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ABSTRACT 

 

Background: Adipose tissue is an endocrine organ secreting active molecules, namely, 

adipokines. In a condition of dysfunctional visceral fat depots, adipokines may be detrimental 

for the cardiovascular system. The present study was aimed at evaluating some of the 

molecular mechanisms linking adipokines and the expression of proprotein convertase 

subtilisin/kexin 9 (PCSK9), the key regulator of low-density lipoprotein receptor and also 

involved in triglycerides (TG) metabolism. This latter evidence come from genetic studies 

reporting high levels of TG in patients with gain of function (GOF) mutations in PCSK9 gene 

while, in those carrying loss of function (LOF) mutations, LDL-C reduction associates with 

reduced fasting and post-prandial TG levels. Leptin is a cytokine-like hormone produced 

mainly by white adipose tissue and playing a role not only in satiety but also in regulating 

blood pressure, endothelial function, glucose homeostasis, insulin sensitivity. Resistin is an 

adipokine produced by adipose tissue in mice and by monocytes in human; it is involved in 

inflammation and insulin resistance. Both leptin and resistin are dysregulated in obesity. In 

order to study the complex biosystem of TG metabolism we have developed and characterized 

an in vitro tool allowing to study the impact of genetic variants of lipoprotein lipase (LPL), one 

of the major regulators of TG levels. We believe that this in vitro tool could be of interest to 

study the effect of PCSK9 on TG regulation.  

Materials: Human epatocarcinoma cell line (HepG2); silencing RNA (siRNA) anti-PCSK9 and 

anti-STAT3; qPCR; Western blot; enzyme-linked immunosorbent assay (ELISA); PCSK9 

promoter luciferase reporter assay with plasmids pGL3-PCSK9-D4 (wild type), pGL3-PCSK9-

SREmut (mutated on SRE element), pGL3-PCSK9-HNFmut (mutated on HNF element), pGL3-

PCSK9-D1 (wild type) and pGL3-PCSK9-D1-STAT3mut (mutated on STAT3). C57BL6J mice, 

ob/ob mice (mice lacking leptin). 

Results: In a clinical setting, a positive association between circulating levels of leptin and 

PCSK9 (p=0.044 and β=0.295) was found in patients with BMI<25 Kg/m2. In the same cohort 

and according to BMI strata, no associations were found between resistin and PCSK9. When 

the link between leptin and PCSK9 was investigate in ob/ob mice lacking leptin, the hepatic 

expression of PCSK9 was significantly lower compared to the one of wild type mice. In C57BL6 

mice a high-fat-diet resulted in raised levels of serum leptin and increased hepatic expression 
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of PCSK9. In HepG2 cells, leptin and resistin induced (i) PCSK9 gene expression by +95% and 

+150%, respectively, and (ii) PCSK9 promoter activity via the involvement of Sterol Regulatory 

Element motif. Indeed, a mutation in HNF-1 motif did not alter leptin- and resistin-driven 

luciferase activity. The mandatory role of signal transducer and activator of transcription 3 

(STAT3) in the relationship between adipokines and PCSK9 has been confirmed by silencing 

STAT3. After silencing, leptin- and resistin were not able to regulate the mRNA expression of 

PCSK9. Although not fully characterized, the involvement of STAT3 in the PCSK9 promoter 

activity has been tested by inserting a mutation on the STAT3 responsive element. 

Apolipoprotein (APOB) and microsomal triglycerides transfer protein (MTP) mRNA were 

increased by leptin (+57% and +60%, respectively) and resistin (+ 50% for both), an effect 

dependent on PCSK9, as demonstrated by using siRNA anti-PCSK9. As a further confirmation, 

a significant increment in APOB was found in response to PCSK9 overexpression. 

In order to study the complex biosystem of TG metabolism, which is also a target of PCSK9, 

we have initially developed and characterized an in vitro tool allowing to evaluate the impact 

of genetic variants of LPL, an enzyme involved in TG metabolism. This technique allowed to 

distinguished between LPL mutations leading to a reduced secretion or a reduced activity 

despite a normal synthesis.  

Conclusions 

This work describes the relationship between PCSK9 expression and the adipokines leptin and 

resistin. The molecular basis beyond these findings require the involvement of STAT3 pathway 

and the activation of SRE motif at PCSK9 promoter level. Overexpression of PCSK9 led to an 

increment of gene expression of APOB, whereas silencing PCSK9 corresponded to an opposite 

effect i.e. a decrement in gene expression. The tool developed to study LPL mutations could 

be of help in evaluating PCSK9 variants associated with raised TG levels. 
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ABSTRACT (italiano) 

 

Background: Il tessuto adiposo è un organo endocrino in grado di secernere molecole attive 

dette adipochine che, in condizioni fisiopatologiche determinanti un aumento di grasso 

viscerale, possono avere effetti negativi sul sistema cardiovascolare. Lo scopo di questo lavoro 

è stato quello di valutare alcuni dei meccanismi che legano queste adipochine all’espressione 

della proproteina convertasi subtilisina kexina di tipo 9 (PCSK9), regolatore chiave del 

recettore per le lipoproteine a bassa densità (LDL), ma coinvolta anche nel metabolismo dei 

trigliceridi (TG). Studi genetici hanno infatti riscontrato elevati livelli di TG plasmatici in 

pazienti portatori di mutazioni a guadagno di funzione (GOF) a carico del gene PCSK9 mentre 

mutazioni a perdita di funzione (LOF) sono associate a una riduzione della colesterolemia LDL 

e di TG. La leptina è una citochina prodotta principalmente dal tessuto adipose bianco, che 

svolge un ruolo regolatorio sull’appetito, la pressione sanguigna, la funzione endoteliale, 

l’omeostasi del glucosio, la sensibilità e la resistenza all’insulina. La resistina è coinvolta 

nell’infiammazione e nella resistenza all’insulina, è prodotta nell’uomo dai macrofagi e, nei 

modelli murini, dal tessuto adiposo. La produzione e secrezione di queste citochine risulta 

alterata in condizioni di sovrappeso e obesità. PCSK9 è una proteina coinvolta non solo nella 

regolazione della colesterolemia LDL ma anche nel metabolismo dei TG. Per comprendere 

meglio i meccanismi alla base del metabolismo dei TG, abbiamo sviluppato e caratterizzato 

una metodologia che permette di studiare in vitro l’impatto di varianti genetiche di uno dei 

maggiori regolatori dei livelli di TG, la lipoproteina lipasi (LPL). Crediamo che questo modello 

di studio possa essere applicato anche allo studio degli effetti di PCSK9 sul metabolismo dei 

TG. 

Materiali: Cellule di epatocarcinoma umano (HepG2), silencing RNA (siRNA) anti-PCSK9 e anti-

STAT3; qPCR; western blot; ELISA; PCSK9 saggio di attività trascrizionale con luciferasi e 

plasmidi pGL3-PCSK9-D4 (wild type), pGL3-PCSK9-SREmut (mutato sull’elemento responsivo 

SRE), pGL3-PCSK9-HNFmut (mutato sull’elemento responsivo HNF), pGL3-PCSK9-D1 (wild 

type) and pGL3-PCSK9-D1-STAT3mut (mutato sull’elemento responsivo STAT3); topi C57BL6J 

e ob/ob (topi geneticamente mancanti leptina). 

Risultati: Nell’ambito clinico, è stata evidenziata un’associazione positiva tra i livelli circolanti 

di leptina e di PCSK9 (p=0.044 and β=0.295) solo in pazienti con BMI<25 Kg/m2. Nella 
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medesima coorte, non è stata trovata alcuna associazione tra i livelli circolanti di resistina e 

quelli di PCSK9. La relazione tra leptina e PCSK9 è stata valutata in vivo tramite l’utilizzo di topi 

geneticamente privi di leptina (topi ob/ob) nei quali l’espressione epatica di PCSK9 era 

significativamente inferiore rispetto a topi wild type. Modelli C57BL6 messi a dieta ad alto 

contenuto di grassi hanno confermato livelli sierici di leptina più elevati a cui è corrisposto un 

aumento dell’espressione epatica di PCSK9. In cellule di epatocarcinoma umano della linea 

HepG2, leptina e resistina inducono (i) l’aumento dell’espressione genica di PCSK9 

rispettivamente del +95% e +150%, (ii) un aumento dell’attività del promotore di PCSK9 

tramite il coinvolgimento dell’elemento regolare degli steroli (Ganie, Dhingra et al.). 

L’inserimento nell’elemento responsivo HNF-1 non modifica la capacità di leptina e resistina 

di indurre l’attività luciferasica. Il ruolo fondamentale di STAT3 nella relazione tra adipochine 

e PCSK9 è stato confermato tramite silenziamento genico in cui la leptina e la resistina non 

erano in grado di regolare l’espressione genica di PCSK9. Nonostante non sia ancora 

completamente caratterizzato, il coinvolgimento di STAT3 nell’attività trascrizionale di PCSK9 

è stato valutato tramite inserzione di una mutazione nel sito responsivo per STAT3 sul 

promotore di PCSK9. L’espressione genica dell’apolipoproteina B (APOB) e della proteina 

microsomiale di trasferimento di trigliceridi (MTP) è aumentata rispettivamente del 57% e 

60% a seguito di trattamenti con leptina e del 50% per entrambe con resistina. Tale effetto, è 

PCSK9 dipendente, infatti, dopo l’utilizzo di siRNA anti-PCSK9, leptina e resistina non alterano 

tali geni. Ad ulteriore conferma, un aumento nell’espressione genica di APOB è stato osservato 

dopo sovra-espressione di PCSK9. Per valutare al meglio il complesso sistema del metabolismo 

dei trigliceridi, anch’esso un target di PCSK9, abbiamo inizialmente sviluppato e caratterizzato 

un sistema in vitro, che permette di valutare l’impatto delle varianti genetiche di LPL, un 

enzima coinvolto nel metabolismo dei trigliceridi. Questa tecnica ha permesso di distinguere 

mutazioni che portano ad una ridotta secrezione o ad una ridotta attività dell’enzima, 

nonostante una normale sintesi.  

Conclusioni 

Questo lavoro descrive i meccanismi alla base della relazione PCSK9 e le adipochine leptina e 

resistina. Tali meccanismi coinvolgono la via di segnalazione di STAT3 e l’attivazione 

dell’elemento SRE a livello del promotore di PCSK9. La sovra-espressione di PCSK9 corrisponde 

a un aumento dei livelli di espressione genica di APOB mentre il suo silenziamento ne provoca 
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l’effetto contrario i.e. diminuita espressione di APOB. Il sistema sviluppato per studiare le 

mutazioni di LPL potrebbe essere applicato per valutare l’impatto di varianti di PCSK9 che si 

associano a elevati livelli di trigliceridi. 
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INTRODUCTION 

 

Obesity 

The prevalence of obesity has increased worldwide in the last decades reaching epidemic 

proportions with approximately 1.9 billion overweight and 650 million obese adults (Ruban, 

Stoenchev et al. 2019). The World Health Organization (WHO) describes obesity as an 

excessive accumulation of fat that represents a risk for human health. Body mass index (BMI), 

which is calculated by using the formula: weight (kg)/height2 (m2), is an anthropometric 

parameter used to classify obesity and, according to this, obesity is categorized as follow: 30.0 

< BMI< 34.9 kg/m2  obese class I; 35.0>BMI<39.9 kg/m2 obese class II; BMI≥40 kg/m2 obese 

class III; BMI≥50 kg/m2 obese class IV; BMI ≥60 kg/m2 obese class V (Table 1) (Poirier, Alpert 

et al. 2009). 

 

Classification BMI (kg/m2) 

Underweight < 18.5 

Normal weight 18.5 – 24.9 

Overweight 25.0 – 29.9 

Obese class I 30.0 – 34.9 

Obese class II 35.0 – 39.9 

Obese class III ≥ 40 

Table 1 WHO adult body mass index classification. 

 

Body weight gain is the result of a chronic positive energy balance, i.e. energy expenditure is 

less than energy intake (Alessandra Vecchié and Franco Dallegria 2018). Epidemiologic studies 

have associated obesity to an increased incidence of cardiovascular diseases (CVD) due to an 

increase of CV risk factors such as dyslipidemia, increased blood pressure (Reisi, Ghaedamini 

et al.), insulin resistance and type 2 diabetes mellitus (T2DM) (Piche, Poirier et al. 2018). 

Although in obese patient, weight loss has been proposed as a possible therapeutic 

intervention, the long-term effects of this approach in primary prevention failed to improve 

clinical outcomes, unless a prolonged and large degree of weight loss (Carbone and Lavie 

2019). However, in prediabetic patients, weight loss can delay the onset of T2DM by improving 
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several cardiometabolic risk factors like insulin resistance, raised blood pressure and 

cholesterol (American Diabetes 2018). This  weight loss together with a reduction of sedentary 

behaviours, i.e. improving exercise training and physical activity, is a way to improve CV risk 

factors and prevent the incidence of T2DM (Lavie, Ozemek et al. 2019). Besides this evidence, 

in CVD patients with heart failure or coronary heart disease, obesity does not associate with 

worse outcomes but instead predicts improved prognosis (Carbone, Lavie et al. 2017). This 

controversial relationship between obesity and CVD is called “obesity paradox”. To better 

understand the mechanism behind this paradox, several studies have been performed to 

assess whether or not an excess of adiposity improves the outcome of patients with 

established CVD. The definition of “obesity paradox” stems on the use of BMI to classify obese 

patients but this index does not consider body fat distribution and does not discriminate 

between body lean mass and body fat mass (Nuttall 2015). Indeed, no “obesity paradox” has 

been observed using other indices to describe obesity, such as central obesity which is a strong 

risk factor for CVD and mortality in the general population (Pavanello, Zanaboni et al. 2018). 

The measurement of waist circumference (WC) and waist-to-hip ratio (WHR) are more precise 

indexes allowing to assess body fat distribution in patients with coronary artery disease (CAD) 

(Coutinho, Goel et al. 2011). These indices better describe the amount of abdominal adiposity: 

(i) they independently and linearly associate to the risk of mortality and (ii) predict the CVD 

outcome in patients  with established CVD (Coutinho, Goel et al. 2013). Furthermore, waist to 

height ratio (WHtR) was the index with the highest sensitivity, but reduced specificity for 

predicting the development of metabolic syndrome (MetS), defined as a cluster of cardio-

metabolic risk factors (Mombelli, Zanaboni et al. 2009, Pavanello, Zanaboni et al. 2018).  

 

Development of atherosclerosis 

The triggering factor in the process of atherosclerosis development is the accumulation of low-

density lipoproteins (LDL) in the subendothelial space, where they adhere to the extracellular 

matrix proteins rich in proteoglycans (Raggi, Genest et al. 2018).  The accumulation of LDL is 

due to changes in endothelial permeability and it happens trough active receptor-mediated 

transcytosis across the cell membrane by SR-BI transporter (Armstrong, Sugiyama et al. 2015). 

Once in the sub-intimal space, LDL become aggregated and oxidized.  Aggregated LDL have a 

size ranging from 100 nm to 1µm and can undergo phagocytosis by immune cells which are 



15 
 

present in the sub-endothelial space (Kruth 2002). The presence of reactive oxygen species 

and enzymes like lipoxygenase, modify phospholipids and proteins of LDL, thus making them 

an optimal substrate for scavenger receptor mediated uptake (Miller, Choi et al. 2011). While 

the uptake of native LDL has a regulatory feedback depending on intracellular sterol levels, 

the uptake of oxidized LDL (oxLDL) by scavenger receptor is not subjected to any inhibitory 

feedback, leading to an unrestricted phagocytosis. Modified lipoproteins are taken up by 

dendritic cells and macrophages in the arterial intima. Furthermore, non-classical “patrolling” 

monocytes can phagocyte oxLDL via scavenger receptor CD36 at very early stage of 

atherosclerosis (Steinberg 2002, Marcovecchio, Thomas et al. 2017). At this point, immune 

cells induce the expression of endothelial adhesion molecules (i.e. ICAM1) to recruit 

monocytes into the intima. After this step, they differentiate into macrophage and engulf LDL 

containing lipid droplets with esterified cholesterol becoming foam cells. These induce the 

recruitment of immune cells by the production and the release of cytokines and chemokines, 

thus starting the inflammatory response process. The activation of CD36 stimulates the innate 

immune responses downstream of the toll-like receptor pathway (Stewart, Stuart et al. 2010). 

Cholesterol crystals, derived from aggregated LDL, activate the inflammasome in the 

cytoplasm of macrophages in the arterial intima (Sheedy, Grebe et al. 2013). The 

inflammasome cleaves pro-interleukin-1β (IL-1β) and IL-18 which are then activated and 

secreted leading to (i) the release of matrix degrading enzymes and reactive oxygen species 

as well as to (ii) the activation and proliferation of T-cells (Zheng, Gardner et al. 2011). This 

environment causes the migration of vascular smooth muscle cells (VSMCs) into the luminal 

side of vessel wall, where the synthesis of extracellular matrix forms the fibrous cap, essential 

component of the atherosclerotic plaque. This last is composed by a lipid core encapsulated 

in a fibrous cap which is a layer of connective tissue composed of collagen-rich-fiber tissues, 

VSMCs, macrophages and T lymphocytes (Rafieian-Kopaei, Setorki et al. 2014). These 

components separate the lipid core from the arterial lumen. After the plaque formation, the 

second key step is the calcification. The plaque inflammation causes the phenotypic switch of 

M1 macrophages to M2 polarized macrophages and this process proceeds in parallel to the 

VSMCs osteoblastic differentiation and matrix mineralization, contributing to the plaque 

stabilization (Shioi and Ikari 2018). 
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Fig.1 Role of oxidized LDL in early stage atherosclerosis (E. Leiva 2015) 

Role of adipose tissue in atherosclerosis  

The traditional role of adipose tissue has changed during last 30 years, from being the 

reservoir for energy storage, to an organ with an active endocrine role. Adipose tissue is 

involved in the synthesis of bioactive compounds such as adipokines and pro-inflammatory 

cytokines, which act as autocrine and paracrine signals but also as endocrine signals, at local 

and systemic level. Adipose tissue expresses different receptors such receptors for traditional 

endocrine hormones, nuclear hormone, cytokines and catecholamines receptors, by which it 

responds to different signals from traditional hormones and from central nervous system, 

undergoing dynamic changes (Kershaw and Flier 2004). Through this network, adipose tissue 

is actively involved in coordinating different biological processes including energy metabolism, 

neuroendocrine and immune functions (Weisberg, McCann et al. 2003). Adipose tissue 

contains not only adipocytes but also connective tissue matrix, stromovascular cells, and 

immune cells, such as macrophages and lymphocytes, that can alter adipocytes responses to 

metabolic signals favouring adipose tissue expansion and activation (Kershaw and Flier 2004). 

It is known that increased body fat mass positively correlates to the production of leptin, an 

hormone which is one of the key-regulator of energy metabolism and insulin sensitivity 

(Carbone, La Rocca et al. 2012). This last, conversely, is negatively associated with adiponectin 

biosynthesis. This adipokine is characterized by insulin sensitizing (Antoniades, Antonopoulos 
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et al. 2009) and anti-inflammatory properties (Antonopoulos and Tousoulis 2017). In a 

condition of adipocyte hypertrophy, the secretion of pro-inflammatory cytokines is 

dysregulated playing a role in atherosclerosis and CVD, influencing lipid and glucose 

metabolism and affecting vascular function (Van Gaal, Mertens et al. 2006). Dysregulation of 

adipose tissue is believed to be determinant to the pathogenesis of MetS, a cluster of cardio-

metabolic risk factors spanning from insulin resistance to hypertriglyceridemia and to 

hypertension (Reddy, Lent-Schochet et al. 2019). MetS is diagnosed when 3 out of 5 of the 

following clinical features are present (see table 2) (Jialal and Devaraj 2018). 

Table 2 Clinical features of MetS 

Obesity, especially the abdominal one, measured by WC, is one of the predominant risk factors 

for MetS. It increases the risk of developing insulin resistance, type 2 diabetes, dyslipidemias, 

hypertension and non-alcoholic fatty liver disease (NAFLD) (Jung and Choi 2014). Adipose 

tissue of people with MetS, compared to the one of lean people, releases a higher amount of 

pro-inflammatory proteins and adipokines (Ruscica, Baragetti et al. 2017). Among them, 

tumor necrosis factor α (TNF α), interlukin (IL)-1, IL-6, IL-8 and monocyte chemotactic protein 

(MCP)-1, are known to promote insulin resistance. It is not only a matter of macrophage 

number but is also important to note that obesity induces a phenotypic switch in these cells, 

i.e. from an anti-inflammatory M2 polarization state to a pro-inflammatory M1 polarization 

state (Lumeng, Deyoung et al. 2007). This phenotypic change leads macrophages to secrete 

different pro-inflammatory cytokines and chemokines that potentially contribute to the 

obesity-related insulin resistance (Moroni, Ammirati et al. 2019). 

Leptin 

Leptin is a cytokine-like hormone discovered in 1994 as product of the ob (obese) gene (Zhang, 

Proenca et al. 1994). Both human (OB) and mouse (ob) genes are located on chromosome 7 

High density lipoprotein cholesterol (HDL-c) < 40mg/dL in males 

<50 mg/dL in females 

Triglycerides (TGs) >150 mg/dL 

Plasma glucose >100 mg/dL 

Elevated waist circumference (WC) Variable depending on population 

Hypertension <130/85 mmHg 
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and 6q31.3, respectively (He, Chen et al. 1995, Isse, Ogawa et al. 1995); moreover, there is a 

high degree of homology among species, i.e. human leptin is 84% identical to the murine one. 

The OB gene product is called leptin, from Greek root leptos meaning thin, because of its role 

in the regulation of satiety and energy expenditure(Halaas, Gajiwala et al. 1995). Leptin is 

synthesized mainly by white adipose tissue with a structure similar to the one of cytokines 

(Zhang, Basinski et al. 1997). In humans, leptin plays different functions depending on its form 

(Sinha, Opentanova et al. 1996): the higher molecular weight form, prevalent in lean subjects, 

is bound to the soluble leptin receptor and regulates energy expenditure and sympathetic 

activity (Tank, Jordan et al. 2003); while the monomeric form, also known as free leptin, 

mediates satiety (Ruscica, Macchi et al. 2016) and it is the major circulating form in obese 

patient. Six transmembrane leptin receptors are known. They are produced in several 

alternatively splice forms and are categorized into short isoforms (ObRa, ObRc, ObRd, ObRf) 

and a long isoform (ObRb) depending on the presence of JAK/STAT binding sites and on the 

intracellular domain size (Munzberg and Morrison 2015).  ObRd is present only in mice (Chua, 

Koutras et al. 1997) and ObRf in rats (Wang, Zhou et al. 1996), whereas ObRe is the shortest 

isoform which is secreted only as extracellular domain (Wada, Hirako et al. 2014). Finally 

ObRa/b and ObRb/c exist as heteromers and are stabilized by the binding of leptin (Ruscica, 

Baragetti et al. 2017). Upon the binding with its receptor, leptin activates different signal 

transduction pathways: (i) signal transducer and activators of transcription (STATs), (ii) the 

Janus kinases (JAKs), (iii) the suppressor of cytokine-signalling-3 (SOCS3) which has a role in 

switching off cytokine signal transduction by inhibiting JAK activity though the intracellular 

negative-feedback loop, (iv) the mitogen-activated protein kinase (MAPK) and (v) AKT 

pathway (Fruhbeck 2006). Leptin signalling plays a role in regulating blood pressure, 

endothelial function, glucose homeostasis, insulin sensitivity and resistance (Lee, Jo et al. 

2012), suggesting that leptin is not only linked to obesity but also to MetS.  

Resistin 

Resistin is a member of the family of cysteine-rich proteins called “resistin-like 

molecules”(RELMs) discovered in 2001 by the group of Lazar (Steppan, Bailey et al. 2001). The 

first studies, conducted in rodents, have shown that resistin is synthesized mainly by adipose 

tissue; it is up-regulated in obesity and it is involved in the pathogenesis of insulin resistance 

(Sun, Wu et al. 2010). However, mouse and human resistin carry some different features, i.e. 
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(i) mouse resistin gene is located on chromosome 8 while the human counterpart is on 

chromosome 19, (ii) at the mRNA level they share 64.4% sequence homology and (iii) at the 

amino acid level they exhibit 59% identity (Ghosh, Singh et al. 2003). Human resistin is 

produced in different isoforms from the trimeric to oligomeric ones. Human resistin is 

secreted by peripheral blood monocytes and stromovascular portion of adipose tissue, in 

different isoforms, and has a plasmatic concentration of 50 ng/mL (Banerjee, Rangwala et al. 

2004). It is still debated whether a specific resistin receptor exists, indeed Toll-like receptor 4 

(TLR4) (Tarkowski, Bjersing et al. 2010) and adenylyl cyclase-associated protein 1 (CAP1) (Lee, 

Lee et al. 2014) were proposed as bona fide functional receptors for human resistin. Through 

TLR4, resistin activates the phosphatidylinositol 3-kinase (PI3K) in human vascular smooth 

muscle cells, leading to vascular dysfunction. In human THP-1 monocytes, resistin binds CAP-

1 activating cAMP/protein kinase A (PKA) and NF-kB and drives the inflammation through 

increasing mRNA and protein levels of inflammatory cytokines such as monocyte 

chemoattractant protein, TNF-alpha, IL-6 and IL-12 (Park and Ahima 2013). Several clinical 

studies have been conducted to clarify the role of resistin in inflammation and now it is well 

established that inflammation plays a major role in the formation of atherosclerotic plaque 

(Bentzon, Otsuka et al. 2014). Resistin levels have been associated with inflammatory markers 

and indicated as predictive of coronary atherosclerosis (Reilly, Lehrke et al. 2005). As a pro‐

inflammatory mediator, resistin can lead to insulin resistance by increasing expression of the 

suppressor of cytokine signaling-3 (SOCS‐3) (Qatanani and Lazar 2007) and by reducing the 

expression and phosphorylation of insulin receptor (IRS1,2) in pre‐adipocytes (Palanivel, 

Maida et al. 2006).  
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Fig.2 Mechanism of action of resistin on insulin signalling. Resistin binds TLR4 activating NF ‐

kB and MAPKs cascade, during this process, an impairment in insulin signalling with inhibition 

of IRS, Akt and ERK1/2 phosphorylation cause insulin resistance. ERK 1/2, Extracellular signal ‐

regulated protein kinases 1 and 2; IRS, Insulin receptor substrate; MAPK, mitogen ‐activated 

protein kinase; NF ‐kB, nuclear factor ‐kappa B; TLR4, toll ‐like receptor 4. (Emamalipour, Seidi 

et al. 2019) 

Proprotein convertase subtilisin kexin type 9 (PCSK9) 

Structure and function 

Proprotein convertase subtilisin kexin type 9 (PCSK9) is a member of the proprotein 

convertase family. It is a serine protease encoded by a gene located on chromosome 1p32.3. 

It is synthesized as a 692-amino acid soluble zymogen, also called pro-PCSK9 (75 kDa) 

constituted by a signal peptide (residues 1-30), a pro-domain (residues 31–152), a catalytic 

domain (residues 153–451) and a C-terminal domain (residues 452–692) rich in Cys and His 

(CHRD) (Benjannet, Rhainds et al. 2004). Pro-PCSK9 undergoes autocatalytic cleavage at 

position 152 in the endoplasmic reticulum which is required for PCSK9 maturation and 

secretion (Norata, Tibolla et al. 2014). In contrast with other proprotein convertase of its 

family, in the autocatalytic cleavage, the PCSK9 pro-domain remains associated with the 

catalytic site, leading the formation of PCSK9/pro-domain complex that inhibits the PCSK9 

protease activity by preventing the access of protein substrate to the catalytic site 

(Cunningham, Danley et al. 2007). After the secretion, extracellular PCSK9 plays a key role in 

the regulation of hepatic low-density lipoprotein receptor (LDLR) function. In particular, it 

binds the first EGF-like repeat (EGF-A) of the LDLR on the plasma membrane of hepatocytes, 

fostering its lysosomal degradation, leading to reduced LDLR expression on the cell membrane 

and increasing plasma levels of LDL-cholesterol (LDL-C) (Norata, Tavori et al. 2016). Human 

PCSK9 acts also as a courier, facilitating the exit of LDLR from the endoplasmic reticulum 

(Strom, Tveten et al. 2014). Furthermore, PCSK9 has been shown to play a role in degradation 

of apolipoprotein (Apo) E receptor 2 and very low density lipoprotein (VLDL) receptor (Canuel, 

Sun et al. 2013). PCSK9 was firstly discovered in the brain as neural apoptosis-regulated 

convertase 1 (NARC-1) (Seidah, Benjannet et al. 2003) but the interest about this protein grew 

after the description of PCSK9 mutations associated with autosomal dominant 

hypercholesterolemia (Abifadel, Varret et al. 2003).  
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PCSK9 transcriptional regulation 

PCSK9 synthesis is controlled at the transcriptional level by the transcription factors family of 

sterol regulatory element (Ganie, Dhingra et al.)-binding proteins (SREBPs) (Jeong, Lee et al. 

2008). SREBPs are members of basic-helix-loop-helix-leucine zipper family of transcription 

factors regulating the expression of target genes. Upon the binding to the SRE in their 

promoter region, SREBPs activate a cascade of enzymes required for endogenous cholesterol, 

TG, phospholipids and fatty acid synthesis (Eberle, Hegarty et al. 2004). Precisely, in the liver 

they regulate the production of lipids for the assembly and export of lipoprotein into the 

plasma and micelles into the bile (Horton, Goldstein et al. 2002). The SREBP family includes 

three members: SREBP1a, SREBP1c and SREBP2. SREBP-1a is a potent activator of all SREBP-

responsive genes, including those that mediate the synthesis of cholesterol, fatty acids, and 

triglycerides. SREBP-1c enhances transcription of genes required for fatty acid synthesis. 

SREBP2 preferentially activates the cholesterol synthesis (Brown and Goldstein 1997). In vivo, 

the overexpression of nSREBP-1c in the liver of transgenic mice produces a triglyceride-enrich 

fatty liver without increasing cholesterol levels (Shimano, Horton et al. 1997) while the 

overexpression of nSREBP2 in the liver increases the mRNA encoding for enzymes involved in 

the cholesterol synthesis (Horton, Shimomura et al. 1998). SREBP-1a is constitutively 

expressed in liver and other adult animal tissues whereas SREBP-1c and SREBP2 transcription 

involves a feed-forward regulation mediated by SREs present in the enhancer/promoter of 

these genes(Sato, Inoue et al. 1996, Amemiya-Kudo, Shimano et al. 2000). The SREBP-

dependent regulation of PCSK9 was explained by the identification of the SRE in PCSK9 

promoter region. PCSK9 promoter activity is induced in response to cell cholesterol depletion 

or to pharmacological inhibition of intracellular synthesis (i.e. statins), determining increased 

transcription and higher circulating levels (Dubuc, Chamberland et al. 2004). PCSK9 

transcription is regulated also by the hepatocyte nuclear factor 1 α (HNF1 α)  (Shende, Wu et 

al. 2015) which has a binding site in close proximity to SRE in PCSK9 promoter region (Li, Dong 

et al. 2009). HNF1 α is a member of HNF1 subfamily of transcriptional factors which is 

composed by two members HNF1 α and HNF1 β, both expressed in many tissues like liver, 

kidney, pancreas and intestine, where they have a role in tissue development and 

differentiation (Mendel and Crabtree 1991). The germline deletion of HNF1 α results in 
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hepatic, renal and pancreatic defects, while the loss of HNF1 β is developmentally lethal 

(Pontoglio, Barra et al. 1996). In vivo, liver-specific knockdown of HNF1 α decreases PCSK9 

circulating levels and increases hepatic expression of LDLR protein (Shende, Wu et al. 2015). 

Moreover, it has been shown that lipid lowering drugs (i.e. berberine) partially exert their 

effect in repressing PCSK9 transcription through reduction of HNF1 α (Li, Dong et al. 2009). 

 

PCSK9 expression regulators 

Upon maturation and secretion, PCSK9 expression is physiologically regulated by many factors 

such as diet, insulin, hormones and adipokines. There are several findings underlining how the 

nutritional status is a bias that needs to be addressed. A 35% reduction in PCSK9 plasma levels 

has been demonstrated in 12 healthy subjects after 18 hours of fasting. In the same subjects, 

a prolonged fasting showed a more severe reduction in plasmatic PCSK9 (- 50%) (Persson, Cao 

et al. 2010). These data were confirmed by another study in which a fasting prolonged up to 

48 hours resulted in reduced PCSK9 levels which reached a maximum of -58% after 36h 

(Browning and Horton 2010). Moreover, it has been demonstrated that diets enriched in oleic 

acid resulted in lower PCSK9 levels (Rodriguez-Perez, Ramprasath et al. 2016); following the 

Mediterranean diet, even in absence of weight loss, plasma PCSK9 is reduced by -11.7% and 

LDL-C by -9.9% (Richard, Couture et al. 2012). Another physiological factor that modulates 

PCSK9 expression is insulin. In mouse primary hepatocytes exposed to insulin, PCSK9 and 

SREBP-1c mRNA levels were 4-fold increased. This effect was reduced when a dominant 

negative SREBP-1c was present (Costet, Cariou et al. 2006). The same effect was shown in 

primary rat hepatocytes, in which treatment with insulin enhanced by 3-fold both PCSK9 

mRNA and secreted protein, at the same time SREBP-1c and SREBP1a were increased by 12- 

and 2-fold, respectively (Miao, Manthena et al. 2015). Furthermore, PCSK9 expression can be 

modified by hormones; data from the Dallas Heart Study showed that (i) plasma PCSK9 levels 

were higher in women than in men, and (ii) circulating PSCK9 and LDL-C levels were reduced 

in postmenopausal group (Lakoski, Lagace et al. 2009). PCSK9 expression can be regulated also 

by adipokines. Among them, in HepG2 cells, resistin increased PCSK9 mRNA and protein 

expressions by 40% and 30%, respectively (Melone, Wilsie et al. 2012).  
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Role of PCSK9 in cardiovascular diseases  

The role of PCSK9 in CVDs has been confirmed by several genetic studies demonstrating a 

reduction in coronary artery diseases (CAD) events in presence of certain PCSK9 genetic 

polymorphisms. The PCSK9 polymorphism loss-of-function R46L has been associated with a 

reduction on LDL-C, thus lowering the risk of ischemic heart disease in carriers versus non 

carriers (Benn, Nordestgaard et al. 2010). Furthermore, two nonsense polymorphisms Y142X 

and C679X are associated with a 40 percent reduction in mean LDL cholesterol (Cohen, 

Boerwinkle et al. 2006). This evidence led to the study of PCSK9 as a new pharmacological 

target and the development of numbers of PCSK9 antagonists. PCSK9 is present in a variety of 

studies as a pharmacological target for treating dyslipidaemia and several strategies are being 

examined to reduce or to inhibit either PCSK9 protein synthesis or binding to LDLR, by using 

vaccines, small protein inhibitors, siRNA, antisense oligonucleotides and mAbs. As far as mAbs 

is concerned, two fully human mAbs, alirocumab and evolocumab, have been approved in the 

European Union and in the USA, while a humanised mAbs, bococizumab was withdrawn from 

the market in 2016 (Ferri, Corsini et al. 2017, Ferri, Corsini et al. 2017). Alirocumab is 

prescribed in adjunct to diet and maximally tolerated statin therapy to treat adults with 

heterozygous familial hypercholesterolemia (HeFH) or clinical atherosclerotic CVD, requiring 

additional lowering of LDL-C; while evolocumab is authorised in patients with homozygous 

familial hypercholesterolemia (HoFH) requiring an additional lowering of LDL-C, i.e. in adults 

with CVD in order to reduce the risk of myocardial infarction, stroke, and coronary 

revascularization. PCSK9 inhibitors are to be considered in patients with severe HeFH without 

atherosclerotic cardiovascular diseases (ASCVD) with LDL-C≥200 mg/dl or LDL-C≥175 mg/dl in 

the presence of comorbidities, i.e. diabetes mellitus or hypertension. Whereas, patients with 

HoFH, excluding those with null LDLR mutations, should receive a lipid-lowering therapy which 

includes lipoprotein apheresis plus a PCSK9 inhibitor, like evolocumab (Pecin, Hartgers et al. 

2017). Besides being the key regulator of LDL-C, PCSK9 plays also a role in atherosclerosis and 

CV risk. PCSK9 is also expressed in endothelial cells, VSMC and, at low level, in macrophages 

(Shapiro and Fazio 2017). VSMC produce more PCSK9 than endothelial cells do, especially in 

response to shear stress (Ding, Liu et al. 2015). PCSK9-/- mice are partially protected from 

neointimal formation, further supporting the positive effect of PCSK9 on intimal thickening 

(Ferri, Marchiano et al. 2016). In humans, serum PCSK9 levels are linearly associated with a 
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higher necrotic core fraction in coronary atherosclerosis (Cheng, Oemrawsingh et al. 2016) 

and significantly associated with arterial stiffness (Ruscica, Ferri et al. 2017). Recently, we have 

added circulating platelets to the list of targets of PCSK9 (Camera, Rossetti et al. 2018), 

together with a direct pro-inflammatory effect on macrophages (Ricci, Ruscica et al. 2018). 

PCSK9 was suggested to be secreted from visceral adipose fat into the portal vein to affect 

hepatic LDL receptor degradation, LDL plasma levels, and risk for CVD (Franzen, Ermel et al. 

2016). 

Lipoproteins, triglycerides and atherosclerosis 

Multiple lines of evidence have established that cholesterol-rich LDL and other apolipoprotein 

B (apoB)-containing lipoproteins, including VLDL and their remnants, intermediate density 

lipoproteins (IDL), and lipoprotein(a) [Lp(a)], are involved in the development of ASCVD 

(Goldstein and Brown 2015). Exogenous and endogenous cholesterol are transported to 

peripheral cells mostly by the apoB-containing lipoproteins in plasma. It is known that LDL-C 

concentration and LDL particle number are correlated, thus plasma LDL-C is a good surrogate 

for the indirect measurement of LDL particle concentration. Plasma LDL levels are generally 

not measured directly but instead they are estimated from its cholesterol concentration. For 

this reason, the calculated plasma LDL-C has become the focus for assessing CV risk and for 

evaluating therapeutic benefit in randomized clinical trials. It was demonstrated that, if the 

concentration of LDL-C increases above 20–40 mg/dL, the probability of the initiation and 

progressive development of atherosclerotic plaque dramatically increases in a dose 

dependent manner (Goldstein and Brown 2015). Familial hypercholesterolaemia (FH) is an 

autosomal co-dominant disorder usually linked to a loss-of-function (LOF) mutation in the LDL 

receptor (LDLR) gene, or in the APOB gene reducing the binding of apoB-containing 

lipoproteins to the LDL receptor or a gain-of-function (GOF) mutation in the PCSK9 gene. FH is 

characterized by high concentration of circulating LDL particles and LDL-C (Cuchel, Bruckert et 

al. 2014). There are several large meta-analyses of prospective observational and 

epidemiologic studies in which is reported a log-linear association between the absolute 

magnitude of exposure to plasma LDL-C levels and the risk of ASCVD. Mendelian 

randomization studies have been conducted to introduce a randomization scheme into an 

observational study and to confirm the causality of the observed association between an 

exposure and an outcome (Lawlor, Harbord et al. 2008). Numerous variants in multiple genes 
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(i.e. LDLR, APOB, PCSK9) have been associated with lower LDL-C levels (Teslovich, Musunuru 

et al. 2010, Willer, Schmidt et al. 2013). These variants are inherited approximately randomly 

at the time of conception in a process similar to Mendelian randomization, hence, inheriting 

the mutated allele which lowers LDL-C is analogous to being randomly allocated to treatment 

with an LDL-C-lowering pharmacological treatment. Whereas inheriting the wild type allele is 

analogous to being randomly allocated to placebo. For this reason, adjusting for a standard 

decrement in LDL-C, every genetic variant associated with LDL-C has a similar effect on the risk 

of CHD per unit of LDL-C lowering. This finding is valid also for variants in the genes of 

pharmacological targets for LDL-C lower treatment (i.e. PCSK9, the target of alirocumab and 

evolocumab; 3-hydroxy3-methyl-glutaryl-coenzyme A reductase (HMGCR), the target of 

statins and Niemann-Pick C1-like 1 (NPC1L1), the target of ezetimibe) (Ference, Yoo et al. 

2012, Ference, Majeed et al. 2015). Meta-analyses of Mendelian randomization studies 

demonstrated that LDL is associated with the risk of ASCVD independently by the mechanism 

by which LDL is ‘lowered’. (see figure 3). 

Fig. 3 Log-linear association per unit change in low-density lipoprotein cholesterol (LDL-C) and 

the risk of cardiovascular disease as reported in meta-analyses of Mendelian randomization 

studies, prospective epidemiologic cohort studies, and randomized trials. The proportional risk 

reduction (y axis) is calculated as 1-relative risk on the log scale, then exponentiated and 

converted to a percentage. (Ference, Ginsberg et al. 2017) 
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Similarly, lipoprotein lipase (LPL) variants lowering TG were associated with lower risk of CHD 

per unit lowering level of ApoB-containing lipoproteins and this association is independent 

and proportional to the absolute change in ApoB (Ference, Kastelein et al. 2019). All ApoB – 

containing lipoproteins, such as VLDL rich in TG, their metabolic remnants and LDL, have 

similar effects on the risk of CVD per particle. TG and cholesterol are transported in plasma by 

ApoB- containing lipoprotein particles which are secreted by the liver as VLDLs. Then LPL acts 

on these lipoproteins converting the TG-rich VLDL particles in triglyceride-depleted LDL 

carrying cholesterol, which is then removed from plasma via LDLR. PCSK9 might play a role in 

the modulation of triglyceride-rich lipoprotein (TGRL) metabolism, mainly VLDL and their 

remnants. In vitro, PCSK9 affects TGRL production by intestinal cells as well as the catabolism 

of LDL receptor homologous and non-homologous targets such as VLDL receptor, CD36 and 

ApoE2R (Baragetti, Grejtakova et al. 2018). Thus, a different mechanism has been reported if 

compared to that mediated by LPL. LPL gain of function is associated with lower plasma TG 

and remnants cholesterol content, while reduction in circulating PCSK9 associates with lower 

plasma of ApoC-III, therefore supporting their differential contribution in TGRLs metabolism 

(Baragetti, K. et al. 2017) Moreover, the pharmacological inhibition of PCSK9 by alirocumab 

did not alter the mean levels of post-heparin HDL (0.96±0.6 vs 1.05±0.62 µmol ffa/mL 

plasma/hr) or LPL activities (Reyes-Soffer, Pavlyha et al. 2017), as was for evolocumab (Watts, 

Chan et al. 2017). 
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Fig.4 Log-Linear Association Between Absolute Difference s in Apolipoprotein B (ApoB) and 

Lower Risk of Coronary Heart Disease (CHD). The associations of each gene tic variant with 

ApoB concentration is plotted against its unadjusted association with CHD, expressed as a 

proportional lower risk. Variants in the genes that encode the targets of therapies that lower 

triglycerides through the LPL pathway are marked with blue labels, and variants in the genes 

that encode the targets of therapies that lower LDL-C through upregulation of the LDL receptor 

are marked by red labels. Circles represent the associated absolute change in ApoB and 

corresponding proportional lower risk of CHD for each variant. The horizontal lines through 

each circle represents ±1 standard error for the associated absolute change in ApoB for each 

variant; and the vertical line through each circle represents ±1 standard errors for the 

associated proportional lower risk of CHD. Associations with CHD were measured in all 654 

783 participants included in the study; associations with ApoB were measured in a meta-

analysis of 14 studies including up to 84 324 participants (Ference, Kastelein et al. 2019) 

 

LPL is a key enzyme in TGs catabolism; it catalyses the hydrolysis of TGs in TGRL such as 

chylomicrons and VLDL (Rodrigues, Artieda et al. 2016). LPL belongs to the mammalian lipase 

family (Rader and Jaye 2000) and it is primarily synthesized in adipocytes, macrophages, 
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muscle cells where the dimer formation is the key step for LPL activity.(Li, He et al. 2014). 

More than 200 mutations are known in LPL gene but, in particular, the LOF mutations lead to 

the onset of type I hyperlipoproteinemia, also known as familial lipoprotein lipase deficiency 

or familial chylomicronemia syndrome (FCS). FCS is characterized by a defective TG 

metabolism which causes the accumulation of chylomicrons and extremely high levels of TGs 

in the plasma (880mg/dL or 10mmol/L) (Santamarina-Fojo 1998). Among many symptoms of 

FCS, the most debilitating symptom is the recurrence of severe potentially life-threatening 

acute pancreatitis attacks (PAs) occurring in 30% of patients (Pingitore, Lepore et al. 2016). 

Since TG-lowering drugs, such as niacin and fibrates, are not effective in these patients, the 

main therapeutic approach consists of diet treatment to reduce TGs levels; acute 

plasmapheresis may also help during an episode of acute pancreatitis. For the treatment of 

adults with genetically confirmed type I hyperlipoproteinemia and with an LPL protein mass 

>5% of normal, who suffer from severe/multiple pancreatitis attacks, the first gene therapy 

treatment has been approved by the European Medicines Agency but unfortunately has been 

also withdrawn due to cost-effectiveness (Botta, Maurer et al. 2019).  
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AIM 

The rationale for performing this study lay on the following assumptions: (i) obesity is 

associated with an increased risk of CVD, (ii) obese patients are characterized by increased 

levels of inflammatory adipokines, (iii) PCSK9, plays a role in CVD, (iv) there is a lack of 

molecular mechanisms linking adipokines and the risk of CVD. Obesity is characterized by an 

excessive accumulation of adipose tissue which is an endocrine organ secreting active 

molecules, namely, adipokines. In a condition of dysfunctional visceral fat depots, adipokines 

exert different effects which may be detrimental for the CV system. In this context, PCSK9 

plays also a role on atheroma formation (Ruscica, Ferri et al. 2017). It has been demonstrated 

that serum PCSK9 levels are linearly associated with a higher necrotic core fraction (Cheng, 

Oemrawsingh et al. 2016) making circulating platelets a further target. Together with a direct 

pro-inflammatory effect on macrophages (Ricci, Ruscica et al. 2018), PCSK9 was suggested to 

be secreted from visceral adipose fat into the portal vein to affect hepatic LDLR degradation, 

LDL plasma levels, and risk for CVD (Franzen, Ermel et al. 2016). Since no clear mechanisms 

have been so far described relative to the relationship between elevated adipose tissue 

content and an increased risk of CVD, the study of adipokines could be of interest.  It has been 

demonstrated that the activation of adiponectin receptors induced PCSK9 expression through 

the involvement of PPARγ pathway (Sun, Yang et al. 2017). Relative to resistin, Rashid et al. 

demonstrated that both resistin and PCSK9 play a role in atherogenic dyslipidemia (Rashid and 

Kastelein 2013) whereas leptin decreases LDLR expression through PCSK9 (Du, Li et al. 2016).  

In particular, by using in vitro tools, the present work aimed to demonstrate some of the 

possible mechanisms by which leptin and resistin activate PCSK9, in parallel testing the 

involvement of STAT3 inflammatory pathway and trying to decipher the role of SRE and HNF-

1 motifs in PCSK9 transcription. Since obese patients have raised levels of TG and 

apolipoprotein B (apoB)-containing lipoproteins a feature associated with an increased CV risk 

(Lavie, Milani et al. 2009), this issue has been also addressed. PCSK9 is not only involved in 

LDL-C regulation but also in TG metabolism and elevated plasmatic levels of TGs have been 

reported in those with gain of function (GOF) mutations in PCSK9 gene while, in patients 

carrying loss of function (LOF) mutations, LDL-C reduction associates with reduced fasting and 

post-prandial TG levels. Thus, in order to study the complex biosystem of TG metabolism, we 

have developed and characterized an in vitro tool allowing to evaluate the impact of genetic 
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variants of LPL, an enzyme involved in TG metabolism (Roubtsova, Munkonda et al. 2011). We 

believe that this model could be of interest to study the effect of PCSK9 on TG regulation. 

Finally, to study the effect of leptin on PCSK9 expression, animal models have been used, i.e. 

wild type C57BL6J mice and ob/ob mice. 
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MATERIALS AND METHODS 

Population studied. 

To investigate if there was a link between BMI and PCSK9 expression, we selected 80 healthy 

subjects from Brisighella Heart Study cohort. The Brisighella Heart Study, a prospective, 

population-based longitudinal epidemiological investigation involving 2939 randomly selected 

patients, free of cardiovascular disease at enrolment, resident in the northern Italian rural 

town of Brisighella (Cicero, D'Addato et al. 2012). 

 

Enzyme-linked immunosorbent assay (ELISA)  

Blood plasma samples were collected and stored at -80°C until assayed. PCSK9 concentrations 

were measured by using Quantikine® ELISA Human Proprotein Convertase 9/PCSK9 

Immunoassay kit (R&D system, Space Import-Export Srl, Milan, Italy). In a microplate, pre-

coated with monoclonal antibody specific for human PCSK9 or human leptin, the assay diluent 

RD1-9 was pipetted into each well and 50 μL of standards, prepared by dilution series from a 

stock solution of human PCSK9 (40 ng/mL), control and 20-fold diluted samples were added 

to each well. The microplate was incubated for two hours, protected from light, at room 

temperature, to allow the binding between PCSK9 and the primary antibody. After two hours, 

the unbound was washed away using the washing buffer included in the kit and 200 µL of 

human PCSK9 conjugate was pipetted into each well. Two hours later, the plate was washed 

three times and 200 µL of substrate solution, prepared by mixing in equal part a stabilized 

hydrogen peroxide solution and a stabilized chromogen (tetramethylbenzidine) was added to 

the plate followed by an incubation of 30 minutes at room temperature, protected from light. 

The enzyme reaction resulted in a blue product which turned yellow when the reaction was 

stopped using 50 µL of Stop Solution. The optical density (O.D.) of each well was analysed 

within 30 minutes using a microplate reader (EnSpire Multimode Plate Reader, Perkin Elmer, 

Milan, Italy) set to 450 nm with a wavelength correction at 570 nm. Data were linearized by 

plotting the log of the human PCSK9 concentrations versus the log of the O.D. on a linear scale, 

and best fit line was determined by regression analysis. The assay has a range of detection 

from 0.030 ng/mL to 0.219 ng/mL. 

Similarly, leptin concentration was evaluated using Quantikine® ELISA Human Leptin 

Immunoassay kit (R&D system, Space Import-Export Srl, Milan, Italy) 
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Serum of HFD mice was used to quantify circulating leptin using the Mouse/Rat Quantikine® 

enzyme-linked immunosorbent assay (ELISA) kit (R&D system, Space Import-Export Srl, Milan, 

Italy) following the instruction of manufacturer. 

Animals 

All the in vivo experiments were conformed to the European Commission Directive 

2010/63/EU and were authorized by the Italian Ministry of Health. For this project, four-week-

old male ob/ob mice (n=5) and their lean (n=5), wild-type male C57BL/6J controls were 

purchased from Charles River (Calco, Italy). In compliance with the Principles of Laboratory 

Animal Care (National Institutes of Health publication 86-23), mice were housed at constant 

room temperature (23 °C) in a 12-h light/dark cycle (7 a.m. to 7 p.m.) receiving standard chow 

diet and water ad libitum. Mice were sacrificed at 14 weeks of age in the fasted state. Liver 

was dissected, flash frozen in liquid nitrogen and stored at -80°C for RNA extraction. 

Wild-type male C57BL/6J mice (n=10) followed a 6 weeks high fat diet and wild-type male 

C57BL/6J mice (n=10) followed 6 weeks chow diet scheme. The kcal per each diet are reported 

in table 3. 

After 6 weeks, mice were sacrificed. Blood was collected and stored at -80°C and liver was 

dissected, flash frozen in liquid nitrogen and stored at -80°C for RNA extraction.  

 Chow HFD 

Protein 20 20 

Carbohydrates 70 20 

Fat 10 60 

Table 3 Chow and high fat diet composition; values are expressed as percentage of kcal. 

 

Cell cultures  

The human hepatocellular carcinoma cell line, HepG2, were used to study the effect of 

adipokines on PCSK9. These cells were grown in monolayer in a humified incubator at 37°C 

with 5% of CO2. The culture medium used was the Minimum Essential Medium (MEM, Sigma- 

Aldrich, Milan, Italy) supplemented with sodium pyruvate (1mM; Sigma-Aldrich, Milan ,Italy), 

nonessential amino acid (1mM; Sigma Aldrich, Milan, Italy), penicillin (100 U/mL; Sigma-
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Aldrich, Milan, Italy) and streptomycin (100 µg /mL; Sigma-Aldrich, Milan, Italy)  and 10% Fetal 

Bovine Serum (FBS; Sigma-Aldrich, Milan, Italy). Medium was replaced every 3 days and, once 

confluent, cells were harvested with 0.05% Trypsin/0.02% ethylenediaminetetraacetic acid 

(EDTA; Sigma-Aldrich, Milan, Italy) and seeded in 100mm Petri dish with 8mL of medium at 

density of 1 x106 cells. For all the experiments the day after the seeding, the medium was 

changed with fresh MEM containing 10% LPDS (serum deprived of lipoproteins). HepG2PCSK9, 

a model stably overexpressing PCSK9, were used to better characterize the in vitro findings. In 

particular, these cells were generated by transfecting HepG2 cells with pBM-IRES-PURO 

retrovirus encoding control vector (PURO) or human PCSK9. After puromycin selection, the 

amount of PCSK9 released in the cultured media was measured by ELISA assay and while 

control HepG2 cells released 1.7 ng/ml of PCSK9, in the HepG2PCSK9 values were approximately 

10 ng/ml (9.0 ± 1.0 ng/ml) (Ricci, Ruscica et al. 2018). 

Cellular RNA extraction and RT 

Total RNA was extracted with the iScriptTM RT-qPCR Sample Preparation Buffer (BIO-RAD 

laboratories) according to manufacturer’s instructions. Briefly, cells seeded in a 48 well plate 

were washed once with 500 µL of Phosphate Saline Buffer containing Mg2+/K2+ (PBS, Sigma-

Aldrich, Milan, Italy) and lysed directly in 50 µL of iScriptTM RT-qPCR Sample Preparation Buffer. 

One µg of total RNA was retro-transcribed into firststrand complementary DNA (cDNA) using 

the Maxima First Strand cDNA Synthesis Kit for RT-qPCR (ThermoFisher Scientific) in a final 

volume of 10 µL containing: 

COMPONENT FINAL CONCENTRATION 

Maxima Enzyme Mix 2 µL 

5x Reaction Mix 1 µL 

Nuclease free water 6 µL 

RNA template 1 µL 

Table 4 Components for Maxima First Strand cDNA synthesis kit for RT-qPCR 

 

The mixture was then incubated 10’ at 25°C, 15’ at 50°C and 5’ at 85°C.  The product of the 

first strand cDNA synthesis was used directly in qPCR or stored at -20°C. Maxima Enzyme Mix 
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contains Maxima Reverse Transcriptase and RiboLock™ RNase Inhibitor which protects RNA 

template from degradation by RNases A, B and C at temperatures up to 55°C; the 5X Reaction 

Mix is composed by: reaction buffer, dNTPs, oligo (dT)18 and random hexamer primers.  

 

Real Time quantitative PCR (qRT-PCR) 

qPCR was carried out by using 2 µL of cDNA following a dye-based method (SYBR Green), a 

technique that utilizes a fluorescent signal to quantify the amount of DNA in a sample. All the 

reactions were performed in duplicate in 96-well PCR plates utilizing the CFX96 C1000 TouchTM 

Real-Time detection system (Bio-Rad Laboratories).  The reactions were carried out in 14 µL 

final volume containing: 

COMPONENT FINAL CONCENTRATION 

Maxima SYBR Green/Fluorescein qPCR Master Mix 2x 

Sense primer (Sigma-Aldrich) 500 nM 

Antisense primer (Sigma-Aldrich) 500 nM 

cDNA template 50 ng 

Nuclease Free water  

Table 5 Components for Maxima SYBR Green /Fluorescein qPCR Master Mix 

The maxima SYBR Green/Fluorescein qPCR Master mix contains the Maxima® Hot Start Taq 

DNA polymerase, dNTPs, SYBR® Green I dye and fluorescein passive reference dye. 

For each primer set, no-template controls, obtained replacing cDNA with water, and RT 

controls were included to detect possible contaminations. The expression of β-actin gene was 

used as internal control. Table 7 indicates the sequences of primers used. Relative differences 

in target mRNA levels between control and treated samples were analyzed using the ΔΔCt 

method.  

The thermal cycling protocol was: 

STEP TEMPERATURE TIME CYCLES 

Polymerase Activation, 

DNA Denaturation 

95°C 10 minutes 1 
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Denaturation 95°C 15 seconds  

40 Annealing and extension 55°C 1 minutes 

Table 6 Conditions for SYBR Green detection method. 

Gene Forward primer (5’-3’) Reverse primer (5’-3’) 

PCSK9 CCTGCGCGTGTCAACT GCTGGCTTTTCCGAAACTC 

Β- ACTIN TTCTACAATGAGCTGCGTGTG GGGGTGTTGAAGGTCTCAAA 

STAT3 CAGCAGCTTGACACACGGTA AAACACCAAAGTGGCATGT 

APOB GCAGACTGAGGCTACCATGA AGGATTGTTCCGAGGTCAAC 

CAP1 ACTGGCCTGGAGCAAAACG CGGCAGAGGGTCCAGATG 

OBRb TACTTTGGAAGCCCCTGATG AAGCACTGAGTGACTGCACG 

18S CTCGCTCCTCTCCTACTTGG CCATCGAAAGTTGATAGGGC 

Table 7 Primers sequences  

Protein extraction 

To evaluate the possible effect of adipokines on PCSK9 and STAT3 inflammatory pathway, 

HepG2 cells were seeded in a 6-well plate at the density of 0.9 million/well in MEM containing 

10% FBS and, once confluent, were starved overnight (MEM without FBS). The medium was 

then changed with MEM containing 10% LPDS (serum deprived in lipoproteins) and added of 

leptin or resistin both at the dose of 50 ng/mL.  After 24 and 48 hours of treatment, before 

harvesting, the cells were washed once with warm (37°C) PBS containing Ca2+ and Mg2+ and 

lysed with 80 µL of Mammalian Protein Extraction Reagent (M-PER TM, ThermoScientific) 

containing 1% protease (Complete Mini EDTA-free, Protease Inhibitor Cocktail Tablets; Roche 

Diagnostic, Mannheim, Germany) and phosphatase (PhosSTOP, Phosphatase Inhibitor 

Cocktail Tablets, Roche Diagnostic) inhibitors. The lysis procedure was performed on a shaker 

for 10 minutes at room temperature, then the lysate was collected and centrifuged at 14000 

rcf for 10 minutes at 4°C. The supernatant, containing cytoplasmatic and nuclear protein 

extract, was transferred into a new tube for dosage analysis by PierceTM BCA Protein Assay Kit 

(ThermoFisher Scientific). Two mg/mL of albumin were used to set a curve of standards in M-

PER Buffer and the absorbance of the standards and the samples was measured at 550nm on 

a plate reader (EnSpire® Multimode Plate Reader, Perkin Elmer, Milan, Italy). Sample 
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concentrations were interpolated according to a quadratic polynomial equation (y= a + bx + 

cx2). 

Transfection of reported constructs 

To explore if leptin and resistin had a direct effect on PCSK9 transcription activity, we 

evaluated this phenomenon by transiently transfected HepG2 cells with constructs containing 

a luciferase sequence in the proximal human PCSK9 promoter region (-440 to -94). HepG2 cells 

were transfected with the plasmid PCSK9 pGL3-PCSK9-D4 containing the 5′ flanking region of 

the PCSK9 gene from -440 to -94, relative to the ATG start codon in front of the luciferase 

coding sequence. Three different plasmid variants were used: the wild type, PCSK9 pGL3-

PCSK9-D4 with a mutation on SRE responsive element (SRE-mu) and PCSK9 pGL3-PCSK9-D4 

with a mutation on HNF-1 site (HNF-1-mu). HepG2 cells were seeded in 6mm Petri dish at the 

density of 9x107cells. The day after, cells were transiently transfected with pGL3-PCSK9-D4 

plasmids (wild-type, SRE-mu and HNF-1-mu), using the TurboFectTM transfection reagent 

(Thermo Fisher). Briefly, in every 6mm Petri dish the medium was changed with 4mL of MEM 

with 10% FBS, in a tube 400 µL of MEM, 16 µL of TurboFectTM and 4 µg of plasmidic DNA were 

mixed and incubate for 20 minutes at room temperature. After incubation time, the mixture 

was added to the plates. The day after cells were harvested and seeded in a 48 well plate and 

48 hours post transfection, cells were incubated with MEM/5% LPDS ± leptin (50 ng/mL) and 

resistin (50 ng/mL) for an additional 24- and 48 hours. At the end of treatment times, in each 

well, cell culture medium was replaced by 50 µL of medium without phenol red, to not 

interfere with luciferase detection, and 50 µL of Neolite reagent (Perkin Elmer, Milan, Italy) 

and incubated on a shaker for 5 minutes. 80 µL of culture medium were then transferred in a 

96 well plate and the luciferase activity was detected using a luminescence counter (Wallac 

1450 MicroBeta®TriLux, Perkin Elmer, Milan, Italy). The same procedure was used for the 

transfection with pGL3-PCSK9-D1 or pGL3-PCSK9 with a mutation on STAT3 responsive 

element. Briefly, HepG2 cells were transfected with the construct pGL3-PCSK9-D1 containing 

the 5’ flanking region of PCSK9 gene (from -1711 to -94) in front of the luciferase coding 

sequence or pGL3-PCSK9-D1-STAT3mut and after 48h the luciferase activity was detected and 

analyzed. To identify where to insert the mutation on STAT3 responsive element, the 2000 bp 

upstream the start codon of PCSK9 promoter sequence were analysed with JASPAR database, 

a collection of transcription factor DNA-binding sites (TFBS), modelled as position-specific 
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weight matrices (PSSMs). The sequence was scanned for human STAT3 sequence binding 

profile, setting at 80% the relative profile score threshold, defined as the minimum relative 

score required for reporting a match between a TFBS model and a sequence. The TFBS with 

the highest relative score was used to create a plasmid containing the pGL3-PCSK9-STAT3 

mutation (pGL3-PCSK9-STAT3mut) 

Transfection of siRNA 

HepG2 cells were seeded in a 6 well plate at the density of 2x106 cells per well in MEM with 

10% FBS. The day after they were transfected with ON-TARGET plus SMART pool siRNA 

directed to STAT3 and PCSK9 or scramble control (DharmaconTM, Carlo Erba Reagents, Milan, 

Italy). Transfections were performed by using SilentFectTM Lipid Reagent (BIO-RAD 

laboratories, Hercules, CA). In detail, one hour before transfection, medium was changed in 

each well using MEM with 10% FBS. For every transfection two solution were prepared: 

- Reagent Solution, containing 121 µL of MEM and 4 µL of SilentFectTM 

- siRNA Solution, containing 123 µL of MEM and 2 µL of siRNA of interest (20nM) 

After mixing the two solutions, 250 µL were added to the well to treat. Fourty-eight hours post 

transfection, the medium was replaced with MEM/5%LPDS ± leptin (50 ng/mL) or resistin (50 

ng/mL) for an additional 48 hours. Depending on the experiment, after treatments proteins 

or RNA were extracted and stored at -20°C until assayed. 

Western Blot analysis 

Sample preparation and protein electrophoresis were performed following the Protein 

Electrophoresis workflow NuPAGE® (Life Technologies TM). To 20 µg of protein sample were 

added: NuPAGE® Sample Reducing Agent (10X) (Novex®, Life Technologies TM) containing 

500nM dithiothreitol (DTT), NuPAGE® LDS (lithium dodecyl sulfate) Sample Buffer (4X) 

(Novex®, Life Technologies TM) and deionized water; then the samples were heated at 70°C for 

12 minutes. Following this protocol, the electrophoresis was conducted in denaturing and 

reducing conditions allowing the separation of proteins by their molecular mass. Samples and 

10 µL of Protein Standard (Novex®, Sharp Pre-Stained Protein Standard; Life Technologies TM) 

were loaded in a precast polyacrylamide del (NuPAGE® 10% Bis-Tris Protein Gels,1.5 mm, 10 

well, Life Technologies TM). The gel runs using a specific running buffer, the NuPAGE® MES SDS 

Running Buffer (20X) (Life Technologies TM) added with an antioxidant (NuPAGE® Antioxidant; 
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Life Technologies TM) to maintain the reduced state of proteins while running through the gel. 

The run was performed at constant voltage (200V) for 35 minutes. Proteins were then 

transferred to a nitrocellulose membrane (0.45 µm pore size) (ThermoScientific, Rockford, 

USA) using a sandwich method. Briefly, the sandwich is assembled with nitrocellulose 

membrane, filter paper and sponges using a gel holder cassette. This cassette, together with 

a sealed ice block is placed into a transfer tank filled of transfer buffer. The transfer buffer is 

composed of 700mL of bi-distillated water, 200 mL of methanol and 100 mL of Tris-Glycine 

Buffer (10X, Bio-Rad). The transfer run was performed at constant amperage (200 mA) for 2 

hours, in ice. Subsequently to verify the correct transfer of proteins, the nitrocellulose 

membrane was stained with Red Ponceu 1X, then washed 3 times with TBST (tris-buffered 

saline, 0.1% Tween20) and blocked in a solution of 5% BSA in TBST for 1 hour and 30 minutes. 

The primary antibody was diluted in 5% BSA or 5% milk solution and the membrane was 

incubated overnight on a shaker, at 4°C. The day after, the membrane was washed 3 times 

with TBST and incubated 1 hour and 30 minutes at room temperature with the secondary 

antibody, diluted in 5% milk solution. After further 3 washes, the membrane was exposed to 

chemiluminescence substrates (ClarityTM Western ECL Substrates, Bio-Rad) for 5 minutes. The 

protein bands were revealed using the ChemiDocTM XRS System (Bio-Rad) and analysed 

through the Image LabTM 3.0 Software (Bio-Rad). To evaluate the expression of different 

proteins on the same membrane, the Thermo ScientificTM RestoreTM Plus Western Blot 

Stripping Buffer was used before re-incubating the membrane with a different primary 

antibody. 

All the antibodies used in this project are reported in Table 8. 

NAME kDa PRIMARY ANTIBODY SECONDARY ANTIBODY 

PCSK9 74 1:1000 1:10000 (anti - rabbit) 

p-STAT3 88 1:10000 1:10000 (anti - rabbit) 

STAT3 88 1:10000 1:10000 (anti - rabbit) 

Tubulin 55 1:2000 1:10000 (anti-mouse) 

Β-actin 44 1:1000 1:10000 (anti-mouse) 

ApoB  1:250 1:2000 (anti-mouse) 

Albumin 69 1:2500 1:2000 (anti-mouse) 
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Table 8 Primary antibody used with indication of dilutions and molecular weight. In the last 

column is indicated the species and dilution of the secondary antibody used. 

The following protocol has been used for the experiments in paragraph “Molecular 

characterization of mutations causing LPL deficiency”. Post-heparin plasma samples were 

diluted 1:50 in 0.5-M Tris-HCl (pH 7). The diluted plasma samples, cell lysates, and 

concentrated media samples were mixed with Laemmli buffer 5X (SDS 10%, Tris HCl 62.5mM 

pH 6.8, glycerol 50%, bromophenol blue 0.01% and β-mercaptoethanol 25%) and boiled for 

5minat 95°C. Samples were loaded into a 10% acrylamide gel containing SDS 0.1%. The gel ran 

at 100V for 90min using a running buffer containing 0.1% SDS. The gel was then transferred 

onto a nitrocellulose membrane (400mA, 60min). Membranes were incubated for 1h with 

primary antibodies, washed 2 times for 10min with 0.2% tris-buffered saline containing 0.2% 

tween (TBST), incubated 1h with HRP-conjugated secondary antibodies and washed 3 times 

for 10min with TBST. After an incubation of 5 minutes with chemiluminescent HRP substrate 

(Millipore Corporation, Billerica, MA) the bands were detected and visualized by Chemidoc 

XRS System (Biorad, Hercules, CA). The protein expression was quantified using Image Lab 

Software (Biorad). The antibodies used are: mouse anti-LPL (Sigma-Aldrich) (1:1000), mouse 

antiAPOA1 (AbD Serotec, Oxford, UK) (1:500), mouse anti-V5 (Invitrogen) (1:5000), rabbit anti-

Calnexin (Sigma-Aldrich) (1:2000), mouse antiAlbumin (Sigma-Aldrich) (1:1000). 

Patients 

Two patients from the Lipid Clinic in Vienna (Austria) with excessive primary 

hypertriglyceridemia, with no other apparent cause and not carriers of well characterized LPL 

mutations, underwent routine clinical determination of serum lipid levels performed by 

enzymatic methods using Roche reagents, run on a CobasC111 analyser.  Chylomicrons were 

analyzed by floating in microliter tubes for 10minat 16.000g (maximal) at 4°C prior to 

triglyceride determinations. Chylomicron triglyceride concentrations were determined by 

subtracting the cleared infranatant from original serum. 

DNA sequencing  

For DNA sequencing, using a customized gene panel (Nextera Rapid Capture Custom 

Enrichment; Illumina, San Diego, CA) genes linked to hyperlipidaemias were enriched from 

isolated genomic DNA and sequenced on a MiSeq sequencing platform (Illumina, USA) using 
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2×150-bp paired-end chemistry following the manufacturer instructions. Sequenced reads 

were aligned to the GRCh37/ hg19 human reference. The SeqNext® software (JSI Medical 

Systems GmbH, Germany) was utilized to perform the data analysis including copy number 

variation (CNV) analysis. The region of interest was the coding region ± 30 bp intronic flanking 

regions of the LPL gene (NM_000237.2). In addition to LPL, also APOC2, APOA5, LMF1 and 

GPIHBP1 genes have been sequenced, without highlight any other mutation.  

Post-heparin plasma samples collection 

Post-heparin blood was collected at a fasting state, 10 minutes after an intravenous bolus 

injection of heparin (60 IU/kg body weight) from the contralateral arm. Blood samples were 

centrifuged at 3000 rpm at 4°C for 10min and supernatants were stored at −80°C until 

analysed. 

Site-direct mutagenesis, cloning and transfection 

Wild type LPL cDNA was synthesized and cloned in pcDNA3.1 vector with a V5 epitope tag at 

the C-terminus by GeneArt Gene Synthesis (Thermo Fisher Scientific, Rockford, IL). A single 

base-pair change from valine to alanine at nucleotide 200 was introduced using in situ 

mutagenesis technique to obtain the LPL V200A mutation (primer forward: CAG AAA CCA GCT 

GGG CAT GTT and primer reverse: AAC ATG CCC AGC TGG TTT CTG). While to obtain the LPL 

N291S substitution (from asparagine to serine at nucleotide 291) the following primers were 

used: primer forward GCT ATG AGA TCA CTA AAGTCA GAGC, primer reverse GCT CTGACT 

TTACTG ATCTCA TAG G. All the primers were purchased from Sigma Aldrich (St. Louis, MO). 

The presence of the LPL mutation and fidelity of each construct were verified by DNA 

sequencing (Eurofins Genomic, Germany). Human embryonic kidney 293T/17 (HEK 293T/17) 

cells were purchased from American Tissue Culture Collection (Manassas, VA) and cultured in 

high glucose Dulbecco's Modified Eagle's Medium containing 10% Fetal Bovine Serum (FBS), 

5% penicillin-streptomycin and 2mM L-glutamine. Cells were transiently transfected with one 

of the two plasmids, the first one containing the human wild type LPL cDNA or the second one, 

carrying the other variants (3 μg/mL). TurboFect transfection reagent (Thermo Fisher 

Scientific) was used following the manufacturer's instructions. After 48h cells were collected 

and lysed using mammalian protein extraction reagent (M-PER, ThermoFisherScientific) 

containing a complete protease inhibitor cocktail (Sigma Aldrich). Moreover, media were 

https://www.sciencedirect.com/topics/medicine-and-dentistry/plasmid
https://www.sciencedirect.com/topics/medicine-and-dentistry/genetic-transfection
https://www.sciencedirect.com/topics/medicine-and-dentistry/reagent
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concentrated 10 times by centrifuging using VIVASPIN tubes (Sartorius Stedim Biotech, 

Göttingen, Germany). HEK 293T/17 lysates and media were used to analyze protein synthesis 

and secretion by Western blot; media fractions were additionally used to measure LPL activity. 

Lipoprotein lipase enzymatic assay 

The LPL enzymatic activity was measured by an assay which take advantage of a stable, 

radioactive substrate emulsion. LPL activity was measured in pre-heparin and post-heparin 

human plasma samples and in media fractions of HEK293T/17cells transfected with LPL wild 

type plasmid and the two plasmids containing LPL mutants. Plasma samples were first diluted: 

7.5μL of each plasma sample was mixed with 42.5μL of 0.2-M Tris HCl buffer (pH 8.0). The 

diluted plasma samples and 50μL of each concentrated medium sample were incubated for 

15 minutes at 37°C with a reaction mix containing radio-labeled substrate [9,10-3H(N)]-triolein 

(Perkin Elmer, Waltman, MA), cold triolein and phosphatidylcholine (Sigma-Aldrich, St Louis, 

MO), heat-inactivated FBS and bovine serum albumin (SigmaAldrich, St Louis, MO) in presence 

or absence of 1M NaCl. The reaction was stopped and lipids were extracted using a solution 

of heptane/chloroform/methanol (1:1.25:1.41). Samples were then centrifuged at 3000g for 

15 minutes and the amount of [3H]-oleic acid released in the upper phase was analysed by 

scintillation counting. A mouse (C57BL/6) post-heparin plasma was used as a positive control, 

while 1M NaCl was used for LPL specificity. 

Analysis of LPL dimerization 

To analyse the dimerization of LPL, a western blot in non-denaturing conditions was 

performed. Equal volumes of post-heparin plasma samples diluted 1:50 and conditioned 

media were mixed with non-denaturing loading buffer 5X (Tris HCl 62.5mM pH 6.8, glycerol 

50%, bromophenol blue 0.01%, β-mercaptoethanol 5% and Coomassie blue G250 0.05%). 

Samples were not boiled. Proteins were separated by non-denaturing PAGE (4–15% gradient 

acrylamide gel without SDS, 100V, 90min), and transferred onto a nitrocellulose membrane 

(400mA, 60min). Then, western blotting was performed as described before. 

Homology modelling of LPL 

The homology model of human LPL was created with the protein fold recognition server Swiss-

Model. As template was used the 3D structure of the human pancreatic lipase-related protein 

1 and the calculated models were visualized by Swiss PDB Viewer 4.1.0. On the computer the 
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mutations were inserted into LPL model by substituting valine (V), a non-polar aliphatic 

residue, for alanine (A), another non-polar aliphatic residue at position 200. The same 

procedure was applied to N291S mutation, substituting asparagine(N), an uncharged polar 

residue, at position 291for serine (S), another uncharged polar residue. 

Analysis of data 

Statistical analysis was performed by using the Prism statistical package (Graph Pad Software, 

San Diego,CA). Data were expressed as mean ± standard error of the mean (SEM). Differences 

between treatment groups were evaluated by Mann Witney t-test when the comparison was 

made between two groups, and by non parametric one-way ANOVA and Dunn’s post hoc test;  

for multiple comparisons for more groups. Differences were considered significant at p<0.05. 

Results are representative of three independent experiments. 
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RESULTS 

In vivo results 

Association between leptin, resistin and PCSK9 in humans 

The circulating levels of leptin and PCSK9 were measured by ELISA in a clinical setting of 80 

males (56±4 y) belonging to the Brisighella Heart Study, a prospective, population-based 

longitudinal epidemiological investigation involving 2939 randomly selected patients, free of 

cardiovascular disease at enrolment, resident in the northern Italian rural town of Brisighella 

(Cicero, D'Addato et al. 2012) .  A positive association between circulating leptin and PCSK9 

levels (β= 0.295, p= 0.044) was found only in those with BMI<25 Kg/m2 and is lost if the data 

are considered across the all BMI strata, i.e. those with BMI between >25 and 30 Kg/m2 (β= 

0.104, p= 0.452) or > 30 Kg/m2 (β= -0.040, p= 0.787) (fig.5). This lack of correlation may be 

due to the fact that higher BMI is associated to obesity and metabolic disturbances, often 

characterized by a lack of a proper hormone response following the engagement by the 

specific receptor, a condition defined “adipokine-resistance”. Resistin did not associate with 

PCSK9 (data not shown).  

 

Fig.5 Association between circulating levels of leptin and PCSK9. 

A positive association between circulating leptin and PCSK9 levels has been found only in 

patient with BMI<25 Kg/m2 ( = 0.295, p= 0.044) 
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Correlation between leptin and PCSK9 in mice 

To further investigate the linkbetween leptin and PCSK9, ob/ob mice, a genetic model lacking 

leptin, were used to evaluate mRNA expression of hepatic PCSK9. Ob/ob mice showed 

significant lower hepatic PCSK9 gene expression compared to wildtype mice (fig.6) 

 

Fig. 6 Hepatic expression of PCSK9 in mice lacking leptin. P value was calculated by Mann 

Whitney T-test *p<0.05 

To confirm this evidence, wild type C57BL6J mice were divided in two group: the first fed 12-

weeks high fat diet (60% fat) and the controls fed chow diet. As depicted in fig. 7, an increment 

of serum leptin (A) corresponded to a 3-fold rise in PCSK9 liver expression in high fat diet-fed 

mice (B). 

 

Fig.7 Differences in serum leptin levels and PCSK9 hepatic expression in wild type mice C57BL6J 

fed chow diet or 60% high fat diet. P values were assessed by Mann Whitney T-test 

**p<0.01;***p<0.001 
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In vitro results 

Characterization of in vitro model: HepG2 

Although HepG2 cells have been demonstrated to express resistin receptor (CAP1) and leptin 

receptor, OBRb (Zhou, Lei et al. 2008, Liu, Cui et al. 2014), in order to validate the presence of 

these receptors in our cell strains, a qPCR was performed. Table 9 reports the Ct values of 

CAP1 and OBRb compared to Ct values of the housekeeping gene. 

 Ct value gene of interest Ct value of housekeeping (18S) 

OBRb 23,74 9,69 

CAP1 22,21 9,69 

 

Table 9 Ct values of OBRb and CAP1. The total RNA was extracted from HepG2 cell, 

retrotranscribed and a qPCR was performed in order to verify the presence of leptin receptor 

(OBRb) and resistin receptor (CAP1) 

To clarify whether the expression of OBRb and CAP1 could have been influenced by the levels 

of PCSK9, a real time PCR was performed on HepG2PCSK9 cells, a cell line stably overexpressing 

PCSK9. The expression of OBRb and CAP1 resulted to be not influenced by PCSK9. 

 

Fig. 8 OBRb and CAP1 expression in HepG2PCSK9 cells.  

Cells were seeded in MEM supplemented with 10% FBS and the day after a Real Time PCR has 

been performed to evaluate the expression of OBRb (A) and CAP1 (B). 

Three different serum conditions were tested to find the most suitable HepG2 culture 

condition to perform the experiments. HepG2 cells were cultured in: i) 1% FBS, ii) 10% FBS iii) 
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10% lipoprotein deficient serum (LPDS) and treated with simvastatin 20 µM, as a positive 

control of PCSK9 activation. Data on PCSK9 mRNA expression have been below reported.  

 

 

Fig. 9 PCSK9 gene expression in HepG2 cells cultured by different serum concentrations. 

 HepG2 cells were seeded in MEM/10% FBS and the day after incubated with MEM 

supplemented with 1% FBS (A), or 10% FBS (B), or 10% LPDS (C). After 24h, the total RNA was 

extracted, retrotranscribed and mRNA levels of PCSK9 were determined by qPCR. Simvastatin 

was used as positive control. P value was calculated by Mann Whitney T-test *p<0.05 

Although simvastatin, the positive control, activated PCSK9 expression in both 10% FBS or 

LPDS supplementation, the last condition was used. Indeed, as reported by Pramfalk et al 

(Pramfalk, Jiang et al. 2010), the use of LPDS in HepG2 cells leads to a phenotype similar to 

the one observed by using human primary hepatocytes. 
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Effects of leptin on PCSK9 expression in HepG2 cells 

First of all, to select the lowest dose of leptin able to modulate PCSK9 expression, the two 

different doses  were tested: 50 ng/mL and 100 ng/mL.  Although both doses increased PCSK9 

mRNA expression, the maximal stimulatory effect was found after treating cells with the 50 

ng/ml that was the chosen concentration for the subsequent experiments. 

 

Fig.10 Leptin induces PCSK9 mRNA expression in HepG2 cells. 

These were seeded in MEM/10% FBS and the day after incubated with MEM supplemented 

with 10% LPDS for 48h at different doses of leptin. The mRNA levels of PCSK9 were determined 

by qPCR. Differences between groups were assessed by non parametric one-way ANOVA and 

Dunn’s post hoc test; *p<0.05 

A 48-h incubation of HepG2 cells with 50 ng/mL leptin doubled PCSK9 gene expression, as was 

upon simvastatin (20 µM) treatment, the positive control.  

 

Fig.11 Leptin induces PCSK9 mRNA expression in HepG2 cells. 
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These were seeded in MEM/10% FBS and the day after incubated with MEM supplemented 

with 10% LPDS for 48h in the presence or absence of leptin (50 ng/ml). Simvastatin (20 µM) 

was used as a positive control for PCSK9 activation. At the end of the incubation, the total RNA 

was extracted and mRNA levels of PCSK9 were determined by qPCR. Differences between 

groups were assessed by non parametric one-way ANOVA and Dunn’s post hoc test; *p<0.05, 

**p<0.01. 

A preliminary analysis of PCSK9 protein expression has been done to confirm the rise in gene 

expression. A Western blot (WB) analysis on protein extracted from HepG2 cells treated 48h 

with leptin 50 ng/mL showed a trend to significance. 

 

Fig. 12 Leptin induces PCSK9 protein expression in HepG2 cells. 

HepG2 cells were seeded in MEM/10% FBS and the day after incubated with MEM 

supplemented with 10% LPDS for 48h in the presence or absence of leptin (50 ng/ml). At the 

end of the incubation, proteins were extracted and PCSK9 expression was evaluated using WB 

analysis. 

Effects of leptin on STAT3 pathway 

STAT3 is a well-known inflammatory pathway activated by leptin. A 48-h incubation with leptin 

(50ng/mL) increased STAT3 mRNA expression in HepG2 cells (fig.13 A). The activation of 

pSTAT3 was confirmed by WB analysis (fig.13 B). To further investigate the involvement of 

STAT3 in leptin-driven PCSK9 activation, HepG2 cells were transfected with siRNA scramble 

and siRNA anti-STAT3. To verify that the condition used to silence STAT3 were effective, we 

tested HepG2 for both STAT3 gene and protein expressions. These were significantly reduced 

(fig 13 C, D). 
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Fig.13 Leptin induces STAT3 expression. 

HepG2 cells were seeded in MEM/10% FBS and treated 48h with leptin 50 ng/mL, after the 

incubation time, the gene expression of STAT3 was evaluated by qPCR (A) and the activation 

of pSTAT3 was evaluated by western blot analysis (B). HepG2 cells were seeded in MEM 10% 

FBS and the day after transfected with siRNA scramble (HepG2) and siRNA anti-STAT3 

(HepG2siSTAT3). After 48h, the medium was replaced with MEM with 10% LPDS and 48h later, 

the gene and protein expression of STAT3 and PCSK9 was evaluated by qPCR and WB analysis 

(C and D). Differences between groups were assessed by Mann Withney  t-test; **p<0.01, 

***p<0.001 

Under the same experimental conditions, siRNA anti-STAT3 abolished the gene expression of 

STAT3 (fig.14 A) and PCSK9 (fig.14 B) induced by leptin. These results indicate the pivotal role 

of STAT3 in promoting gene PCSK9 expression. 
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Fig. 14 Leptin regulates PCSK9 gene expression through the involvement of STAT3. 

HepG2 transfected with siRNA anti-STAT3 were or were not treated for 48h with leptin (50 

ng/mL) and the gene expression of STAT3 and PCSK9 was evaluated by qPCR. Differences 

between groups were assessed by non parametric one-way ANOVA and Dunn’s post hoc test; 

**p<0.01. 

Effects of leptin on PCSK9 transcriptional activity 

To explore the effect of leptin on PCSK9 transcription activity, HepG2 cells were transfected 

with the PCSK9 pGL3-PCSK9-D4 containing the 5′ flanking region of the PCSK9 gene from -440 

to -94, relative to the ATG start codon in front of the luciferase coding sequence and treated 

with leptin. After 24h and 48h the luciferase activity was detected and analyzed. Leptin 

incremented the luciferase activity after 24 and 48 hours of about +54% and +20%, 

respectively (see fig. 15 A). Being SREBPs and HNF-1 well-known activators of PCSK9 (Jeong, 

Lee et al. 2008, Li, Dong et al. 2009, Ruscica, Ricci et al. 2016), the luciferase activity has been 

investigated upon the insertion of SRE and HNF-1 mutations in the human PCSK9 promoter 

sequence. In presence of mutation in the SRE sequence, the PCSK9 transcriptional activity 

induced by leptin was completely abolished (fig. 15 B); while, mutating the HNF-1 alpha 

sequence did not alter the leptin-driven luciferase activity (fig.15 C).  
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Fig.15 Luciferase activity in HepG2 cells. 

HepG2 cells were transfected with pGL3-PCSK9-D4 or pGL3-PCSK9-SREmut or pGL3-PCSK9-

HNFmut. The day after the transfection, the medium was replaced with MEM containing 

10%LPDS and, after an additional 24h and 48h, luciferase activities were determined by Neolite 

reagent. Differences between groups were assessed by non parametric one-way ANOVA and 

Dunn’s post hoc test;; *p<0.05. 

Role of STAT3 in PCSK9 transcriptional activity 

To investigate the role of STAT3 in PCSK9 transcriptional activity, the PCSK9 promoter 

sequence was analysed in order to identify transcription factor DNA-binding sites (TFBS) for 

STAT3. Briefly, the human PCSK9 promoter sequence was retrieved from Ensembl Genome 

Browser, using Homo Sapiens genome assembly GRCh38.p12 and 2,000 bp sequence 

upstream the start codon has been analysed with JASPAR database, a collection of 

transcription factor DNA-binding sites (TFBS), modelled as position-specific weight matrices 

(PSSMs). The sequence was scanned for human STAT3 sequence binding profile, setting at 

80% the relative profile score threshold, defined as the minimum relative score required for 

reporting a match between a TFBS model and a sequence. The TFBSs obtained are reported 

in table 2. The TFBS with the highest relative score (13.3) was used to generate a plasmid with 

the pGL3-PCSK9-STAT3 mutation. 
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Table 10 Putative sites predicted using JASPAR database, setting at 80% the relative profile 

score in sequence named hPCSK9. In bold with the higher score. The one with the highest score 

was used to create the plasmid. 

HepG2 cells were transfected with the constructs pGL3-PCSK9-D1 containing the 5’ flanking 

region of PCSK9 gene (from -1711 to -94) in front of the luciferase coding sequence and 

treated with leptin (50ng/mL) and simvastatin (20µM) as positive control. After 48h the 

luciferase activity was detected and analyzed (fig.16 A). The same conditions were used to 

repeat the experiment using the pGL3-PCSK9-D1. STAT3mut to investigate the effect of the 

STAT3 mutation on PCSK9 promoter activity (fig.16 B). No differences have been detected in 

the two constructs. 
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Fig.16 Luciferase activity in HepG2 cells transfected with pGL3-PCSK9-D1 wild type or STAT3 

mutated.  

HepG2 cells were transfected with pGL3-PCSK9-D1 or pGL3-PCSK9-D1-STAT3mut. The day after 

the transfection, the medium was replaced with MEM containing 10%LPDS and, after an 

additional 48h, luciferase activities were determined by Neolite reagent. Differences between 

groups were assessed by non parametric one-way ANOVA. 

Effects of resistin on PCSK9 expression in HepG2 cells 

To evaluate the effect of resistin on PCSK9 expression we took advantage of previous findings 

showing that, in HepG2 cells, incubation with resistin (50 ng/mL) stimulates PCSK9 activation 

(Costandi, Melone et al. 2011). The same dose has been used in our experiments. HepG2 cells 

were incubated for 48h demonstrating that resistin (50ng/mL) enhances PCSK9 gene 

expression (Figure 17); as for leptin, simvastatin (20 µM) has been used as a positive control. 

 

Fig. 17 Resistin induces PCSK9 in HepG2 cells. 
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HepG2 cells were seeded in MEM/10% FBS and the day after incubated with MEM 

supplemented with 10% LPDS for 48h in the presence or absence of resistin (50 ng/ml). 

Simvastatin (20 µM) was used as a positive control for PCSK9 activation. At the end of the 

incubation, the total RNA was extracted and mRNA levels of PCSK9 were determined by qPCR. 

Differences between groups were assessed by non parametric one-way ANOVA and Dunn’s 

post hoc test;; **p<0.01. 

Effects of resistin on STAT3 inflammatory pathway 

Wondering whether STAT3 inflammatory pathway was involved in PCSK9 resistin-driven 

activation, HepG2 cells were incubated with resistin (50ng/mL) for 48h. qPCR analysis showed 

an increment in STAT3 gene expression (fig. 18 A). Thus, HepG2 cells were transfected with 

siRNA anti-STAT3 and the PCSK9 mRNA expression was significantly reduced. 

 

Fig. 18 Incubation with resistin (50ng/mL) enhances STAT3 gene expression in HepG2 cells. 

HepG2 cells were seeded in MEM/10% FBS and the day after transfected with siRNA anti-

STAT3. After 48h, the medium was replaced with MEM with 10% LPDS with or without resistin 

(50 ng/ml). After an additional 48h, the PCSK9 gene expression by qPCR analysis. A) shows 

STAT3 gene expression upon resistin treatment; differences between group were assessed by 

Mann Withney T test. **p<0.001. Panel B) shows the effect of resistin treatment on PCSK9 

gene expression (*p<0.05); the use of a specific siRNA against STAT3 led to a 80% decrement 

in the expression of PCSK9 (§§§ vs control p<0.001). Treatment with resistin and siRNA against 

STAT3 corresponded to a decrement in resistin-driven PCSK9 activation (### p<0.00). 

Differences between groups were assessed by non parametric one-way ANOVA and Dunn’s 

post hoc test. 
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Effects of resistin on PCSK9 transcriptional activity 

HepG2 cells were transfected with the construct pGL3-PCSK9-D4 containing the 5 ′ flanking 

region of the PCSK9 gene from nucleotide 2440 to 294. After 24h and 48h the luciferase 

activity was detected and analyzed. Similar to leptin, resistin (50ng/mL) increases PCSK9 

transcriptional activity (fig.19 A). To investigate the involvement of SRE and HNF-1 in this 

mechanism the luciferase activity has been investigated upon the insertion of SRE and HNF-1 

mutations. This effect was maintained despite the presence of HNF-1 mutation (fig.16 C). 

Conversely, the effects on luciferase activity were lost when cells were transfected with a 

plasmid carrying the SRE mutation (fig.19 B). 

 

Fig. 19 Luciferase activity in HepG2 cells transfected with pGL3-PCSK9-D4 wild type or mutated 

on SRE or HNF1.  

HepG2 cells were transfected with pGL3-PCSK9-D4 or pGL3-PCSK9-SREmut or pGL3-PCSK9-

HNFmut. The day after the transfection, the medium was replaced with MEM containing 

10%LPDS and, after an additional 24h and 48-h, luciferase activities were determined by 

Neolite reagent. Differences between groups were assessed by Mann Withney t test ;*p<0.05. 

Role of STAT3 in PCSK9 transcriptional activity 

The role of STAT3 in PCSK9 transcriptional activity, has been investigated by the transfection 

of HepG2 cells with pGL3-PCSK9-D1 or pGL3-PCSK9-STAT3mut. Briefly, HepG2 cells were 

transfected with the construct pGL3-PCSK9-D1 containing the 5’ flanking region of PCSK9 gene 

(from -1711 to -94) in front of the luciferase coding sequence or pGL3-PCSK9-D1-STAT3mut. 

After 48h the luciferase activity was detected and analyzed. HepG2 cells transfected with the 

pGL3-PCSK9-D1 showed an increase of luciferase activity after treatments with resistin and 

simvastatin while the same treatments in cells transfected with pGL3-PCSK9-STAT3mut did 
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not increase the transcriptional activity. To confirm the role of STAT3 in PCSK9, further 

experiments are required. 

 

Fig.20 Luciferase activity in HepG2 cells transfected with pGL3-PCSK9-D1 wild type or STAT3 

mutated. 

HepG2 cells were transfected with pGL3-PCSK9-D1 or pGL3-PCSK9-D1-STAT3mu. The day after 

the transfection, the medium was replaced with MEM containing 10%LPDS in presence or 

absence of resitin (50ng/mL) or simvastatin (20µM), after an additional 48h, luciferase 

activities were determined by Neolite reagent. 

Effect of leptin and resistin on apoB release 

It has been reported that PCSK9 promotes the production of triglyceride-rich-apolipoprotein-

B lipoproteins (Rashid, Tavori et al. 2014). Thus, we first tested this evidence in our cell-based 

models. A qPCR analysis has been conducted on HepG2 and HepG2PCSK9 cells in order to 

evaluate APOB mRNA expression (fig.21 A) which resulted enhanced in HepG2 PCSK9. Thus, 

PCSK9 gene has been silenced with siRNA anti-PCSK9 and this effect has been abolished (fig.21 

B).  
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Fig.21 APOB expression in HepG2 and HepG2PCSK9 cells. 

Cells were seeded in MEM/10% FBS and the day after incubated with MEM supplemented with 

10% LPDS. After an additional 48h the APOB gene expression was evaluated by qPCR analysis. 

Differences between groups were assessed by Mann withney t test; **p<0.01***p<0.001; 

Wondering whether leptin and resistin play a role in this mechanism, HepG2 cells were 

silenced with siRNA anti-PCSK9 or anti-STAT3 and treated for 48h with leptin (50ng/mL) or 

resistin (50ng/mL). We tested the effect of leptin and resistin treatment upon either siRNA 

anti-PCSK9 or anti-STAT3on the gene expression of APOB and microsomal triglyceride transfer 

protein (MTP), a protein which shuttles TG, CE, and phospholipids from the ER membrane to 

the primordial apoB particle. Without MTP function, underlipidated apoB is subjected to 

proteasomal degradation. Defective or missing MTP function corresponds to a defect in 

assembly and secretion of hepatic and intestinal apoB-containing lipoproteins, VLDL, and 

chylomicrons, leading to fat malabsorption, sub-sequent steatorrhea, and fat-filled 

enterocytes and hepatocytes(Biterova, Isupov et al. 2019). . The 48-h treatment with 50 ng/ml 

leptin significantly increased the APOB and MTP mRNA (fig.22 A-B). Upon silencing of PCSK9 

or STAT3, leptin lost its ability to mediate APOB and MTP gene expression. Similar effects were 

observed with a 48-h treatment with 50 ng/mL resistin, the resistin-driven APOB and MTP 

gene expressions were abolished by silencing of PCSK9 or STAT3 (fig.22 C-D). 
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Fig.22 Leptin and resistin enhance APOB and MTP gene expression. 

A) HepG2 transfected with siRNA anti-STAT3 or siRNA anti-PCSK9 were or were not treated for 

48h with leptin (50 ng/mL) and the APOB gene expression was evaluated by qPCR analysis.B) 

MTP gene expression was evaluated upon transfection with siRNA anti-STAT3 or siRNA anti 

PCSK9 and treatment or not with leptin (50 ng/mL). C) Cells transfected with siRNA anti-STAT3 

or siRNA anti-PCSK9 were or were not treated for 48h with resistin (50 ng/mL) and the APOB 

gene expression was evaluated by qPCR analysis. D) MTP gene expression was evaluated upon 

transfection with siRNA anti-STAT3 or siRNA anti PCSK9 and treatment or not with resistin (50 

ng/mL)Differences between groups were assessed by Kruskal-Wallis non parametric one-way 

ANOVA and Dunn’s post hoc test; *p<0.05 (vs control, namely no leptin or resistin treatment); 

##p<0.01 and ###p<0.001 (vs leptin or resistin treatment). 

A preliminary analysis of ApoB protein expression has been performed on HepG2 cells, 

incubated 48h in MEM 10%LPDS in presence or absence of leptin (50 ng/mL) or resisitin (50 

ng/mL). Cells were seeded in MEM 10%FBS, after 24h the medium was replaced with MEM 
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10% LPDS and leptin (50ng/mL) or resistin (50 ng/mL). After 48h the proteins were extracted, 

and a WB analysis was performed. 

 

Fig.23 Resistin enhance ApoB protein expression.  

HepG2 cells were seeded in MEM/10% FBS and the day after incubated with MEM 

supplemented with 10% LPDS. After an additional 48h in the presence or absence of leptin (50 

ng/mL) or resistin (50 ng/ml) a western blot analysis was performed to evaluate ApoB protein 

expression. Differences between groups were assessed by non parametric one-way ANOVA 

and Dunn’s post hoc test; *p<0.05 

Molecular characterization of mutations causing LPL deficiency 

Post-heparin plasma samples of two patients from the lipid clinic of Vienna were used for 

genetic sequencing and hey found two mutations on LPL gene in each patient. The first patient 

was compound heterozygous for c.680T>C (p.V200A) and c.1139+1G>A (Fig. 24 A). The second 

patient was compound heterozygous for c.953A>G (p.N291S) and c.1019-3C>A (fig. 24 B). 
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Fig.24 Pedigree of 1 (II:1) carrying two heterozygous mutations: c.680T > C (p.V200A) and 

c.1139+1G > A (intron 7 splice site). (B) Family tree of patient 2 (III:2) carrying two heterozygous 

mutations: c.953A > G (p.N291S) and c.1019-3C > A (intron 6 splice site). Open symbols indicate 

no known hyperlipidemia. The half-filled symbols are only by inference. Squares and circles 

represent males and females respectively and filled symbols plus arrows indicate the affected 

individuals. 

Plasma samples were then sent to Gothenbung University where they have been used for LPL 

functional tests. In particular the presence of LPL in post-heparin plasmas of the two patients 

was verified through immunoblotting (fig.25 A), then the activity of the enzyme was tested 

trough the LPL enzymatic assay. In both experiments post-heparin mouse plasma was used as 

positive control as mouse and human LPL amino acidic sequences show 90% homology. 
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Fig 25 Circulating LPL levels and LPL activity in post-heparin plasma from patient 1 and 2. 

(A) Western blotting showing circulating levels of LPL in post-heparin plasma samples from 

patient 1 compound heterozygote forc.680T > C (p.V200A) and c.1139+1G > A(intron 7 splice 

site) and patient 2 compound het-erozygote for c.953A > G (p.N291S) andc.1019-3C > A (intron 

6 splice site). Mouse post-heparin plasma was used as a positive control. Anti-human APOA1 

antibody was used as a loading control. Post-h, post-heparin; kDa, kilodalton; LPL, lipoprotein 

lipase; APOA1, apolipoprotein A1. (B) LPL induced release of radio-labeled oleic acid from 

triolein was measured in post-heparin plasma of patient 1 and 2. Mouse post-heparin plasma 

was used as a positive control. Sodium chloride 1 M (NaCl) was used to inhibit specifically LPL 

activity. 

To dissect the molecular mechanism of these two mutations in the LPL gene, wild type LPL 

cDNA was cloned into pcDNA3.1 expression vector and the two mutants were obtained by in 

situ mutagenesis. Moreover, to ensure the specificity for LPL, at the C-terminus of the protein 

a V5 tag was added. HEK293T/17 cells were transiently transfected with LPL V200A and N291S 

constructs. After 48 h cell culture media were collected and concentrated 10 times, cells were 

harvested and lysate. Cell lysate was used to load a western blot and quantify LPL synthesis 

(fig.26 A). The concentrated media were used to analyse the LPL secretion (fig. 26 A). LPL 

activity was evaluated in concentrated media of cells transfected with wild type or mutant 

plasmids, by LPL enzymatic assay. In the media of cells transfected with LPL V200A was not 

detected any LPL activity, while a strong reduction was found with LPL N291S compared to 

LPL wild type (Fig. 26 C).   
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Fig 26 HEK 293T/17 cells transiently transfected with wild type or mutants LPL (V200Aand 

N291S). 

(A) Western blotting analysis of cell lysates (N = 5). Calnexin was used as loading control. (B) 

Western blotting analysis of cell media (N = 8). Albumin was used as loading control. EV: empty 

vector; WT: wild type; CNX: calnexin; ALB: albumin. P-value was calculated by Mann Whitney 

test, (p= 0.008). (C) LPL activity is absent in the media of HEK 293T/17 cells transfected with 

V200A and N291S LPL. LPL induced release of radiolabeled oleic acid from triolein was 

measured in cell media of HEK 293T/17 cells transiently transfected with wild type, V200A or 
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N291S LPL. Wild-type (WT) LPL medium was used as a positive control. Sodium chloride 1 M 

(NaCl) was used to inhibit specifically LPL activity 

To study whether V200A and N291S mutations influence the dimerization of LPL, post-heparin 

plasma and conditioned media were analysed by western blot in a non-denaturing condition. 

Both mutations did not influence LPL dimerization ex vivo (fig.27 A) and in vitro (fig.27 B). 

Mouse plasma was used as positive control. 

 

 

Fig.27 A non-denaturing Western blot analysis of LPL dimerization in post heparin plasma and 

HEK293 T/17 conditioned media. 

(A) Non-denaturing Western blotting of post-heparin plasma samples from patient 1 

compound heterozygote for c.680T > C (p.V200A) and c.1139+1G > A (intron 7 splice site), 

patient 2 compound heterozygote for c.953A > G (p.N291S) and c.1019-3C > A (intron 6 splice 

site). Mouse post-heparin plasma was used as a positive control. (B) Non-denaturing Western 

blotting of media from cells LPL-V5 tagged mutant compared to the wild type form. EV: empty 

vector; WT: wild type. Ponceau was used as loading control (data not shown). 
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DISCUSSION 

Eighty percent of patients with coronary heart disease are overweight or obese (Ades and 

Savage 2017), but clear determinants of a direct effect of obesity on CV risk has not been 

demonstrated, yet. To address some of these controversies (Lavie, Milani et al. 2009, Carbone, 

Lavie et al. 2017, Carbone and Lavie 2019, Lavie, Ozemek et al. 2019), we have studied 

molecular determinants linking adipokines to CVD. The rationale of performing this study is 

based on four previously reported observations: 1) leptin (Du, Li et al. 2016) and resistin 

(Melone, Wilsie et al. 2012) induce PCSK9 in HepG2 cells; 2) TNF-α induces PCSK9 expression 

in hepatocytes, through the involvement of SREBP-1 and HNF-1 alpha via SOCS3 (Ruscica, Ricci 

et al. 2016); 3) in clinical settings, a positive relationship between apoB-containing 

lipoproteins and PCSK9 has been observed (Cariou, Langhi et al. 2013, Ferri and Ruscica 2016); 

4) in humans, circulating PCSK9 levels and hepatic PCSK9 expression correlate with the gene 

expression of APOB (Ruscica, Ferri et al. 2016). Following our hypothesis relative to a link 

between adipose tissue-derived hormones and CVD (Ruscica, Baragetti et al. 2016), we 

studied this possible link in a  cohort of healthy subjects from the Brisighella Heart Study. A 

positive association between circulating levels of PCSK9 and of leptin was found in patients 

with BMI <25 kg/m2. When the analysis was extended across different degrees of BMI 

(between 25 and 30 Kg/m2 or  30 Kg/m2) the association was lost. This effect may owe to the 

leptin-driven PCSK9 activation which could blunt the association. On the other hand, it is not 

surprisingly the lack of association between resistin and PCSK9; in humans, resistin is produced 

by macrophages and not by adipocytes. However, other studies are required to assess 

whether circulating resistin is a physiologically important determinant of higher PCSK9 

(Kwakernaak, Lambert et al. 2014, Li, Xu et al. 2015). To better understand the effect of leptin 

on PCSK9, we took advantage of a mouse genetic model lacking leptin, the ob/ob mice, in 

which we found a significant lower hepatic PCSK9 gene expression compared to wildtype mice, 

thus suggesting that leptin may play a role in PCSK9 hepatic expression. However, it has been 

reported that ob/ob mice treated with leptin through a subcutaneous osmotic pump, showed 

a decrease in hepatic PCSK9 as well as on the activity of SREBPs. The authors reported a sexual 

dichotomy, with a decrement in SREBPs activity but not in PCSK9 expression. These 

controversial results may be due to differences in the experimental paradigm i.e male mice. 

Further experiments are required to understand the link between leptin and PCSK9 in vivo. To 
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dissect out the molecular mechanism of our in vivo findings, HepG2 cells were used as in vitro 

model. First finding is that leptin (50ng/mL) and resistin (50ng/mL) increased PCSK9 mRNA 

expression of about 95% and 115% respectively, with a trend to significance in promoting 

PCSK9 protein expression in line with literature data (Melone, Wilsie et al. 2012, Du, Li et al. 

2016). This evidence corroborates the finding that inflammation regulates PCSK9 expression, 

as in the same cell model, TNFα through SOCS3 increases PCSK9 gene and protein expression 

(Ruscica, Ricci et al. 2016). Wondering to dissect out the mechanisms involved in this 

adipokine-driven PCSK9 activation, the transcriptional activity of PCSK9 promoter has been 

studied. Since PCSK9 transcription is controlled through cis-regulatory elements embedded in 

the proximal promoter region of PCSK9 gene where the Sp1 sites, SRE and HNF-1 are located 

(Ferri, Corsini et al. 2016), we utilized a PCSK9 promoter luciferase reporter plasmid containing 

mutations for both SRE and HNF responsive elements. Upon leptin and resistin treatment, in 

HepG2 cell lines transfected with a plasmid carrying the PCSK9 promoter containing a 

mutation in HNF-1 motif, a significant increment in luciferase activity was found. Conversely, 

no changes were found when a mutation in SRE motif was inserted. Relative to this latter 

evidence, our data are in line with findings demonstrating that, at gene transcriptional level, 

PCSK9 synthesis is largely controlled by transcription factor families sterol regulatory element 

(Ganie, Dhingra et al.)-binding proteins (SREBPs) (Careskey, Davis et al. 2008, Jeong, Lee et al. 

2008). When the involvement of HNF-1 is considered, our findings are in contrast with 

evidence reporting how HNF-1 alpha plays a key role in the control of PCSK9 gene transcription 

in liver tissue of hamster species (Dong, Singh et al. 2017), C57Bl/6 mice (Shende, Wu et al. 

2015) or in hepatic cells (Li, Dong et al. 2009). However, since it is demonstrated that, in the 

same cell-based model, the PCSK9 transcriptional activity happens also in the presence of a 

mutation in HNF-1 motif (Ruscica, Ricci et al. 2016), such a difference might be related to the 

experimental conditions. As described above, PCSK9 is regulated through the involvement of 

the inflammatory pathway (Ruscica, Ricci et al. 2016), thus, the present project explored 

whether proinflammatory adipokines, e.g. leptin and resistin, activate PCSK9 through the 

involvement of the inflammatory pathway STAT3. After confirming that leptin or resistin 

increased STAT3 expression, STAT3 gene was transiently silenced and PCSK9 expression was 

re-evaluated we found that STAT3 was mandatory for PCSK9 activation. The subsequent step 

was to investigate the role of STAT3 in PCSK9 transcriptional activity. Using JASPAR database, 

2,000 bp upstream the start codon of PCSK9 promoter have been analysed and the sequence 
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was scanned for human STAT3 sequence binding profile. Even though the in silico data are 

promising, no differences in promoting PCSK9 transcriptional activity were found between the 

two constructs. Because the analysis of PCSK9 promoter sequence with JASPAR database 

identified other two putative STAT3 DNA-binding sites, further experiments are required to 

better investigate the role of STAT3 in PCSK9 transcription. Indeed, the understanding of the 

physiological regulation of PCSK9 expression at transcriptional level remains incomplete. 

PCSK9 is not only involved in LDL-C regulation but also in TG metabolism (Roubtsova, 

Munkonda et al. 2011). Elevated plasmatic levels of TG are reported in patients with gain of 

function (GOF) mutations in PCSK9 gene (Qiu, Zeng et al. 2017). By contrast, in patients 

carrying loss of function (LOF) mutations, LDL-C reduction associates with reduced fasting and 

post-prandial TG levels (Verbeek, Boyer et al. 2017). In addition, it has also been reported that 

PCSK9 increases the production of apoB, possibly through the inhibition of intracellular apoB 

degradation via the autophagosome/lysosome pathway(Rashid, Tavori et al. 2014). In obese 

subjects, with higher levels of proinflammatory adipokines, most often, the rise of TG and 

apoB-containing lipoproteins has been associated to an increment in CVD risk (Lavie, Milani et 

al. 2009). This evidence has been tested in our cellular models (HepG2 and HepG2PCSK9) 

showing that cells overexpressing PCSK9 have increased APOB mRNA levels. HepG2 cells were 

incubated with leptin (50ng/mL) or resistin (50ng/mL) and APOB and MTP mRNA expressions 

were raised. s These effects were abolished by siRNA anti-STAT3 and siRNA anti-PCSK9 

highlighting the concept that STAT3-driven PCSK9 expression is required for a proper APOB 

and MTP expression. Indeed,defective or missing MTP function corresponds to a defect in 

assembly and secretion of hepatic and intestinal apoB-containing lipoproteins, VLDL, and 

chylomicrons, leading to fat malabsorption, sub-sequent steatorrhea, and fat-filled 

enterocytes and hepatocyte However, a preliminary analysis of apoB protein expression after 

leptin and resistin treatments revealed significance only after 48h of treatment with resistin 

(50ng/mL). Further experiments are required to verify the effect of leptin.  

To further dissect out the role of PCSK9 on TG metabolism, I took the opportunity to work 

with DNA of two carriers of LOF mutations in LPL gene which strongly affect TG metabolism. 

We believe that the model used could be of interest to study the effect of mutation on PCSK9 

gene since LOF mutation in PCSK9 gene are characterized by a -26% decrease in PCSK9 

secretion whereas GOF mutations although responsible for an altered lipid profile, do not 

change PCSK9 circulating levels. Concerning the characterization of LPL mutations, the model 
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we used allowed to discriminate between hypertriglyceridemia associated to a loss of 

functionality or an impaired synthesis. 
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CONCLUSION 

This project provided evidence of a direct relationship between leptin and resistin and PCSK9. 

A positive correlation between PCSK9 and leptin circulating levels was found, a result in line 

with previous evidence of a direct association between these two parameters (Kwakernaak, 

Lambert et al. 2014); conversely, the hypothesis of circulating resistin being a determinant of 

PCSK9 levels needs to be further explored (Kwakernaak, Lambert et al. 2014, Li, Xu et al. 2015). 

In ob/ob mice, genetically lacking leptin, there is a strong hepatic suppression of PCSK9. 

Conversely, in C57BL6J mice fed 12 weeks high fat diet there is a rise in serum leptin and 

hepatic expression of PCSK9. The interplay between leptin and resistin and PCSK9 appears to 

be dependent on the activation of the inflammatory pathway JAK/STAT and provides a basic 

molecular mechanism for the link between low-grade inflammation and dyslipidemia 

observed in obese subjects. Studies on the PCSK9 promoter activity demonstrated that SRE 

motif plays a pivotal role in PCSK9 promoter activity. The absolute requirement of PCSK9 for 

the leptin and resistin-driven induction of APOB and MTP genes, involved in hepatic 

lipogenesis, is in agreement with the recent observation that the PCSK9 inhibitors decreased 

the production rate of  LDL apoB by 23.9% (Reyes-Soffer, Pavlyha et al. 2017).   
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FUTURE PERSPECTIVES  

All the findings obtained with gene expression experiments need to be confirmed with protein 

expression and further experiments are required to better investigate the role of STAT3 in 

PCSK9 transcription. Although we found that the induction of APOB and MTP driven by 

adipokines requires PCSK9 is needed, this mechanism still needs to be fully addressed in an in 

vivo setting. In the context of metabolic dysregulation, peroxisome proliferator-activated 

receptors (PPARs) are other important players that can be of interest; it has been 

demonstrated that in HepG2 cells, adiponectin through Adipo R1 increases PCSK9 expression 

(Sun, Yang et al. 2017 ) with the involvement of AMPK and PPAR-γ pathways. Thus it would be 

of interest to study whether leptin and resistin could act through PPAR-γ since it is mainly 

expressed in adipocytes (brown and white) and plays a major role in cell differentiation and 

energy metabolism (Chawla, Schwarz et al. 1994) (Botta, Audano et al. 2018).   
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