atherosclerosis and restenosis after angioplasty[4]. 

The transition between these phenotypes is tightly regulated by various signaling pathways 

and factors. Key regulators include growth factors (e.g., platelet-derived growth factor, 

transforming growth factor-beta)[128], transcription factors (e.g., serum response factor, 

myocardin)[129], and microRNAs, which orchestrate gene expression changes driving phenotype 

switching[130]. 



 13 

Environmental cues also play a crucial role. Mechanical forces, such as changes in blood 

pressure and shear stress, influence VSMC phenotype[131]. Additionally, inflammatory mediators 

and metabolic factors within the vessel wall impact phenotype regulation, contributing to vascular 

diseases' development and progression[132]. 

Understanding the intricate balance between these phenotypes is crucial for developing 

therapeutic strategies targeting vascular disorders. Strategies aimed at maintaining VSMCs in a 

contractile state or modulating their transition to a synthetic phenotype hold promise in preventing 

or treating vascular diseases, ultimately preserving vascular function and health. 

1.8 Progranulin and Cardiovascular Diseases 

PGRN has emerged as a noteworthy regulator in the realm of cardiovascular biology, 

though this area of study remains relatively underexplored. Notably, the absence of PGRN has 

been associated with several adverse cardiovascular outcomes, including accelerated cardiac 

aging, characterized by cardiac hypertrophy and eventual heart failure[133]. In addition, PGRN 

deficiency has been linked to exacerbated cardiac and renal injuries induced by 

hyperhomocysteinemia diet[134] and decreased survival rates and an increased presence of cardiac 

fibrosis following a myocardial infarction (MI)[135].In contrast, within the same study, when 

rPGRN was administered in experimental models, such as permanent left coronary artery 

occlusion (LCA) in mice and myocardial ischemia-reperfusion (I/R) in rabbits, it resulted in 

decreased infarct size, reduced neutrophil infiltration, and improved cardiac function[136].  

Along with cardiac injury, deficiency in PGRN was found to exacerbate atherosclerosis in 

mouse models. Firstly, an apolipoprotein E (ApoE) and PGRN double KO mice, display an 
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increased formation of atherosclerotic lesions[137]. Furthermore, ApoE mice deficient for PGRN 

only in the hematopoietic compartment (chimeric mice) demonstrate exacerbated vascular 

inflammation and atherosclerotic plaque[134]. Together, these findings suggest that PGRN might 

orchestrate the immune system in atherosclerosis development, but its participation in regulating 

the vascular biology is still to be fully elucidated.  

Within vascular endothelial cells, PGRN demonstrates significant anti-inflammatory 

characteristics that confer athero-protective benefits. These advantages encompass the 

enhancement of nitric oxide (NO) levels and the inhibition of NFκB, thereby preserving 

endothelial integrity in isolated cells[138]. These effects ultimately contribute to the effective 

regulation of vascular tone of mesenteric arteries with intact endothelium and blood pressure 

control, as recently demonstrated in research conducted by our team[139]. 

The relationship between PGRN and vascular VSMCs remains understudied, with limited 

research on the role of PGRN in VSMCs. However, as demonstrated by immunohistochemical 

analysis of human carotid endoatherectomy specimens, VSMCs express PGRN in the intima layer. 

In vitro, overexpression of PGRN attenuates TNFα-induced VSMCs migration and IL-8 

production, in contrast suppression of PGRN exacerbates TNFα effects, suggesting that PGRN 

may play a role in sustaining proper vascular biology[140]. Additionally, PGRN levels are elevated 

in calcified human aortic valves, suggesting that it might serve as a protective mechanism against 

valve fibrosis and osteoblastic differentiation, since intact PGRN attenuates the calcification in 

vitro[141].  

While there has been prior research establishing a link between PGRN and VSMCs, a 

crucial question remains unanswered: Does PGRN influence vascular contractility, a pivotal event 
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in the context of CVDs? Furthermore, the specific mechanisms through which PGRN operates 

within VSMCs have yet to be fully elucidated. 

To address these gaps in our understanding, our study is designed to explore the intricate 

mechanisms by which PGRN regulates VSMC biology. We aim to uncover how PGRN impacts 

mitochondrial dynamics and mitophagy, as well as its role in maintaining lysosomal quality. This 

investigation pioneers the concept that PGRN is not only associated with but is indeed 

indispensable for preserving the proper function of VSMCs, particularly in terms of vascular 

contractility. By shedding light on these mechanisms, our research aims to contribute significantly 

to our knowledge of PGRN's role in cardiovascular health. 

1.9 Aims 

In summary, the impairment of vascular contractility and the occurrence of mitochondrial 

dysfunction are pivotal factors in the development of CVDs. One of the significant challenges in 

reducing the prevalence of cardiovascular morbidity and mortality is our limited understanding of 

the intricate vascular mechanisms and the associated risk factors that underlie the development of 

cardiovascular conditions. Currently, the precise mechanisms by which PGRN, an anti-

inflammatory protein, regulates mitochondrial homeostasis and vascular contractility remain 

unknown. In my research, I have used in vivo animal models of PGRN deficiency and in vitro 

primary VSMCs derived from the aorta of both wild-type and global PGRN KO mice combined 

with pharmacological approaches to rescue mitophagy and model of vascular dysfunction, 

Angiotensin-II treated mice. 
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The goal of my research is to expand our understanding of how PGRN regulates vascular 

physiology with a major focus on understanding the connection between PGRN and mitochondrial 

function, an area that lacks comprehensive understanding. Upon the completion of these studies, I 

will provide insights into the importance of PGRN modulating VSMC biology, as well as the 

potential mechanisms by which PGRN is a master regulator of mitochondrial function.  

We hypothesize that PGRN maintains the VSMC homeostasis by regulating 

mitochondrial quality and keeping a physiological mitochondria-dereived reactive oxygen 

species (mROS) levels (Theoretical framework). We will test this hypothesis in the following two 

aims.  

AIM 1: Determine whether PGRN controls VSMC profile by regulating oxidative 

phosphorylation and mitophagy process. Our pilot data demonstrate that lack of PGRN leads to 

a dysfunctional mitochondrion associated with exacerbated mROS production. We will use PGRN 

deficient VSMC (PGRN-/-), pharmacological tools [antioxidant agents, and autophagy/mitophagy 

modulators], as well as genetic manipulations (loss or gain of PGRN function in VSMC) to 

characterize the cellular mechanisms in the context of vascular proliferation and migration. 

AIM 2: Investigate whether reduced vascular PGRN levels facilitate the genesis and 

progression of pathological vascular remodeling. Our preliminary data indicate that arteries and 

VSMC from PGRN-/- are prone to injury. We will use different pharmacological treatments, as 

well as PGRN-lentivirus to dissect the cellular mechanisms. 

We expect to demonstrate: 1) PGRN is a master regulator of vascular homeostasis; 2) 

Loss of PGRN facilitates vascular injury; 3) PGRN maintains mitochondrial quality via regulating 

mitophagy, complex I, and mROS production.  
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2.0 Chapter 2: Adjusted Vascular Contractility Relies on Integrity of Progranulin 

Pathway: Insights into Mitochondrial Function 

Disclosure: This chapter has been adapted from the following paper under consideration 

for publication- 

Singh, S., Bruder-Nascimento, A., Costa, C.M., Alves, J.V., Sivakama, B.S., Goetzman, E.S., 

Bruder-Nascimento, T. Adjusted vascular contractility relies on integrity of progranulin pathway: 

Insights into mitochondrial function. 
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2.1 Introduction 

Cardiovascular diseases (CVDs) encompass a wide range of conditions affecting the heart 

and blood vessels, and in 2020, they were responsible for approximately 19.1 million global 

deaths[2]. These conditions can be congenital, acquired, or have a hereditary component[142]. 

VSMC, primarily found in arterial walls, typically adopt a quiescent, contractile state to regulate 

vascular tone, a crucial process in CVDs. However, in CVDs, VSMC transition to a synthetic 

phenotype, losing their contractile properties and contributing to arterial wall dysfunction, 

furthering the progression of CVDs[143]. Therefore, strategies aimed at preserving VSMC 

contractility hold promise for CVDs treatment. 

Recent research suggests that mitochondrial dysfunction plays a central role in the 

development and progression of CVDs and its associated complications[144]. Mitochondrial 

dysfunction contributes significantly to the phenotypic shift in VSMC[145]and the development 

of arterial dysfunction[146, 147]. In CVDs, mitochondrial dysfunction leads to the generation of 

reactive oxygen species (mtROS) and decreased ATP production, resulting in VSMC contractile 

impairment. However, the precise mechanisms underlying mitochondrial functions in VSMCs 

remain largely unknown. Therefore, there is a pressing need to explore innovative therapeutic and 

preventive strategies focused on revitalizing VSMC mitochondrial function. This endeavor 

involves targeting key components responsible for maintaining mitochondrial homeostasis, 

including mitochondrial fission, fusion, biogenesis, and mitophagy. Disruptions in these intricate 

mechanisms can lead to mitochondrial dysfunction and subsequent organ damage. Particularly in 

the context of CVDs, deviations in mitochondrial structure and function are associated with 

reduced levels of mitophagy, emphasizing the potential importance of mitophagy in sustaining 

mitochondrial homeostasis and preserving VSMCs function[148, 149]. PGRN, a secreted 
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glycoprotein, is widely expressed in various tissues and cell types, with diverse roles encompassing 

embryogenesis, inflammation, wound healing, neurodegenerative processes, and lysosomal 

function[150]. Heterozygous mutations in the granulin (GRN) gene result in PGRN protein 

haploinsufficiency, leading to neurodegeneration in frontotemporal lobar degeneration 

(FTLD)[151]. PGRN protects cardiac and renal integrity during ischemia-reperfusion injury[63, 

136]. Furthermore, PGRN demonstrates anti-inflammatory effects in the vascular endothelium, 

conferring athero-protective benefits such as increasing nitric oxide (NO) levels[138], preserving 

endothelial integrity, and regulating blood pressure (BP), as recently demonstrated by our research 

group[139]. In VSMCs, PGRN acts as a mitigator of calcification[141]and a regulator of cell 

migration through its modulation of IL-8 secretion[152]. Although previous studies have described 

the vascular protective effects of PGRN in other contexts, its role in regulating vascular 

contractility remains unclear. 

This study unveils a novel aspect of PGRN's function, showing that PGRN deficiency 

decreases VSMCs contractility. Importantly, our findings reveal that PGRN plays a critical role in 

preserving mitochondrial equilibrium by modulating mtROS signaling, mitochondrial complex I 

biogenesis and function, and mitophagy flux in VSMCs. This discovery suggests that PGRN may 

offer a highly promising therapeutic avenue for addressing CVDs by modulating mitochondrial 

function and cellular bioenergetics. Furthermore, it implies that individuals with PGRN deficiency 

may face cardiovascular risks in addition to neurodegenerative diseases. 
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2.2 Materials and Methods 

2.2.1 Mice 

Twelve- to sixteen-week-old male and female C57BL6/J wild type (PGRN+/+), global 

PGRN mutant B6(Cg)-Grntm1.1Aidi/J (PGRN-/-), and male mt-Keima mice were used. All mice 

were fed with standard mouse chow and tap water was provided ad libitum. Mice were housed in 

an American Association of Laboratory Animal Care–approved animal care facility in the Rangos 

Research Building at the Children’s Hospital of Pittsburgh of the University of Pittsburgh. The 

Institutional Animal Care and Use Committee approved all protocols (IACUC protocols # 

19065333 and 22061179). All experiments were performed in accordance with Guide Laboratory 

Animals for The Care and Use of Laboratory Animals. 

2.2.2 Lentivirus Encoding PGRN Delivery in Fresh Aortae 

Lentiviral particles (LV) were packaged and transfected by Vectorbuider as pLV[Exp]-

Puro-CMV>mGrn[NM_008175.5] with murine phosphoglycerate kinase (mPGK) promotor. The 

thoracic aortae from both PGRN+/+ and PGRN-/- mice were aseptically isolated and subsequently 

rinsed with PBS. Following this, they were placed in individual wells of a 96-well plate, each 

containing 100 µL of Dulbecco's Modified Eagle Medium (DMEM). The aortae were then 

categorized into two groups: control and treatment with LV. In the treatment wells, 1 µL of a 106 

LV vector was added. The entire culture plate was placed in a 37°C incubator with a 5% CO2 

atmosphere for a duration of 24 hours. 
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After this 24-hour incubation period, the aortae were again washed with PBS to remove any 

residual substances. They were subsequently employed for various analyses, including western 

blot analysis, myography, and oxygen consumption rate (OCR) experiments. 

2.2.3 Vascular Function 

Thoracic aortic rings were utilized in our experiments and mounted in a wire myograph 

(Danysh MyoTechnology) for isometric tension recordings, employing PowerLab software (AD 

Instruments) as previously described in the literature[153, 154]. Briefly, rings measuring 2mm in 

diameter were dissected from the thoracic aorta, and the endothelium was removed by using a 

needle 25G. Aortic rings were carefully placed in tissue baths containing Krebs Henseleit Solution, 

which was maintained at a temperature of 37 °C and continuously aerated with a mixture of 95% 

O2 and 5% CO2. The composition of the Krebs Henseleit Solution was as follows (in mM): 130 

NaCl, 4.7 KCl, 1.17 MgSO4, 0.03 EDTA, 1.6 CaCl2, 14.9 NaHCO3, 1.18 KH2PO4, and 5.5 

glucose. 

Protocol to Study if the Deficiency in the PGRN affects Vascular Contractility  

KCL (120mM)-induced contractility and concentration response curve (CRC) to 

phenylephrine (PE, alpha-1 adrenergic receptor-dependent vasoconstrictor) and U46619 

[thromboxane A2 (TXA2) mimetic] were analyzed in endothelium-denuded rings from thoracic 

aorta from PGRN+/+ and PGRN-/- mice.  

Ex vivo Protocol for Regain of PGRN Function in Isolated Aortae 

Aortae were harvested from PGRN+/+ and PGRN-/- mice, the endothelium was removed, 

rings (2 mm) were isolated, and endothelium was removed as described above. Then, rings were 

incubated with LV encoding PGRN (106/mL) for 24 hours in DMEM containing 100 U/ml 
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penicillin, 100 μg/ml streptomycin, and 10 mmol/L Hepes. Re-expression of PGRN in aortae from 

PGRN-/- or overexpression of PGRN in aorta from PGRN+/+ were confirmed by western blot.  

2.2.4 High-Resolution Respirometry 

To investigate the impact of PGRN on mitochondrial function, we used Oroboros 

Oxygraph-2K (Oroboros, Österreich, Austria) (Doerrier et al., 2018). Aortas from PGRN+/+ and 

PGRN-/- were freshly isolated, carefully dissected, weighed, and placed into 500 μL of isolation 

buffer composed of 225 mM mannitol, 75 mM sucrose, 10 mM Tris pH 7.4, and 0.2 mM EDTA. 

The aortas were then transferred to O2-equilibrated chambers containing 5 mL of isolation buffer. 

Once the baseline became stable, 10 μM cytochrome C (Sigma, St. Louis, MO) was introduced to 

assess mitochondrial integrity. 

To evaluate mitochondrial respiration, a series of substrates and inhibitors were added 

sequentially. Specifically, malate (5 mM, Sigma, St. Louis, MO), ADP (2 mM, Sigma-Aldrich 

Co., St. Louis, MO), pyruvate (5 mM, Sigma-Aldrich Co.), glutamate (5 mM, Sigma-Aldrich Co.), 

and succinate (5 mM, Sigma-Aldrich Co.) were successively administered to stimulate State 3 

respiration. State 3 respiration is often used in research to assess the capacity of mitochondria to 

produce ATP under conditions of high energy demand[155, 156]. To uncouple the electron 

transport chain (ETC), carbonyl cyanide m-chlorophenyl hydrazone (CCCP) (1mM, Sigma-

Aldrich Co.) was added. Finally, to inhibit complex I, Rotenone (1mM, Sigma, St. Louis, MO) 

was introduced to halt mitochondrial respiration entirely[157].  
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2.2.5 Vascular Remodeling 

Mice were euthanized to obtain aortae, followed by perfusion with chilled phosphate-

buffered saline (PBS). Harvested aortae were then immersed in a 4% paraformaldehyde (PFA) 

solution for histological examination. After 12 hours in PFA, the tissues were transferred to 70% 

ethanol, where they remained until sample preparation for histology. The aortae were embedded 

in paraffin, after which the samples were sectioned and subjected to hematoxylin and eosin (H&E) 

and Masson's trichrome staining to evaluate vascular remodeling and structural characteristics. 

2.2.6 Pharmacological Interventions in Mice 

Restoration of circulating PGRN: To restore circulating PGRN levels, PGRN+/+ and 

PGRN-/- mice were subjected to a 7-day treatment regimen using rPGRN delivered through 

ALZET osmotic minipumps (Alzet Model 1001; Alzet Corp Durect, Cupertino, CA) at a rate of 

20ug/day, following established protocol by our group. After this 7-day treatment period, we 

conducted the analysis of mitochondrial respiration employing Oroboros O2k respirometry. 

Autophagy Inducer  

Spermidine, recognized as a natural polyamine with autophagy-stimulating properties[158] 

was employed in this study. Both PGRN+/+ and PGRN-/- mice were randomly allocated into two 

cohorts: the spermidine treatment group and the control group. The treatment group received a 14-

day regimen of spermidine administered via their drinking water at a concentration of 3mM. After 

this 14-day treatment period, evaluations were conducted, including the assessment of 

vasocontraction responses in thoracic aortas and the analysis of mitochondrial respiration 



 24 

employing Oroboros O2k respirometry. In addition, hearts were harvested for further analysis of 

autophagy marker through western blotting.  

Angiotensin II Infusion  

Both PGRN+/+ and PGRN-/- mice were subjected to a 14-day infusion protocol using 

ALZET osmotic minipumps (Alzet Model 1002; Alzet Corp Durect, Cupertino, CA) to delivery 

Angiotensin-II (Ang-II) at a dose of 490 ng/min/kg [139, 159]. Subsequently, thoracic aortas were 

utilized for a series of experiments, including assessments of vascular reactivity, histological 

analyses, and mitochondrial respiration. 

2.2.7 Fresh Primary VSMCs Isolation from Thoracic Aorta 

We conducted the isolation of VSMCs from the aortas of male PGRN+/+ and PGRN-/- 

mice. The isolation procedure followed a well-established enzymatic dissociation protocol[160-

163]. Following the isolation, the aortic smooth muscle cells were cultured in DMEM from 

Invitrogen Life Technologies. To maintain cell health and preserve their physiological 

characteristics, the culture medium was supplemented with 10% fetal bovine serum (FBS) 

obtained from HyClone, along with 100 U/ml penicillin, 100 μg/ml streptomycin, and 10 mmol/L 

Hepes (pH 7.4) from Sigma-Aldrich. To ensure the viability and functionality of the arterial 

smooth muscle cells during experimentation, we utilized cells within passages 4 to 8 [164]. 

2.2.8 Rat Aortic Smooth Muscle Cells 

Rat Aortic Smooth Muscle cells (RASMC) (Lonza, Walkersville, MD) and meticulously 

maintained in DMEM (Gibco from Thermo Fisher Scientific, Waltham, MA, U.S.A) 
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supplemented with 10% FBS (HyClone Logan UT, U.S.A), 100 U/ml penicillin, and 100 μg/ml 

streptomycin (Gibco from Thermo Fisher Scientific, Waltham, MA, U.S.A) as described 

before[165]. 

2.2.9 VSMCs Overexpressing PGRN via Lentiviral Transduction in Rat Aortic Smooth 

Muscle Cells (aSMC) 

Lentiviral particles (LV) were packaged and transfected by Vectorbuider as pLV[Exp]-

Puro-CMV>mGrn[NM_008175.5] with mPGK promotor. One day prior to infection, 

1×105−2×105 selected aSMC per well were seeded in a six-well plate, ensuring they reach an 

approximate confluency of 80% before initiating infection. On Day 1, the pre-existing media was 

aspirated, and each well was supplemented with 400 ul of fresh media, along with 5 ul of Polybrene 

at a concentration of 8 μg/mL as a transfection enhancer. Furthermore, 1 ul of LV containing 1x106 

viral particles is added to each of the wells. Control wells, one containing only cells and the other 

with media alone, were also maintained. The cells were subsequently incubated for a period of 48 

to 72 hours without changing the media. On Day 3, the media was exchanged with 2 ml of DMEM 

supplemented with Puromycin at a concentration of 10 ug/ml. The introduction of Puromycin is 

delayed by at least 24 hours post-infection to ensure adequate expression of the Puromycin 

resistance gene. Day 4 entails the removal of media, which was preserved at -20°C for future use, 

followed by its replacement with fresh DMEM containing Puromycin at a concentration of 5 

ug/ml. Finally, on Day 5, the media is once again replaced with DMEM containing Puromycin at 

5 ug/ml. Throughout this procedure, special attention was directed towards monitoring the positive 

control well, as it had the potential to exhibit cell death in contrast to the LV-infected cells. The 

cells were then washed with phosphate-buffered saline (PBS) and incubated in regular medium for 
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48 h, after which PGRN expression was confirmed by western blot in cell lysate and ELISA (R&D 

biosystem) in the supernatant of aSMC (control) and aSMCPGRN (high expression of PGRN). All 

cell culture processes were diligently conducted under conditions of 5% CO2 at 37°C, with the 

experiments thoughtfully executed in triplicate to ensure robustness and reliability of the results. 

2.2.10 Pharmacological Treatments in Cells 

In our experimental setup, we employed specific treatments to investigate the autophagy 

pathway, mitochondrial ROS, and detrimental pathways. Bafilomycin (50 μM), was used as an 

inhibitor of autophagosome-lysosome fusion to confirm the ability of PGRN to induce autophagy. 

Recombinant PGRN (rPGRN) (600ng/mL) was used to examine if circulating PGRN regulates 

mitochondria respiration. Cells were also treated with Platelet-Derived Growth Factor-BB (PDGF) 

(100 ng/ml) to analyze where PGRN deficient cells are more sensitive to a deleterious 

environment. Antimycin A (20 μM) was used to induce mtROS formation. 

2.2.11 Collagen Contraction Assay 

To assess the contractility of VSMCs, a collagen gel contraction assay was conducted 

[166]. In the gel preparation process, 50 μL of 100 mM/L NaOH was added to 400 μL of rat tail 

collagen (PurColl, Advanced Biomatrix, #5005) kept on ice. This was followed by the addition of 

50 μL of 10×PBS. Subsequently, 280 μL of VSMCs suspension (1.2×105 cells/ML) was 

introduced to form the gel-cell mixture, which was then transferred to the wells of a 12-well plate 

and allowed to further incubate for 30 minutes at 37 ℃[167]. A negative control lacking cells was 

also established. After gelation, 500 μL of culture medium was added to each well. The 
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VSMC/collagen gel was left to float freely by gently scraping with a cell scraper. Contraction 

extent was evaluated by measuring gel area and diameter immediately (baseline) and every 24 

hours using a dissection microscope. The plates were then placed back in an incubator at 5% CO2 

and 95% air. All experiments were carried out in triplicate over a 72-hour period. For data analysis, 

the ImageJ imaging analysis software (National Institutes of Health, Bethesda, MD) was employed 

to measure the gel area. The final data was presented as mean ± SEM with triplicate wells in each 

group, and the data was reported in terms of area in mm². 

2.2.12 Phalloidin Fluorescence 

Phalloidin fluorescence was employed for visualizing the cellular cytoskeleton [165]. Cells 

were cultured on coverslips overnight. Subsequently, they were fixed using a 3.7% formaldehyde 

solution in PBS for 15 minutes at room temperature. Permeabilization was accomplished by 

treating the cells with 0.1% Triton™ X-100 in PBS for 15 minutes. A blocking step followed, 

involving a solution containing 1% BSA for 45 minutes at room temperature. The cells were then 

exposed to a phalloidin staining solution for 60 minutes at room temperature. Throughout the 

process, residual solutions were removed through PBS washes. DAPI staining was employed for 

visualizing cell nuclei. Microscopic imaging was conducted using a fluorescence microscope 

(Revolve, Echo, San Diego, California, USA). 

2.2.13 Seahorse Extracellular Flux Assay 

The sensor cartridge and utility plate (Agilent, Santa Clara, CA) were hydrated and 

prepared according to company protocol. Primary VSMCs (2x104-3x104) were seeded onto to an 
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Xfe96 poly-D-Lysine (PDL) Cell Culture Plate (Agilent) in 80uL of 5% FBS, 1% pen/strep 

complete DMEM (Sigma, St. Louis, MO) and incubated for 1 hour at room temperature for cell 

adhesion. Complete DMEM was removed and replaced with 180uL of Xfe DMEM Medium, pH 

7.4 (Agilent) supplemented with 25mM D-(+)-Glucose (Sigma), 1mM Sodium Pyruvate (Sigma), 

and 2mM L-Glutamine (Corning, Corning, NY) and incubated in a non-CO2 37oC incubator for 

an additional 1 hr. Seahorse XF Cell Mito Stress Test Kit (Agilent, Santa Clara, CA) Oligomycin 

(Oli), carbonyl cyanide-p-trifluoromethoxy phenylhydrazone (FCCP), and Rotenone(ROT) 

reagents were reconstituted in 420 uL and 720 uL of XF Assay Media (Agilent), respectively. Each 

reagent was loaded into its respective port in sensor cartridge for a final well concentration of 1.0 

uM Oli (ATP synthase inhibitor), 1.0 uM FCCP (uncoupling agent), and 0.5 uM ROT (complex I 

inhibitor)[168]. The sensor cartridge was loaded into XF96 Seahorse Extracellular Flux Analyzer 

(Agilent) for sensor calibration followed by addition of cell culture plate. The data were analyzed 

using Xfe software 2.6.1 (Agilent Technologies, Inc.) and normalized to the amount of protein 

loaded per well. 

2.2.14 Real-Time Polymerase Chain Reaction (RT-PCR) 

mRNA extraction from aortae and VSMC was accomplished using the Rneasy Mini Kit 

(Qiagen, Germantown, MD, USA). To synthesize complementary DNA (cDNA), reverse 

transcription polymerase chain reaction (RT-PCR) was performed utilizing SuperScript III 

(Thermo Fisher, Waltham, MA, USA). The reverse transcription process occurred at 58 ºC for 50 

minutes, succeeded by enzyme inactivation at 85 ºC for 5 minutes. For real-time quantitative RT-

PCR, the PowerTrack™ SYBR Green Master Mix (Thermo Fisher, Waltham, MA, USA) was 

employed. The gene sequences utilized are provided in the Supplementary Table 1. Experiments 



 29 

were conducted on a QuantStudio™ 5 Real-Time PCR System using a 384-well format (Thermo 

Fisher, Waltham, MA, USA). Data analysis was executed using the 2ΔΔCt method, with results 

represented as fold changes signifying either upregulation or downregulation. 

2.2.15 Immunoblotting (Western Blot) 

Aortic protein extraction was carried out using a radioimmunoprecipitation assay (RIPA) 

buffer (Thermo Fisher Scientific Inc.), supplemented with protease inhibitor cocktail (Roche), 

which consisted of 30 mM HEPES (pH 7.4), 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium 

deoxycholate, 0.1% sodium dodecyl sulfate, 5 mM EDTA, 1 mM NaV04, 50 mM NaF, 1 mM 

PMSF, 10% pepstatin A, 10 μg/mL leupeptin, and 10 μg/mL aprotinin. Total protein extracts 

obtained from aortic homogenates were subjected to centrifugation at 15,000 rpm for 10 minutes, 

and the resulting pellet was discarded, 25 μg of protein was used. For aVSMC and rat aSMC 

samples, direct homogenization was performed using 2x Laemmli Sample Buffer supplemented 

with 2-Mercaptoethanol (β-mercaptoethanol). Protein samples (were separated by electrophoresis 

on a polyacrylamide gradient gel, and subsequently transferred to a PVDF membrane (Immobilon 

FL, EMD Millipore, Billerica, MA). To prevent non-specific binding, the membranes were 

blocked with either 5% skim milk or 1% bovine serum albumin (BSA) in tris-buffered saline 

solution with tween for 1 hour at 24 ºC. Specific antibodies, as listed in supplementary table 2, 

were then applied to the membranes, and incubated overnight at 4 ºC. Following the primary 

antibody incubation, secondary antibodies were used, and the membranes were subjected to 

enhanced chemiluminescence with a luminol reagent (SuperSignal™ West Femto Maximum 

Sensitivity Substrate, Thermo Fisher Waltham, MA, USA) was used for antibody detection. 
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2.2.16 Mitochondrial Related Experiments 

Complexes Expression-OXPHOS 

We employed the OXPHOS cocktail antibody mixture (Abcam), specifically designed to 

target complexes subunits within the Oxidative Phosphorylation (OXPHOS). To ensure the 

preservation of these hydrophobic protein’s integrity, a meticulous methodology was adhered to. 

Prior to initiation, cells were collected and lysed for protein extraction, with utmost care taken to 

maintain the integrity of OXPHOS complexes. Samples were strictly kept unheated before their 

application onto the gel. 

Mitochondrial Complex I Activity 

The assessment of mitochondrial respiratory chain complex I activity was conducted by 

using the specialized Complex I Enzyme Activity Assay Kit (ab109721). Initially, cells were lysed, 

and extracts from these cells were carefully loaded onto a microplate. Subsequently, the plate wells 

were meticulously washed three times with a designated buffer. Following this preparation, 200 

µL of assay solution was added to each well, and the optical density (OD450 nm) was measured 

in kinetic mode at room temperature for up to 30 minutes (SpectraMax i3x Multi-Mode Microplate 

Reader). Absorbance was analyzed at OD 450 nm, which was used as an indicator of Complex I 

activity. 

NAD+/NADH Assay 

The NAD+/NADH ratio was assessed using the NAD+/NADH Assay Kit (ab65348). 

Initially, cells were digested in 120 μL of NADH/NAD extraction buffer. After centrifugation in 

a 10 kD Spin Column (ab93349) at 14,000 x g for 20 minutes at 4°C, half of the sample was 

transferred to a new tube and incubated at 60°C for 30 minutes to decompose NAD+, while the 

remaining half was designated as NADt (comprising both NADH and NAD+). Subsequently, 20 
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μL of NADt and 20 μL of the decomposed NAD+ sample were mixed with 30 μL of extraction 

buffer and then incubated with 100 μL of reaction mix at room temperature for 5 minutes, 

facilitating the conversion of NAD+ to NADH. Following this, 10 μL of NADH Developer was 

added to each well, and the mixture was allowed to react at room temperature for 20 minutes. The 

resulting sample outputs were measured at OD 450 nm on a microplate reader (SpectraMax i3x 

Multi-Mode Microplate Reader) in kinetic mode.  

Measurement of ATP Concentration 

ATP concentration of the cells was determined by ATP Assay Kit (ab83355) according to 

the manufacturer’s protocol. Cells were seeded at 1× 106 cells/mL. The cells were collected and 

lysed in 150 µL of ATP assay buffer. Then, the samples were centrifuged for 5 min at 4 °C at 

13,000× g to remove insoluble material and loaded to a 96-well plate (ThermoFisher Scientific) at 

a volume of 50 µL in 3 technical replies. The plate was incubated at room temperature for 30 min 

and protected from light. The absorbance was measured at wavelength λ = 570 nm by the 

spectrophotometer (SpectraMax i3x Multi-Mode Microplate Reader). The experiment was 

conducted using four biological replications and the collected data were calculated according to 

the producer’s instructions. The data were presented as an ATP concentration (nmol) per 1 mg of 

total protein in each well. 

Mitochondrial Membrane Potential 

For the analysis of mitochondrial membrane potential (MMP), cells were subjected to JC-

1 working solution (10 μg/ml) and subsequently incubated in a 5% CO2 incubator at 37 °C for a 

duration of 30 minutes. Following this incubation period, the JC-1-treated cells underwent three 

washes with PBS, with each wash lasting 2 minutes. Images were then acquired using a 

fluorescence microscope (Revolve, Echo, San Diego, California, USA). Carbonyl Cyanide 
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Chlorophenylhydrazone (CCCP, 50uM for 24h) 

Mitochondrial ROS Production 

a. MitoSOX-based flow cytometric assay 

To evaluate mitochondrial ROS levels, we employed a MitoSOX-based flow cytometric 

assay on both control cells and cells subjected to antimycin A treatment (20uM for 30 

minutes). Initially, primary VSMC from PGRN+/+ and PGRN-/- or aSMC and aSMCPGRN 

were seeded in six-well plates and subsequently exposed to MitoSOX (5 μM) staining in 

complete medium for a half-hour at 37 °C. After staining, a gentle wash followed by 5-

minute trypsinization at 37 °C was performed. Subsequently, the cells were resuspended in 

FACS buffer (comprising PBS, 1% BSA, and 1 mM EDTA) and subjected to immediate 

analysis via flow cytometry. The flow cytometer recorded both mean fluorescence intensity 

and the percentage of stained cells. The data were presented as histograms representing the 

cell count emitting specific fluorescence, effectively illustrating the size of the 

corresponding cell population. Graphs were generated to depict the mean fluorescence 

intensity, offering a quantifiable representation of the observed results. Additionally, the 

effects of antimycin A were presented by delta (difference between before and after drug 

incubation) in primary and cells overexpressing PGRN. 

b. Lucigenin chemiluminescence assay 

The chemiluminescent probe lucigenin (bis-N-methylacridinium nitrate) was used to 

assess ROS levels within the cells. A cell suspension, comprising up to 1 × 10^6 cells in 1 

ml of Complete Phosphate-Buffered Saline (CPBS), was supplemented with 175 µL of 

lucigenin (0.005 mmol/L) and assay buffer. This mixture was then meticulously transferred 

to a White 96-well microplate. Subsequently, the microplate was promptly inserted into a 
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luminometer (FlexSation 3 microplate reader, Molecular Devices, San Jose, USA) to 

record the chemiluminescent response. These measurements were conducted at a constant 

temperature of 37°C and spanned a duration of 60 minutes. Following the initial reading, 

NADPH (0.1 mmol/L), serving as a substrate for the NADPH oxidase enzyme, was 

introduced to the suspension. A second reading of the microplate was subsequently 

conducted. The results were expressed as relative light units (RLU) per protein levels. To 

confirm the mitochondrial origin of the ROS signal, VSMCs samples underwent incubation 

with antimycin A for 1 hour. 

Extraction and Quantification of Mitochondrial DNA Content and Mitochondrial Biogenesis 

Relative mtDNA copy numbers were estimated by real-time quantitative PCR according to 

previously described methods[169, 170]. Total DNA was isolated from cells adherent cultures by 

Genomic Mini Kit (Qiagen Dneasy blood & tissue kit) according to the producer’s instructions. 

DNA probes were diluted in Rnase-free H2O (Sigma-Aldrich), to equal concentration and stored 

at −20 °C until further use. The Mitochondrial DNA (mtDNA) content was assessed by absolute 

quantification of DNA copy numbers using real time PCR. mtDNA content analysis was 

performed with TaqMan Master Mix (Applied Biosystems) on Applied Biosystems® 7500 Real-

Time PCR System (Life Technologies). mtDNA was detected using primers MT16520F and 

MT35R, in the presence of probe MT16557TM. Nuclear DNA content was estimated by 

amplification of a fragment from the single-copy gene Kir4.1, with primers KIR835F and 

KIR903R used together with probe KIR857TM. The results were calculated as mtDNA/nDNA 

content based on the ΔΔCt method according to the previously described method[171]. 

Peroxisome proliferator-activated receptor-γ coactivator-1α (PGC-1α), a transcription factor 

controlling many aspects of oxidative metabolism including biogenesis[172], was analyzed via 

western blot. 
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Mitochondrial Morphology and Dynamics 

Via western blot, we measured Mitofusin 1 (Mfn1) and Optic Atrophy 1 (OPA1) as markers 

of mitochondria fusion, and Dynamin-Related Protein 1 (Drp1) as a marker of mitochondria 

fission.  

Mitophagy Study 

To investigate mitophagy within cells, we conducted a comprehensive examination of 

protein expression using western blot analysis. Specifically, we assessed the levels of key markers 

involved in mitophagy, including LC3A, p62, PINK1, and PARKIN. To investigate mitophagy in 

fresh aorta, we utilized a unique transgenic mouse known as the mt-Keima mouse, graciously 

provided by Dr. Finkel from the University of Pittsburgh. This model is characterized by the 

expression of mt-Keima, a pH-dependent fluorescent protein, within the mitochondria. Mt-Keima, 

a coral-derived protein, is a dual-excitation radiometric fluorescent protein known for its pH 

sensitivity and resilience against lysosomal proteases. In the mitochondria's physiological pH 

environment (pH 8.0), it predominantly emits shorter-wavelength excitation, rendering a green 

appearance. However, during mitophagy within the acidic lysosome (pH 4.5), mt-Keima 

progressively transitions towards longer-wavelength excitation, resulting in a red fluorescence 

emission[173]. Following the dissection of aortae from mt-Keima mice, they were divided into 

control and mt-Keima-treated groups after incubation with LV for 24 hours. Subsequently, the 

aortae were longitudinally opened and had their endothelium removed before being mounted on 

glass slides and covered with coverslips. Images were acquired using a fluorescence microscope 

(Revolve, Echo, San Diego, California, USA). 
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2.2.17 Lysosome Biogenesis 

In whole cell lysate, we studied lysosome biogenesis by measuring lysosomal-associated 

membrane protein (LAMP1) expression and the phosphorylation status of transcription factor EB 

(TFEB). In cytoplasm and nuclear fractions, we evaluated the TFEB content via western blot 

analysis. Fractioning was performed as described below.  

2.2.18 Cytoplasm and Nuclear Fractions Preparation 

Nuclear protein extracts were prepared using a nuclear extraction kit (Thermo Fisher, 

#78833) following the manufacturer's guidelines. The quantification of total TFEB in cytoplasm 

and nuclear fractions was conducted through western blotting. For cytoplasmic fractions, GAPDH 

expression served as an internal control for the cytoplasm fraction, while histone3 was used as an 

internal control for the nuclear fractions.  

2.2.19 Statistical Analysis 

The calculation of the maximal effect (Emax) from KCl, PE, and TXA2 were conducted 

through the analysis of CRC. pD2 resulting from CRCs was also calculated. CRCs were fitted 

using a non-linear interactive fitting program (Graph Pad Prism 9.0; GraphPad Software Inc., San 

Diego, CA, USA). The term "Emax" means the highest attainable effect produced by KCl, PE, and 

TXA2. While "pD2" indicates the negative logarithm of the molar concentration of phenylephrine 

and thromboxane needed to activate 50% of the maximum effect (EC50). 

For comparisons of multiple groups, one-way or two-way analysis of variance (ANOVA), 
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followed by the Tukey post-test was used. Differences between the two groups were determined 

using Student’s t-test.  The vascular function data are expressed as a maximal response. The 

concentration–response curves were fitted by nonlinear regression analysis. Maximal response 

was determined and used to determine if there was difference between the groups. Analyses were 

performed using Prism 10.0 (GraphPad Software, La Jolla, CA). A difference was considered 

statistically significant when P≤0.05. 

2.3 Results 

2.3.1 Deficiency in PGRN Affects Vascular Contractility ex vivo 

To analyze whether PGRN regulates vascular contraction, we examined the effects of KCl 

(120mM), phenylephrine, or thromboxane A2 analogue (U46619) in endothelium-denuded aortic 

rings from PGRN+/+ and PGRN-/- mice via wire myograph. Deficiency in PGRN decreased the 

vascular contractu7ntutility to all three agents in male (Fig. 1B-D) and female mice (Fig. 1E-G) 

and diminished the protein but not mRNA for αSMA level (Fig. 1H and I). In addition, lack of 

PGRN did not affect the vascular thickness at least in mice with 12-14 weeks of age (Fig. 1J).  
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Figure 1. Deficiency in PGRN Impairs Vascular Contractility ex vivo 
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(A) Schematic Representation of the Ex Vivo Mouse Experiment Setup. This schematic illustrates the experimental 
setup for ex vivo experiments involving thoracic aortas isolated from PGRN+/+ and PGRN-/- mice. The aortas were 
utilized for wire myography, western blot analysis, quantitative PCR (qPCR), and Hematoxylin and Eosin (H&E) 
staining.(B-D) Ex vivo wire myography showing KCl-induced vascular contractility (120mM) (B), and concentration-
effect curves to phenylephrine (C), and thromboxane A2 analogue (U46619) (D) in aortae from PGRN-/- and 
PGRN+/+ mice in endothelium-denuded aortic rings in Male mice. (E-G) Ex vivo wire myography showing KCl-
induced vascular contractility (120mM) (E), and concentration-effect curves to phenylephrine (F), and thromboxane 
A2 analogue (U46619) (G) in aortae from PGRN-/- and PGRN+/+ mice in endothelium-denuded aortic rings in 
Female mice (H) Western blot for protein expression of αSMA in PGRN-/- mice compared to PGRN+/+ mice aorta. 
β-actin was used as load control. (I) mRNA expression of αSMA gene in PGRN-/- and PGRN+/+ mice aorta measured 
by qPCR. (J) Images of Hematoxylin & eosin and Masson's trichrome stains in thoracic aortae. Scale bar, 100 μm. 
Morphometric analysis of media area in PGRN-/- and PGRN+/+ mice aged 12-14 weeks. Data are presented as mean 
± SEM (n = 3-7). *P < 0.05 vs. PGRN+/+ mice 

2.3.2 Deficiency in PGRN Induces Inflammation ex vivo 

Deficiency in PGRN triggered vascular inflammation in male and female mice 

characterized by a substantial increase in the expression of inflammatory genes such as ICAM, 

VCAM, IL1β and increased expression of pro-inflammatory cytokines such as TNFα, and IL6 

genes in PGRN+/+ and PGRN-/- mice (Fig. 2A and B). 

 

 

Figure 2. PGRN Deficiency Induces Inflammation ex vivo 

(A-B) mRNA expression of inflammatory marker genes in PGRN+/+ and PGRN-/- male (A) and female (B) mice 
aorta by RT-PCR. Data are presented as mean ± SEM (n = 3-7). *P < 0.05 vs. PGRN+/+ mice 



 39 

2.3.3 Deficiency in PGRN Affects Vascular Cell Contractility in vitro 

We further examined the role of PGRN regulating vascular contraction in primary aVSMC 

isolated from PGRN+/+ and PGRN-/- (Fig. 3A). By performing the collagen gel disc assay, we 

observed that PGRN-/- aVSMC contracted less after 48h compared to PGRN+/+ aVSMC (Fig. 

3B). Furthermore, we found attenuated F-actin and αSMA levels (Fig. 3C-D), with no difference 

in αSMA mRNA expression (Fig. 3E). 



 40 

 

Figure 3. PGRN Deficiency Induces Loss of VSMC Contractility in vitro 

(A) Schematic Representation of In Vitro Experiment Setup. This schematic diagram illustrates the setup for in vitro 
experiments involving primary aVSMCs isolated from the thoracic aorta of both PGRN+/+ and PGRN-/- mice. These 
isolated aVSMCs were employed in gel contraction studies, Western blot analysis, quantitative PCR (qPCR), and 
phalloidin staining. (B) Collagen contraction assay in PGRN+/+ and PGRN-/- aVSMC. Gel area variation on day 2 
post-gelation normalized to baseline area. Scale bar, 1 mm. Measurement of diameter over time. (C) Representative 
image of of actin filaments in PGRN+/+ and PGRN-/- aVSMC. In red, actin filaments stained with Rhodamine-
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Phalloidin; in blue, nuclei stained with DAPI. Scale bar, 100 μm. (D) Western blot for protein expression of αSMA in 
PGRN+/+ and PGRN-/- aVSMC. β-actin was used as load control. (E) mRNA expression of αSMA gene measured 
by qPCR in PGRN+/+ and PGRN-/- aVSMC. Data are presented as mean ± SEM (n = 3-4). *P < 0.05 vs. PGRN+/+ 
aVSMC 

2.3.4 PGRN is a Major Regulator of Mitochondrial Function in vitro 

In diabetic nephropathy[63] or in neuroblastoma cells[174], PGRN seems to regulate 

mitochondria quality. Thus, we characterized if mitochondria profile in the vasculature are 

regulated by PGRN. In aVSMC, lack of PGRN attenuated Oxygen Consumption Rate (OCR) 

(Seahorse) followed by suppression of ATP levels, mitochondrial complex I activity, and 

NAD+/NADH ratio (Fig. 4A-D).  

 

 

Figure 4. Loss of PGRN Affects Mitochondrial Function in aVSMCs 

(A) Mitochondrial oxygen consumption rates (OCR) in PGRN+/+ and PGRN-/- aVSMCs measured using the 
Seahorse XF Extracellular Flux 96 analyzer. (B) ATP content quantified by colorimetric assay in PGRN+/+ and 
PGRN-/- aVSMCs. (C) OXPHOS complex I (CI) enzyme activity by colorimetric assay in PGRN+/+ and PGRN-/- 
aVSMCs. (D) The NAD+/NADH ratio measured by colorimetric assay in PGRN+/+ and PGRN-/- aVSMCs. Data are 
presented as mean ± SEM (n = 3-6). *P < 0.05 vs. PGRN+/+ aVSMC 
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2.3.5 PGRN is a Major Regulator of Mitochondria Mass in vitro 

Interestingly, lack of PGRN did not affect the mitochondria number (mtDNA/nDNA) (Fig. 

5A) but decreased PGC1α expression (a marker of mitochondria biogenesis) (Fig. 5B), thus 

suppression of PGC1α might not be affecting mitochondrial biogenesis, but other signaling instead 

including inflammation and antioxidant machinery[175, 176].Since we observed suppressed 

complex I activity, we analyzed the complexes expression by using the OXPHOS antibody, which 

revealed that deficiency in PGRN reduces complexes I and II expression (Fig. 5C).  
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Figure 5. Loss of PGRN Reduces the Expression of PGC1α and Complexes I and II 

 (A) Quantitative PCR (qPCR) analysis of mitochondrial DNA (mtDNA) copy number relative to nuclear DNA 
(nuDNA) in PGRN+/+ and PGRN-/- aVSMCs. (B) Western blot for protein expression of PGC1α in PGRN+/+ and 
PGRN-/- aVSMCs. β-actin was used as load control. (C) Western blot for Protein expression of OXPHOS in PGRN+/+ 
and PGRN-/- aVSMCs. β-actin was used as load control. Data are presented as mean ± SEM (n = 3-6). *P < 0.05 vs. 
PGRN+/+ aVSMC 
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2.3.6 Loss of PGRN Affects Mitochondria Biogenesis and OXPHOS 

Furthermore, aortae from PGRN+/+ and PGRN-/- displayed reduced complex I related 

genes, and peroxisome proliferator-activated receptor γ (PPARγ, a complex I gene regulator[177]) 

levels in males (Fig. 6A-B) and females (Fig. 6C-D) . In summary, PGRN deficiency reduce 

mitochondrial respiration primarily by reducing the expression of complex I and not by altering 

the mtDNA levels. 
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Figure 6. Loss of PGRN Affects Mitochondrial Biogenesis and OXPHOS 

PPARϒ and expression of complex I genes in aortae from PGRN+/+ and PGRN-/- male (A-B) and female mice (C-
D). Data are presented as Mean ± SEM. N=3-4. *P<0.05 vs PGRN+/+ 

2.3.7 Loss of PGRN Affects Markers of Mitochondrial Dynamics 

Changes in mitochondria dynamic is crucial to maintaining mitochondria respiration, thus 

we studied if PGRN regulates markers of mitochondria fusion and fission. Lack in PGRN induced 

the expression of a marker of mitochondria fragmentation (fission) DRP1(Fig. 7A) and 
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downregulated MFN1 expression (marker of fusion) (Fig. 7B). Finally, mitochondria in PGRN-/- 

VSMC demonstrated impaired membrane potential, which was measured by JC-1 stain (Fig. 7C). 

Carbonyl Cyanide Chlorophenylhydrazone (CCCP) was used as a positive control in PGRN+/+ 

VSMC. 

 

Figure 7. Loss of PGRN Affects Mitochondrial Dynamics and Membrane Potential in aVSMCs 

(A) Western blot for protein expression of DRP1 in PGRN+/+ and PGRN-/- aVSMCs. β-actin was used as load 
control. (B) Western blot for protein expression of Mfn1 in PGRN+/+ and PGRN-/- aVSMCs. β-actin was used as 
load control (C) Mitochondria membrane potential, measured by JC-1 stain in PGRN-/- and PGRN+/+ aVSMCs. 
Normal mitochondrial membrane potential is shown in red.Depolarized membrane potential is shown in green. 
Carbonyl Cyanide Chlorophenylhydrazone (CCCP) was used as a positive control in PGRN+/+ VSMC. Data are 
presented as mean ± SEM (n = 3-6). *P < 0.05 vs. PGRN+/+ aVSMC 
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2.3.8 Loss of PGRN Produces Reactive Oxygen Species 

Finally, changes in mitochondria respiration and dynamic have been associated with 

exacerbated mtROS formation. By using MitoSox we found that lack of PGRN induced mtROS 

formation (Fig. 8A), which is exacerbated by antimycin A (a potent mitochondrial ROS inducer) 

(Fig. 8B and C). Similar results were obtained by lucigenin chemiluminescence assay (Fig 8D). 

ERK1/2, a MAPK member and ROS-sensitive protein, was overactivated in PGRN-/- VSMC, but 

ERK1/2 activation in response to PDGF-BB was similar PGRN+/+ and PGRN-/0 VSMC (Figure 

8E and F). 
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Figure 8. Loss of PGRN Affects Mitochondrial Reactive Oxygen Species (ROS) in aVSMCs 

(A) Mitochondrial reactive oxygen species (mtROS) levels measured by flow cytometry in PGRN+/+ and PGRN-/- 
aVSMCs. MFI: Mean fluorescence intensity. (B) Mitochondrial reactive oxygen species (mtROS) levels measured by 
flow cytometry in PGRN+/+ and PGRN-/- aVSMCs treated with Antimycin A. MFI: Mean fluorescence intensity. 
(C) Sensitivity of Antimycin A-induced Mitochondrial reactive oxygen species (mtROS) formation in PGRN+/+ and 
PGRN-/- aVSMCs. (D) Lucigenin chemiluminescence assay in PGRN+/+ and PGRN-/- aVSMCs. (E) Western blot 
for protein expression of ERK1/2 in PGRN+/+ and PGRN-/- aVSMCs. β-actin was used as load control. (F) Western 
blot for protein expression of ERK1/2 in PGRN+/+ and PGRN-/- aVSMCs in presence of PDGF (100ng/ml). β-actin 
was used as load control. Data are presented as mean ± SEM (n = 3-6). *P < 0.05 vs. PGRN+/+ aVSMC 
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2.3.9 PGRN is a Major Regulator of Mitochondria Quality in Fresh Aortae 

We also evaluated whether changes in mitochondrial performance are observed in whole 

arteries (Fig. 9A). By utilizing Oroboros O2k respirometry we analyzed mitochondrial respiration 

in fresh aortae and found that mitochondrial complex I activity is impaired in PGRN-/- with no 

changes in complex II (coupled or uncoupled) (Fig. 9B). Furthermore, aortae from PGRN-/- 

displayed reduced complex I, III, and IV protein expression (Fig. 9C). And as observed in primary 

VSMC, aortae from PGRN-/- demonstrated reduced PGC1a and MFN1 expression and increased 

DRP1 (Fig. 9D-F). 
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Figure 9. Loss of PGRN Affects Mitochondrial Quality in Fresh Aortae 
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(A) Mitochondrial oxygen consumption rates (OCR) in fresh aortae from PGRN+/+ and PGRN-/- measured using the 
Oroboros O2k respirometry. (B) Western blot for protein expression of OXPHOS. GAPDH was used as load control. 
(C-E) Western blot for protein expression of PGC1α, DRP1 and MFN1 levels. β-actin was used as load control. Data 
are presented as mean ± SEM (n = 3-4). *P < 0.05 vs. PGRN+/+ aVSMC 

2.3.10 Effect of rPGRN on Mitochondrial Respiration and Vascular Contractility in 

PGRN-/- Arteries 

Circulating PGRN plays a major role in regulating cardiovascular biology. Therefore, we 

treated PGRN-/- mice with rPGRN (20ug/day/mouse) for 7 days via osmotic mini-pump[139]; we 

found that PGRN treatment did not affect mitochondrial respiration in fresh aortae via Oroboros 

O2k respirometry(Fig. 10A).Similarly, rPGRN did not affect OCR in PGRN-/- VSMC measured 

by Seahorse analyzer (Fig. 10B)  

 

 

Figure 10. Circulating PGRN Does Not Alter Mitochondrial Respiration 

(A) Mitochondrial oxygen consumption rates (OCR) analyzed via Oroboros O2k respirometry in aortae from PGRN-
/- mice treated with rPGRN. (B) OCR measured by SeaHorse in VSMC from PGRN+/+ and PGRN-/- mice treated 
with rPGRN (600ng/mL, 24h). Data are presented as Mean ± SEM. N=3-4. *P<0.05 vs PGRN+/+ VSMC 
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2.3.11 Re-expression of PGRN Restores Mitochondrial Respiration and Vascular 

Contractility in PGRN-/- Arteries 

Thus, we focused on understanding the intracellular role of PGRN by re-expressing PGRN 

via lentivirus delivery. We treated the aortae from PGRN+/+ and PGRN-/- with LV encoding 

PGRN for 24h and analyzed the mitochondrial respiration and vascular contractility (Figure 11A). 

LV increased PGRN expression in PGRN+/+ and repopulated PGRN in PGRN-/- (Figure 11B). 

In addition, LV increased complex I activity in Oroboros O2k respirometry (Figure 11C) but did 

not affect mitochondrial respiration in PGRN+/+ arteries (Figure 11D). LV treatment also 

improved vascular contractility to KCL, U46619, and phenylephrine in PGRN-/- arteries (Fig. 

11E-G) but did not affect vascular contractility in PGRN+/+ arteries (Fig. 11H-J). 
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Figure 11. Re-Expression of PGRN Restores Mitochondrial Respiration and Vascular Contractility in PGRN 

Deficient Arteries 
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(A) Schematic Representation of ex vivo Experiment Setup. Circulating PGRN exerts significant regulatory effects on 
cardiovascular biology. To investigate the intracellular role of PGRN, we re-expressed PGRN using lentivirus 
delivery. PGRN+/+ and PGRN-/- aortae were treated with lentivirus encoding PGRN for 24 hours, followed by 
analysis of mitochondrial respiration and vascular contractility. (B) Western blot for protein expression of PGRN after 
LV treatment for 24hours. β-actin was used as load control. (C-D) Mitochondrial oxygen consumption rates (OCR) 
measured using the Oroboros O2k respirometry in fresh aortae from PGRN-/- mice (C) and PGRN+/+ mice (D) after 
LV treatment. (E-G) Ex vivo wire myography showing KCl-induced vascular contractility (120mM) (D), and 
concentration-effect curves to phenylephrine (E), and thromboxane A2 analogue (U46619) (F) in endothelium-
denuded aortic rings of fresh aortae from PGRN-/- mice. (H-J) Ex vivo wire myography showing KCl-induced vascular 
contractility (120mM) (H), and concentration-effect curves to phenylephrine (I), and thromboxane A2 analogue 
(U46619) (J) after LV treatment in endothelium-denuded aortic rings of fresh aortae from PGRN+/+ mice. Data are 
presented as mean ± SEM (n = 3-4). *P < 0.05 vs. PGRN-/- 

2.3.12 Effect of Over Expression of PGRN on Vascular Contractility and Mitochondrial 

Function in VSMCs 

Since we found these exciting effects of LV-PGRN on regulating vascular contractility and 

mitochondrial respiration, we created VSMC overexpressing PGRN via LV delivery. PGRN 

expression was confirmed by western blot in cell lysate (Fig. 12A) and ELISA in the supernatant 

of aSMC (control) and aSMCPGRN (high expression of PGRN) (Fig. 12B). aSMCPGRN displayed 

higher cell contraction which could be observed in collagen gel disc assay and F-actin stain (more 

F-actin and smaller cell size) (Fig. 12C-D) and higher αSMA expression (Fig. 12E). aSMCPGRN 

demonstrated increased ATP levels, NAD+/NADPH ratio, and complex I activity (Fig. 12F-H). 
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Figure 12. Overexpression of PGRN Induces Vascular Contractility in VSMC and Mitochondrial Function 

(A) Western blot for protein expression of PGRN in SMC and SMCPGRN. β-actin was used as load control. (B) Elisa 
for PGRN in supernatant of PGRN in SMC and SMCPGRN (C) Collagen contraction assay in SMC and SMCPGRN. Gel 
area variation on day 2 post-gelation normalized to baseline area. Scale bar, 1 mm. Measurement of diameter over 
time. (D) Representative image of actin filaments in SMC and SMCPGRN. In red, actin filaments stained with 
Rhodamine-Phalloidin; in blue, nuclei stained with DAPI. Scale bar, 100 μm. (E) Western blot for protein expression 
of αSMA in SMC and SMCPGRN. β-actin was used as load control. (F) ATP content quantified by colorimetric assay 
in SMC and SMCPGRN . (G) OXPHOS complex I (CI) enzyme activity by colorimetric assay in SMC and SMCPGRN.(H) 
The NAD+/NADH ratio measured by colorimetric assay in SMC and SMCPGRN. Data are presented as mean ± SEM 
(n = 3-4). *P < 0.05 vs. SMC 
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2.3.13  Effect of Over Expression of PGRN on Markers of Mitochondrial Number, 

Biogenesis, and Dynamics in VSMCs 

We examined the effects of aSMCPGRN overexpression and found that it did not induce any 

significant changes in mitochondrial biogenesis or the overall mtDNA content within VSMCs (Fig. 

13A and B). However, our investigation revealed an intriguing shift in markers of mitochondrial 

dynamics upon aSMCPGRN overexpression. Specifically, we observed an increase in MFN1 

expression but diminished DRP1 expression (Fig. 13C-D). 

  

 

 

Figure 13. Overexpression of PGRN Affects Mitochondrial Number, Biogenesis and Dynamics 

(A) Quantitative PCR (qPCR) analysis of mitochondrial DNA (mtDNA) copy number relative to nuclear DNA 
(nuDNA) in SMC and SMCPGRN (B) Western blot for protein expression of PGC1α in SMC and SMCPGRN. β-actin 
was used as load control. (C) Western blot for protein expression of MFN1 in SMC and SMCPGRN. β-actin was used 
as load control. (D) Western blot for protein expression of DRP1 in SMC and SMCPGRN. β-actin was used as load 
control. Data are presented as mean ± SEM (n = 3-4). *P < 0.05 vs. SMC 
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2.3.14 Effect of Over Expression of PGRN on Mitochondrial Reactive Oxygen Species 

(ROS) in VSMCs 

As we previously examined ROS levels in PGRN+/+ and PGRN-/- VSMCs, we wanted to 

see the effect of overexpression of PGRN in cells. Our results revealed that the overexpression of 

PGRN in VSMCs had a notable impact on mtROS formation. Specifically, it resulted in a reduction 

in mtROS production. To further assess the protective potential of PGRN, we subjected the cells 

to antimycin A. Remarkably, the overexpression of PGRN not only reduced baseline mtROS but 

also provided protection against antimycin A-induced mtROS production (Fig. 14A-C). 

 

 

Figure 14. Overexpression of PGRN Affects Mitochondrial ROS Production 

(A) Mitochondrial reactive oxygen species (mtROS) levels measured by flow cytometry in SMC and SMCPGRN. MFI: 
Mean fluorescence intensity. (B) Mitochondrial reactive oxygen species (mtROS) levels measured by flow cytometry 
in SMC and SMCPGRN treated with Antimycin A. MFI: Mean fluorescence intensity. (C) Sensitivity of Antimycin A-
induced Mitochondrial reactive oxygen species (mtROS) formation in SMC and SMCPGRN. Data were calculated by 
the delta between Antimycin A and vehicle effects. Data are presented as mean ± SEM (n = 3-4). *P < 0.05 vs. SMC 
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2.3.15 Deficiency in PGRN Disrupts Vascular Mitophagy and Lysosome Formation 

Studies in kidneys have shown that PGRN regulates autophagy[63], but if PGRN affects 

vascular mitophagy is still unknown. Thus, we investigated whether disruption of PGRN signaling 

would affect mitochondrial recycling. We observed that VSMC from PGRN-/- present elevated 

PINK (66 and 33kDa), PARKIN, LC3I/II ratio, and p62 accumulation suggesting a dysfunctional 

mitophagy (Fig. 15A-D). Furthermore, we found an accumulation of LAMP1 (marker of 

lysosome), higher TFEB activity, characterized by higher TFEB content in the nuclei. (Fig. 15E 

and F). Suggesting that TFEB activation is higher in PGRN-/- VSMC, which leads to higher 

lysosome formation, however they are dysfunctional. 
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Figure 15. PGRN Deficiency Triggers Dysregulated Lysosome Formation and Disturbs Mitophagy Flux 

(A-E) Western blot for protein expression of PINK (66 and 33 kDa) (A), PARK (B), LC3II/I (C) ratio, p62 (D), and 
LAMP1 (E) PGRN+/+ and PGRN-/- aVSMCs. β-actin was used as load control. (F) Western blot for TFEB of 
PGRN+/+ and PGRN-/- aVSMCs fractionated into cytoplasmic and nuclear samples. Protein expression quantification 
was normalized to GAPDH and Histone 3 (H3), a cytoplasm and nuclear markers, respectively. Data are presented as 
mean ± SEM (n = 3-4). *P < 0.05 vs. PGRN+/+ 
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2.3.16 Effect of over Expression of PGRN on Vascular Mitophagy and Lysosome Formation 

In VSMC overexpressing PGRN we observed reduced PINK, LC3I/II, and p62, with no 

difference in PARK and LAMP (Fig. 16A-E). Furthermore, we used arteries from mt-Keima mice 

to track mitophagy in fresh aorta, thus we overexpressed PGRN via LV delivery (24h of 

incubation) in aortae from those mice and tracked mitochondria flux. PGRN caused a remarkable 

increase of mitochondria in lysosome (red) compared to control arteries c (Fig. 16F). To confirm 

that high levels of PGRN induce autophagy we treated the cells with bafilomycin A1 (vacuolar 

H+-ATPase Inhibitor) and observed that accumulation of LC3II/I (Fig. 16G and H) indicating that 

PGRN is an autophagy inducer. Finally, we found that overexpression of PGRN triggered higher 

presence of TFEB in the nuclei (Fig. 16I), which suggests that PGRN induces lysosome biogenesis 

and autophagy.  
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Figure 16. Overexpression of PGRN Confers an Accelerated Mitophagic Flux in VSMC 

(A) Western blot for PINK (A), PARK (B), LC3AII/I (C), p62 (D) and LAMP (E) expression in SMC and SMCPGRN. 
β-actin was used as load control. (F) Mitochondria flux in fresh aorta of mt-Keima enriched with PGRN via lentivirus 
delivery. Levels of green (located in the cytosol, basic pH) and red (located in the lysosome, acid pH) signals are 
shown as a function of cellular pH. Scale bar, 30um. (G-H) Western blot for LC3II/β-actin (G-H) in SMC and 
SMCPGRN treated with bafilomycin A1. β-actin was used as load control. (P) Western blot for TFEB of SMC and 
SMCPGRN fractionated into cytoplasmic and nuclear samples. Protein expression quantification was normalized to 
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GAPDH and Histone 3 (H3), a cytoplasm and nuclear markers, respectively. Data are presented as mean ± SEM (n=3-
4). *P < 0.05 vs SMC; #P < 0.05 vs cell without treatment 

2.3.17 Spermidine, an Autophagy Inducer, Rescues Mitochondrial Respiration and 

Vascular Contractility in PGRN Deficient Mice 

We used spermidine as an autophagy inducer to analyze whether restoring autophagy flux 

would improve mitochondrial respiration and vascular contractility (Fig. 17A). To confirm that 

spermidine caused autophagy we measured LC3II/I in hearts from PGRN+/+ and PGRN-/- and 

observed that spermidine restored LC3A expression in PGRN-/- (Fig. 17B). Furthermore, 

spermidine increased the mitochondrial respiration in the aortae from PGRN-/- mice (Fig. 17C) 

but no change was observed in PGRN+/+mice (Fig. 17D). Spermidine treatment also increased 

vascular contractility in the aortae from PGRN-/- mice (Fig. 17E-G) but again we did not see any 

effect of spermidine in arteries from PGRN+/+ mice (Fig. 17H-J). 



 63 

 

Figure 17. Spermidine, an Autophagy Inducer, Rescues Mitochondrial Respiration and Vascular Contractility 
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(A) Schematic Representation of in vivo Experiment Setup. We employed spermidine as an autophagy inducer in 
drinking water for 14 days, to assess whether reinstating autophagy flux could ameliorate mitochondrial respiration 
and vascular contractility. (B) Western blot for LC3AII/I expression in hearts from PGRN-/- mice treated or not with 
spermidine. GAPDH was used as load control. (C) Mitochondrial oxygen consumption rates (OCR) measured using 
the Oroboros O2k respirometry in fresh aortae from PGRN-/- mice treated or not with spermidine. (D-F) Ex vivo wire 
myography showing concentration-effect curves to KCl (120mM) (D), phenylephrine (E), and thromboxane A2 
analogue (U46619) (F) in endothelium-denuded aortic rings of aortae from PGRN-/- mice treated or not with 
spermidine. (G) Mitochondrial oxygen consumption rates (OCR) measured using the Oroboros O2k respirometry in 
fresh aortae from PGRN+/+ mice treated or not with spermidine(H-J) Ex vivo wire myography showing concentration-
effect curves to KCl (120mM) (H), phenylephrine (I), and thromboxane A2 analogue (U46619) (J) in endothelium-
denuded aortic rings of aortae from PGRN+/+ mice treated or not with spermidine. Data are presented as mean ± SEM 
(n =4). *P < 0.05 vs PGRN-/- without treatment 

2.3.18 Vascular Contractility in PGRN Deficient Mice not Normalized by Angiotensin II 

Treatment 

We first analyzed whether Angiotensin II changes PGRN expression in aortae from 

PGRN+/+, which revealed that Angiotensin II upregulated PGRN protein expression (Fig.18A). 

We next challenged the PGRN+/+ and PGRN-/- mice with Angiotensin II (an inducer of vascular 

contraction and mitochondria dysfunction) to analyze mitochondria respiration and vascular 

function. We found that Angiotensin II did not change the mitochondria respiration in PGRN-/- 

compared to PGRN+/+ (the difference between PGRN+/+ and PGRN-/- persisted) (Fig.18B) and 

did not affect vascular contractility for phenylephrine and U46619 in PGRN-/- mice (Fig.18C-E), 

Finally, Angiotensin II similarly affected the vascular thickness in PGRN+/+ and PGRN-/-, but 

PGRN-/- were more sensitive to Angiotensin II-induced vascular fibrosis (Fig. 18F). These data 

suggest that Angiotensin II-induced vascular contractility relies on the integrity of PGRN signaling 

pathway, whereas PGRN seems to be a gatekeeper for fibrosis formation. 
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Figure 18. PGRN Deficient Mice Fail to Respond to Angiotensin II-Induced Vascular Hypercontractility 
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(A) Western blot for PGRN expression in aortae from PGRN+/+ and PGRN-/- mice treated with Angiotensin II 
(490ng/Kg/day for 14 days, via osmotic mini-pump). β-actin was used as load control. (B) Mitochondrial oxygen 
consumption rates (OCR) measured using the Oroboros O2k respirometry in fresh aortae of PGRN+/+ and PGRN-/- 
mice treated with Angiotensin II. (C-E) Ex vivo wire myography showing concentration-effect curves to KCl (120mM) 
(C), phenylephrine (D), and thromboxane A2 analogue (U46619) (E) in endothelium-denuded aortic rings of aortae 
PGRN+/+ and PGRN-/- mice treated with Angiotensin II. (F) Images of Hematoxylin & eosin and Masson's trichrome 
stains in aortae from PGRN+/+ and PGRN-/- mice treated with Angiotensin II. Scale bar, 100 μm. Morphometric 
analysis of media area in PGRN-/- and PGRN+/+ mice aged 12-14 weeks. Data are presented as mean ± SEM (n =3-
4). *P < 0.05 vs PGRN-/-  
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3.0 Discussion 

Loss of vascular contraction is a critical factor in CVD pathogenesis limiting the normal 

function of the artery and increasing the risk of organ damage because of impaired blood 

flow[178]. However, the mechanisms involved in this phenotype are not well understood. In this 

study, we uncover a novel and major role for PGRN, which consists in maintaining the VSMC 

contractility via adjusting mitochondrial quality and dependent on lysosome biogenesis, 

mitophagy, and complex I biogenesis pathways. 

PGRN loss-of-function mutations cause neuronal ceroid lipofuscinosis and FTD-GRN in a 

dosage-dependent way[42]. PGRN regulates development, survival, function, and maintenance of 

mammalian cells including vascular cells (VSMC[140] and endothelial cells[139]). Recently, 

Gerrits et al[179] identified that the neurovascular unit is severely affected in FTD-GRN, while 

our group described that deficiency in PGRN disturbs endothelial biology and blood pressure 

regulation [139]. In VSMC, PGRN exerts antimigratory effects via modulating IL-8 formation in 

atherosclerotic environment[140] and its full-length (~70kDa) acts inhibiting the calcification in 

calcific aortic valve disease[141]. Therefore, PGRN plays a major role in regulating vascular 

biology and it seems to be a key protein keeping a contractile VSMC phenotype. Herein, for the 

first time, we are describing that deficiency in PGRN strikingly affects the contraction of VSMC 

likely suppressing the amount of contractile proteins and fibrosis and without affecting the vascular 

structure, at least at 12-16-weeks old mice.  

In neuronal[174] and renal cells[63] and in C. elegans[180] PGRN acts as a regulator of 

mitochondrial function via preserving mitochondrial dynamics, biogenesis, and mitochondrial 

recycling. Mitochondrial dysfunction is part of premature ageing and contributes to appearance of 
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inflammation, mitochondria-associated oxidative stress, cell senescence, and apoptosis, which are 

leading causes of CVD[172, 181, 182] including atherosclerosis and aneurysm [96, 183, 184]. 

From a mechanistic perspective, our observations revealed that the deficiency of PGRN had a 

multifaceted impact on mitochondrial quality within VSMCs. Notably, VSMCs deficient in PGRN 

exhibited markers of mitochondrial fragmentation and a decrease in the expression of complex I 

genes and mass. These alterations subsequently exerted a profound influence on mitochondrial 

respiration, as evidenced by a reduction in complex I activity, a disrupted NAD+/NADH ratio, and 

diminished ATP levels. The compromised mitochondrial function culminated in an excessive 

generation of mtROS. Remarkably, the loss of mitochondrial complex I mass, or activity emerged 

as a pivotal contributor to redox imbalance and the pathogenesis of cardiovascular disease[185]. 

Herein, we observed the disruption of PGRN signaling triggered an mtROS overproduction and 

increased the sensitivity to antimycin A-induced mtROS formation.  Notably, PGRN 

overexpression in VSMC generated high-capacity mitochondria with markers of mitochondria 

fusion, higher complex I activity, and elevated NAD+/NADH ratio, ATP levels, and antioxidant 

property (blockage against mtROS formation) followed by restored VSMC hypercontractility. 

From a therapeutic perspective, we can suggest that overexpressing PGRN in VSMC might 

regulate mitochondrial capacity and confer protection against CVD via by finely modulating 

mtROS signaling, fostering mitochondrial complex I biogenesis and enhancing its function. 

Although we did not investigate by which mechanisms PGRN regulates mitochondrial complex I 

activity and biogenesis, in neuroblastoma cell line PPARγ activation rescues mitochondrial 

function from inhibition of complex I, therefore, the suppression of PPARγ in aortae from male 

and female PGRN deficient mice might be an indicative of impaired complex I related gene 

expression [177].  
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Mitochondria are highly dynamic organelles undergoing synchronized cycles of fission and 

fusion, named mitochondrial dynamics. Such event occurs to maintain mitochondrial shape, 

distribution, and size[172, 186]. In a positive loop, excess of ROS leads to mitochondrial 

fission[187], while mitochondria can undergo rapid fragmentation with a concomitant increase in 

ROS formation[188], therefore in the vasculature PGRN may exert antioxidant property by 

regulating complex I activity and mitochondria dynamic, as observed before in non-vascular 

cells[174].  

Deficiency in PGRN regulates the expression of PGC1α in non-vascular tissues[63, 189], 

in line with this observation, we noted a significant decrease in PGC1α in VSMC deficient for 

PGRN. Surprisingly, this suppression did not result in a reduction of mtDNA. PGC1α is 

transcriptional coactivator that not only governs mitochondrial biogenesis, but also is linked to 

antioxidant defense and anti-inflammatory property in endothelial cells and VSMC[175, 176, 190]. 

Hence, the reduction in PGC1α may affect inflammatory responses and redox balance rather than 

mitochondrial biogenesis in PGRN-/- VSMC, and perhaps other mitochondrial regulator might be 

overcoming the impaired PGC1α, including PGC-1β, which shares similar molecular structure and 

function with PGC-1α[191]. Further research is necessary to explore the interface between PGRN 

and both PGC1α and β in cardiovascular biology. 

PGRN may exert its biological effects as a secreted form, as we have demonstrated before 

in endothelial cells[139]. Thus, we reconstituted the circulating PGRN levels in PGRN deficient 

mice (via osmotic mini-pump delivery) or in isolated VSMC. We observed that circulating PGRN 

does not affect mitochondrial function in fresh aortae, nor in cells treated with rPGRN, suggesting 

that PGRN is not maintaining the vascular contractility and mitochondrial quality via autocrine or 

paracrine mechanisms, but perhaps as an intracellular molecule. Thus, we reconstituted the PGRN 
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levels in fresh aorta via LV delivery to analyze mitochondria respiration and vascular contractility. 

Returning PGRN in fresh aortae from PGRN deficient mice rescued the mitochondria capacity, 

mainly via complex I activity, and vascular contractility. This piece of data indicates that 

intracellular, but not circulating PGRN, regulates the vascular contractility and complex I activity. 

Mammalian cells have evolved fine-tuned mechanisms of quality control that help to 

preserve the functional mitochondria to meet the demand of the cell[192]. Mitophagy is one of the 

selective autophagy processes to remove accumulated damaged or dysfunctional mitochondria 

from cells to maintain mitochondrial homeostasis[192]. In diabetic nephropathy, PGRN is crucial 

regulating renal integrity by regulating mitophagy[63]. In VSMC we observed that PGRN 

deficiency induces markers of impaired mitophagy flux (accumulation of p62, LC3I/II, PINK, and 

PARKIN), while overexpressing PGRN in fresh aortae from mt-Keima mice or in VSMC leads to 

an accelerated mitophagy process. To analyze whether reaccelerating autophagy might be a 

therapeutic approach to individuals with deficiency in PGRN, we treated mice with spermidine, a 

natural polyamine with autophagic characteristics [158]and that can extend life span in mammalian 

organisms [158, 183, 193]. Spermidine induced autophagy, improved the mitochondria function, 

and rescued the vascular function in PGRN deficient mice, these data suggest that restoration of 

mitophagy flux is an attractive pharmacological approach to attenuate the cardiovascular risk in 

patients with loss-of-function of PGRN.  

PGRN is a guardian of lysosome biology [106] by regulating lysosome biogenesis in a 

TFEB dependent manner[194] and lysosome function. Lack of PGRN triggers accumulation of 

p62 (marker of damaged lysosome[195]) and LAMP1/2[196, 197]. In line with previous findings, 

PGRN deficient VSMC demonstrated accumulation of p62 and LC3I/II, increased LAMP content, 

and greater nuclear TFEB levels, although there is more TFEB in the nuclear fraction - an 
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indicative of higher activity - the autophagic flux is interrupted (increased p62 and LC3II/I 

accumulation), indicating that TFEB is more active, but the formed lysosomes are imperfect. Such 

higher TFEB activation might be occurring in an attempt to generate appropriate lysosome and 

subsequently an adequate autophagy flux, but in an inefficient pathway. Interestingly, high amount 

of PGRN promoted more TFEB translocation into the nuclei and led to a prominent p62 reduction 

and increased LC3I/II, which indicates that PGRN induces lysosome TFEB activation and 

autophagy flux. Thus, complex I activity and biogenesis and disturbed mitophagy are key 

downstream pathways to PGRN. 

Since lack of vascular PGRN is a cardiovascular risk, we challenged mice with Angiotensin 

II for two distinct reasons. 1. to analyze whether ablation of PGRN would aggravate Angiotensin 

II-induced mitochondria dysfunction and 2. to examine whether Angiotensin II could restore the 

vascular contractility in PGRN deficient mice. Normally, Angiotensin II treatment induces 

vascular hypercontractility[198], upregulates contractile proteins[199], and triggers mitochondria 

dysfunction[200]. At least with Angiotensin II treatment, lack of PGRN did not affect 

mitochondrial function, but it blunted the vascular hypercontractility, the vascular PGRN pathway 

is essential to maintaining the vascular tone and induce vascular contraction. 

In this work, we suggest that PGRN pathway is critical regulating the vascular tone by 

modulating mitochondrial quality by two chronological and distinct mechanisms. PGRN regulates 

mitochondrial complex I biogenesis and activity and orchestrates mitochondria recycling via 

maintaining lysosome quality. Subsequently, it preserves vascular bioenergetic pathway and redox 

balance inhibiting an exacerbated mtROS formation, which conserves the vascular tone. Future 

research endeavors should delve into the long-term consequences of PGRN deficiency in the 

context of cardiovascular diseases. Longitudinal studies are needed to assess how PGRN levels 
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correlate with disease severity and progression in human patients. Finally, our study opens new 

opportunities not only to cardiovascular biology, but also to examine this pathway in 

neurodegenerative diseases associated with PGRN mutations, which have been recently associated 

with perturbation of neurovascular compartment[179], as well.   
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4.0 List of Tables 

Table 1. Sequences of Forward and Reverse Primers Used for RT-PCR 

Gene Primer Sequence 
GAPDH Forward 

 
Reverse 

GAGAGGCCCTATCCCAACTC 
TCAAGAGAGTAGGGAGGGCT 

 

αSMA Forward 
 
Reverse 

TGCTGACAGAGGCACCACTGAA 
CAGTTGTACGTCCAGAGGCATAG 

 

PPARγ Forward 
 
Reverse 

AGCCTGCGAAAGCCTTTTGGTG 
GGCTTCACATTCAGCAAACCTGG 

 

NDUFV2 
 

Forward 
 
Reverse 

ACTCTGACAGCATACTGGAGGC 
ACCATTGGTGCGTTCACACAGG 

 

NDUFS8 
 

Forward 
 
Reverse 

TAATACGACTCACTATAGGG 
TAGAAGGCACAGTCGAGG 

 

NDUFS4 
 

Forward 
 
Reverse 

TGACAGGCGATACATCCATAT 
GAAGTTCTCACAATCACCAGAT 

 

NDUFV1 
 

Forward 
 
Reverse 

TGTGTGAGACGGTGCTGATGGA 
 
CGATGGCTTTCACGATGTCCGT 

NDUFAB1 
 

Forward 
 
Reverse 

CATTTGTGCCGCCAGTACAGTG 
 
GGTCCAAACTGTCTAAGCCCAG 

NDUFS1 
 

Forward 
 
Reverse 

GTGGATGCTGAAGCCTTAGTAGC 
 
GGAACGTAAGTCTGTACCAGCTC 

NDUFB5 
 

Forward 
 
Reverse 

AGGCTATGTCCCAGAACACTGG 
 
CAGCTTCAATCTGAAGGACGGC 

ICAM Forward 
 
Reverse 

AGCGGCTGACGTGTGCAGTAAT 
 
TCTGAGACCTCTGGCTTCGTCA 

VCAM Forward 
 
Reverse 

GATTCTGTGCCCACAGTAAGGC 
 
TGGTCACAGAGCCACCTTCTTG 

IL1β Forward 
 
Reverse 

CCACAGACCTTCCAGGAGAATG 
 
GTGCAGTTCAGTGATCGTACAGG 

TNFα Forward 
 
Reverse 

CTCTTCTGCCTGCTGCACTTTG 
 
ATGGGCTACAGGCTTGTCACTC 

IL6 Forward 
 
Reverse 

AGACAGCCACTCACCTCTTCAG 
 
TTCTGCCAGTGCCTCTTTGCTG 
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Table 2. List of Antibodies 

Antibody Catalog number Company Concentration 

 

α-Smooth Muscle Actin  #19245 Cell signaling 1:1000 

Total OXPHOS  #ab110413 Abcam 1:500 

PERK  #C33E10 Cell signaling 1:1000 

PGC-1α  #ab176328 Abcam 1:1000 

PINK-1 #ab23707 Abcam 1:1000 

Parkin (Prk8) #ab77924 Abcam 1:1000 

DRP1 #5391 Cell signaling 1:1000 

Mitofusion-2 (MTF2  #9482 Cell signaling 1:1000 

Progranulin #ab187070 Abcam 1:1000 

Progranulin #AF2557 R&D 1:1000 

LC3A/B #4108 Cell signaling 1:1000 

P62 #ab91526 Abcam 1:1000 

LAMP #9091 Cell signaling 1:1000 

TFEB #37681 Cell signaling 1:1000 

GAPDH #8884 Cell signaling 1:1000 

β-ACTIN #A3854 Sigma 1:20000 

HISTONE 3  #9715 Cell signaling 1:1000  
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