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Abstract 83 

PCSK9 is a serine protease that regulates plasma levels of low-density lipoprotein (LDL) 84 

and cholesterol by mediating the endolysosomal degradation of LDL receptor (LDLR) in the liver. 85 

When PCSK9 functions unchecked, it leads to increased degradation of LDLR, resulting in 86 

elevated circulatory levels of LDL and cholesterol. This dysregulation contributes to lipid and 87 

cholesterol metabolism abnormalities, foam cell formation, and the development of various 88 

diseases, including cardiovascular disease (CVD), viral infections, cancer, and sepsis. Emerging 89 

clinical and experimental evidence highlights an imperative role for PCSK9 in metabolic 90 

anomalies such as hypercholesterolemia and hyperlipidemia, as well as inflammation, and 91 

disturbances in mitochondrial homeostasis. Moreover, metabolic hormones – including insulin, 92 

glucagon, adipokines, natriuretic peptides, and sex steroids - regulate the expression and 93 

circulatory levels of PCSK9, thus influencing cardiovascular and metabolic functions. In this 94 

comprehensive review, we aim to elucidate the regulatory role of PCSK9 in lipid and cholesterol 95 

metabolism, pathophysiology of diseases such as CVD, infections, cancer, and sepsis, as well as 96 

its pharmaceutical and non-pharmaceutical targeting for therapeutic management of these 97 

conditions. 98 

Keywords: PCSK9, Lipid and Cholesterol Metabolism, Metabolic Hormones, Inflammation, 99 

Cardiovascular Disease (CVD), Atherosclerosis, Clinical Trials.  100 

 101 

Significance Statement: 102 

PCSK9 is a promising target for reducing excessive serum LDL levels. This review offers 103 

comprehensive guidance on pharmacological strategies aimed at specifically targeting PCSK9 to 104 
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lower circulatory LDL, thereby alleviating hypercholesterolemia, atherosclerosis, and related 105 

diseases.  106 

Abbreviations: 107 

ABCA1, ATP binding cassette subfamily A member 1; ACE2, angiotensin converting 108 

enzyme 2; ADAM10, ADAM metallopeptidase domain 10; ADAM17, ADAM metallopeptidase 109 

domain 17; AMPK, AMP-activated protein kinase; AnxA2, annexin A2; APLP2, amyloid 110 

precursor-like protein 2; ApoE, apolipoprotein E; ApoER2, apolipoprotein E receptor 2; ARH, 111 

autosomal recessive hypercholesterolemia; ASGPR, asialoglycoprotein receptor; ATM, ATM 112 

serine/threonine kinase; cAMP, cyclic adenosine monophosphate; Cas9, CRISPR associated 113 

protein; CD36, CD36 molecule; CD40L, CD40 ligand; CETP, cholesteryl ester transfer protein; 114 

ChREBP, carbohydrate response element binding protein; CRISPR, clustered regularly 115 

interspaced short palindromic repeats; E2F1, E2F transcription factor 1; EGF-A, epidermal growth 116 

factor; EPAC2, exchange protein directly activated by cAMP 2; FAM20C, FAM20C golgi 117 

associated secretory pathway kinase; FOXO3, forkhead box O3; GCGR, glucagon receptor; 118 

GPER, G protein-coupled estrogen receptor; GRP94, glucose-regulated protein 94; HINFP, 119 

histone H4 transcription factor; HMGCR, 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase; 120 

HNF1α, hepatocyte nuclear factor-1 alpha; hs-CRP, high-sensitivity C-reactive protein; HSP25, 121 

heat shock protein 25; HSP27, heat shock protein 27; ICAM-1, intercellular adhesion molecule 1; 122 

IFN-γ, interferon gamma; IFPT,  immunogenic fused PCSK9-tetanus; IgG, immunoglobulin G; 123 

IgG1, immunoglobulin G1; IκBα, nuclear factor of kappa light polypeptide gene enhancer in B-124 

cells inhibitor, alpha; IL-1β, interleukin 1 beta; IL-6, interleukin 6; IL-10, interleukin 10; IL-17, 125 

interleukin 17; INSR, insulin receptor; IRF7, interferon regulatory factor 7; KLH, keyhole limpet 126 

hemocyanin; LKB1, liver kinase B1; LNA, locked nucleic acid; LRP5, LDL receptor related 127 
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protein 5; LRPAP1, LDL receptor related protein associated protein 1; MAPK14, mitogen-128 

activated protein kinase 14; MCP-1, monocyte chemoattractant protein-1; MHC, major 129 

histocompatibility complex; MHC-I, major histocompatibility complex class I; NF-κB, nuclear 130 

factor kappa B; NLRP3, nucleotide-binding domain, leucine-rich–containing family, pyrin 131 

domain–containing-3; Nox2, NADPH oxidase 2; NPAT, nuclear protein, coactivator of histone 132 

transcription; PDCD1/PD-1, programmed cell death 1; PKA, protein kinase A; RAP1A, member 133 

of RAS oncogene family; ROS, reactive oxygen species; SARS-CoV-2, severe acute respiratory 134 

syndrome coronavirus 2; S1P, sphingosine-1-phosphate; S100A10, S100 calcium-binding protein 135 

A10; SIRT1, sirtuin1; SIRT6, sirtuin 6; SREBF1, sterol regulatory element binding transcription 136 

factor 1; SREBF2, sterol regulatory element binding transcription factor 2; SREBP1, sterol 137 

regulatory element-binding protein 1; SREBP2, sterol regulatory element-binding protein 2; 138 

STAT3, signal transducer and activator of transcription 3; STING, stimulator of interferon genes; 139 

TCR, T-cell receptor; TLR3, Toll-like receptor 3; TLR4, toll-like receptor 4; TNF-α, tumor 140 

necrosis factor alpha; TRRAP, transformation/transcription domain associated protein; VEGF, 141 

vascular endothelial growth factors; VLDL, very-low-density lipoprotein. 142 

 143 

 144 

145 
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Introduction 146 

Proprotein convertase subtilisin/kexin type 9 (PCSK9) is a positive regulator of circulatory 147 

low-density lipoprotein (LDL) and cholesterol, first identified nearly two decades ago [1-3]. 148 

Although PCSK9 is produced by multiple organs including brain, kidney, and small intestine, the 149 

liver serves as the primary site in human and other primates [4]. Similar to chaperones, PCSK9 150 

binds to the LDL receptor (LDLR) on hepatocytes, facilitating its endocytic internalization and 151 

endolysosomal degradation. This process ultimately depletes LDLRs from the hepatocyte cell 152 

membrane [5]. As a result, hepatocytes fail to uptake circulatory LDL, leading to its accumulation 153 

in the blood, causing hypercholesterolemia associated with foam cell formation and development 154 

of atherosclerosis [6]. Indeed, PCSK9 is associated with both atherogenesis and cancer progression 155 

[7]. Although this will be discussed in greater detail in the sections below, it is important to note 156 

that elevated plasma levels of PCSK9 correlate with increased cholesterol levels, thereby 157 

heightening the risk of plaque formation and atherosclerosis [7]. Conversely, PCSK9 can bind to 158 

surface antigens on cancer cells, facilitating their lysosomal degradation. This process reduces 159 

their visibility to immune cells, contributing to tumor progression [7]. A growing body of clinical 160 

and experimental evidence has confirmed a link between hepatic production of PCSK9 and 161 

pathophysiology of CVD [8, 9]. Conversely, certain therapeutics can lower hypercholesterolemia 162 

and CVD risk by targeting PCSK9. In this in-depth review, we will delineate the biology and 163 

regulation of PCSK9, impact of metabolic hormones and transcription factors, as well as its 164 

regulatory role in lipid and cholesterol metabolism. Pro-inflammatory circuitries involving PCSK9 165 

in the development of atherosclerosis, as well as clinical implication of PCSK9 in various subsets 166 

of diseases, in particularly, CVD will be thoroughly discussed. Finally, we will lay out therapeutic 167 

avenues for clinical management of metabolic diseases through regulation and targeting of PCSK9. 168 
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 169 

PCSK9: biology and function  170 

PCSK9 is a circulatory enzyme predominantly produced by the liver and positively 171 

regulates circulatory levels of LDL through degradation of LDL receptor (LDLR), which serves 172 

as a LDL sink [10-13]. Therefore, serum concentrations of PCSK9 closely correlate with 173 

circulatory levels of LDL and cholesterol [14]. PCSK9 is synthesized in the endoplasmic reticulum 174 

(ER) as a 692 amino-acid preproprotein comprising a C-terminal Cys/His-rich domain (amino 175 

acids 453-692), a hinge region (amino acids 405-452), a catalytic domain (amino acids 153-404), 176 

a pro-domain (amino acids 31-152), and an N-terminal signal peptide (amino acids 1-30) (Fig 1, 177 

2) [11, 15]. Autocatalytic cleavage of PCSK9 in the ER splits the propeptide (up to residue 152) 178 

and the mature Asn-glycosylated PCSK9 protease [11, 16]. Hence, autocatalytic activity is a pre-179 

requisite for PCSK9 release from the ER. Subsequently, the mature PCSK9 protein and propeptide 180 

bind and form an inactive heterodimer transiting through the Golgi apparatus prior to its secretion 181 

into the extracellular matrix (ECM) [17]. Finally, the heterodimer binds to LDLR thus eliciting its 182 

endocytosis via clathrin-coated vesicles and ultimate degradation in endolysosomes (Fig 2) [18, 183 

19]. On mechanistic ground, protease domain of PCSK9 binds to EGF-Adomain of LDLR under 184 

acidic milieu in endolysosomes, causing proteolysis of PCSK9-LDLR complex [15, 20]. Upon 185 

PCSK9 secretion into the ECM, PCSK9 N-terminal prodomain containing acidic amino acids 186 

tightly binds to basic amino acids of catalytic M1-subdomain, rendering autoinhibition in protease 187 

activity of PCSK9 [21, 22]. In extrahepatic tissues, annexin A2 inhibits protease activity of PCSK9 188 

by binding to C-terminal M1/M3 subdomains [23, 24]. Hence, PCSK9 primarily acts as a protease 189 

during its autocatalytic processing in the ER, and secreted mature PCSK9 is attached with the 190 

inhibitory prodomain [11, 25]. PCSK9 prodomain also facilitates the binding of PCSK9 to LDL 191 



8 
 

cholesterol (LDLc) in the plasma [26-28]. Additionally, the M2 subdomain is critical for directing 192 

the PCSK9-LDLR complex toward lysosomal degradation, likely through extracellular interaction 193 

between the M1/M3 subdomains and the acidic prosegment of PCSK9 with CAP1 protein [29, 194 

30]. Furthermore, APLP2 protein binds to the C-terminal domain of PCSK9, promoting either its 195 

solo endocytosis or that of the PCSK9-LDLR complex for subsequent lysosomal degradation [31]. 196 

Of note, there is a some uncertainty regarding the roles of sortilin and APLP2 in regulating PCSK9 197 

[32]. Intriguingly, non-enzymatic formation of the PCSK9-LDLR complex can occur either at the 198 

cell surface or within the Golgi apparatus [33] (Fig 2). Within cells, PCSK9 can interact with 199 

LDLR in the trans-Golgi site before directing it for lysosomal degradation [33, 34]. Alternatively, 200 

circulatory PCSK9 reaches the liver, where it binds to the EGF-A domain of LDLR on the cell 201 

surface. In the liver, this extracellular binding mode is quantitatively more prominent than the 202 

intracellular PCSK9-LDLR interaction. The cell surface biding mode requires ARH adaptor 203 

protein that binds to cytoplasmic LDLR motif thus pulling it into clathrin-coated vesicles [33, 35] 204 

(Fig 2). Hence, ARH deficiency prevents LDLR degradation by blocking internalization of 205 

PCSK9-LDLR complex [36]. However, the intracellular binding modality does not require ARH 206 

for LDLR degradation [37]. Other than LDLR, PCSK9 can bind to and promote degradation of 207 

very-low-density lipoprotein receptor (VLDLR), ApoER2, and CD36 [38, 39]. However, a higher 208 

concentration of PCSK9 is required to interact with these receptors [40]. VLDLR, which contains 209 

an EGF-A domain similar to LDLR, is predominantly expressed in the heart and adipocytes [38]. 210 

Intracellular PCSK9 inhibits visceral adipogenesis by regulating VLDLR levels [41]. LRP1, which 211 

uptakes apolipoprotein B (ApoB) remnants similar to LDLR [42], has also been shown to be 212 

degraded by PCSK9 in cell culture models [42]. ApoB100 serves as the main protein constituent 213 

of LDL, possessing positive charges that facilitate LDL-LDLR binding and subsequent 214 
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endocytosis [43]. Thus, PCSK9-mediated degradation of LRP1 leads to increased levels of 215 

circulatory LDL and a heightened risk of hypercholesterolemia [44].  216 

 217 

PCSK9 regulation: role of transcription factors 218 

SREBP2/SREBF2 is a transcription factor that mediates transcriptional regulation of a 219 

subset of cholesterol metabolism genes such as LDLR and PCSK9 [45]. SREBP2 is the primary 220 

downstream transactivator of PCSK9 gene incorporating a sterol-regulatory element (SRE) in its 221 

promoter [34, 46]. HNF1α is a liver-sessile transcription factor that binds to the HNF1 site of 222 

PCSK9 promoter in proximity of the SRE, causing its upregulation [47-49] (Fig 2). HINFP 223 

transcription factor also binds to PCSK9 promotor between HNF1 and SRE sites to transactivate 224 

PCSK9 [50]. On mechanistic ground, a combination of HINFP and NPAT (a cofactor of HINFP) 225 

and TRRAP (a cofactor of histone acetyltransferases) upregulates PCSK9 expression by mediating 226 

acetylation of histone H4 in the promoter [50]. Conversely, histone deacetylase SIRT6 negatively 227 

regulates PCSK9 expression through deacetylation of histone H3 in PCSK9 promoter. To this end, 228 

liver-specific ablation of SIRT6 upregulates PCSK9 expression [51]. In addition, SIRT6 and 229 

FOXO3 suppress liver expression of SREBF2, thereby downregulating PCSK9 expression [52]. 230 

Importantly, fasting promotes LDLc clearance from the plasma through activation of SIRT6 and 231 

FOXO3 and downregulation of PCSK9 expression in the liver [51] (Fig 2).    232 

   233 

PCSK9 regulation: role of metabolic hormones and diets 234 

Insulin and glucagon 235 
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Insulin resistance and type-2 diabetes mellitus contribute significantly to the 236 

pathophysiology of CVD [53]. In mice, high carbohydrate intake upregulates PCSK9 expression, 237 

while fasting for 24 hours drastically downregulates both PCSK9 gene and protein expression [54]. 238 

In mouse livers, insulin upregulates PCSK9 expression through the activation of SREBP1/SREBF1 239 

transcription factor, independent of glucose metabolism. These findings suggest that a 240 

carbohydrate-rich diet and hyperinsulinemia regulate PCSK9 expression. Thus, it is reasonable to 241 

speculate that appropriate fasting or addressing hyperinsulinemia might help restrain PCSK9 242 

expression, thereby reducing serum LDLc level and prevent CVD. Consistently, insulin 243 

upregulates PCSK9 and LDLR degradation through upregulation of SREBP1, while INSR 244 

(encoding insulin receptor) deficiency induces PCSK9 downregulation in rat hepatocytes [55]. In 245 

mouse −cells, PCSK9 deficiency does not influence insulin secretion or islet content of 246 

cholesterol, indicating that PCSK9 inhibition may not exacerbate diabetes [56-58] Moreover, the 247 

absence of hepatocyte-produced PCSK9 – targeted by anti-PCSK9 monoclonal antibodies - does 248 

not impair insulin secretion or pancreatic β-cell function, suggesting no indirect pro-diabetic side 249 

effects [59]. However, mendelian randomization studies indicate that PCSK9 loss-of-function 250 

(LOF) variants can reduce serum LDLc while increasing fasting glucose levels and the risk of type 251 

2 diabetes [58]. Therefore, clinical trials involving PCSK9 inhibition should address potential 252 

safety concerns related to diabetes risk. In mice, pancreas-deficiency of PCSK9 induces defects in 253 

insulin secretion and modulates cholesterol content and LDLR expression in pancreatic β-cells 254 

both in vitro and in vivo [60]. Furthermore, PCSK9 knockdown affects the secretome, proteome, 255 

and transcriptome, enhancing insulin secretion in human pancreatic β-cell line EndoC-βH1 [61]. 256 

Interestingly, neither genetic ablation nor alirocumab-mediated inhibition of PCSK9 notably 257 
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affects insulin secretion from EndoC-βH1 cells, countering concerns about diabetes risk following 258 

PCSK9 inhibition [62]. These controversies highlight the need for further research and exploration.  259 

Glucagon is another pancreatic hormone that plays a crucial role in glucose and cholesterol 260 

metabolism [63]. Emerging evidence suggests that activation of hepatic GCGR signaling regulates 261 

PCSK9 levels and cholesterol homeostasis [64]. In mice, genetic ablation of hepatic GCGR 262 

upregulates PCSK9, resulting in reduced LDLR and elevated circulating LDLc. Furthermore, 263 

glucagon regulates PCSK9 homeostasis and degradation via downstream EPAC2 and RAP1 264 

proteins [64]. Collectively, these data denote that glucagon promotes PCSK9 degradation and 265 

shortens its half-life through activation of GCGR-EPAC2-RAP1 signaling. In this sense, GCGR 266 

activation might be envisaged for PCSK9 downregulation and reduction in circulatory LDLc [64]. 267 

 268 

Estrogen 269 

Estrogen likely accounts for the “female advantage” in cardiovascular health by preventing 270 

atherosclerosis and CVD through suppression of inflammatory responses [65]. It is hypothesized 271 

that estrogen levels may correlate with PCSK9 and plasma levels of LDLc. To examine this 272 

hypothesis, fasting blood samples were collected from 189 healthy male and 206 healthy female 273 

participants to assess circulatory levels of 17β-estradiol/estradiol (E2) and PCSK9. Results 274 

indicated that PCSK9 levels in postmenopausal women are higher than those of their male 275 

counterparts and premenopausal females, leading to elevated levels of LDLc and CVD prevalence. 276 

Conversely, PCSK9 levels are reduced and inversely correlated with estrogen levels in 277 

premenopausal women [66], suggesting that estrogen levels negatively regulates PCSK9. 278 

However, a study involving a large diverse population found that PCSK9 levels are remarkably 279 



12 
 

higher in postmenopausal than premenopausal women, seemingly independent of estrogen [67]. 280 

Furthermore, in L02 cells, the red wine polyphenol resveratrol blocks SREBF1 expression through 281 

activation of ERα (estrogen receptor alpha), thereby suppressing PCSK9 expression [68]. This 282 

indicates that estrogen may modulate PCSK9 expression through ERα signaling [68]. Given that 283 

ERα-SREBF1 axis plays a regulatory role in PCSK9 expression, activating ERα signaling could 284 

be a new therapeutic paradigm for inhibition of PCSK9 expression. Testosterone does not 285 

modulate circulatory levels of PCSK9 in men, while E2 levels are inversely correlated with PCSK9 286 

levels in women [69]. E2 is believed to trigger receptor-mediated clearance of PCSK9 rather than 287 

direct modulation of PCSK9 expression [69]. In HepG2 cells, E2 prevents LDLR degradation by 288 

PCSK9 through activation of GPER, which is closely linked to estrogen-receptor signaling [70]. 289 

Therefore, pharmaceutical inhibition or genetic ablation of GPER and estrogen-receptor signaling 290 

might prevent LDLR degradation and lower circulatory LDLc. However, a controversial study 291 

enrolling 727 healthy elderly women has refuted a link between estrogen and elevated PCSK9 292 

levels in the elderly [71]. Based on this finding, physiological levels of E2 do not modulate PCSK9 293 

expression in cultured human hepatocytes [71]. On the other hand, endogenous estrogen induces 294 

hepatic maintenance of LDLRs through post-transcriptional modifications, thereby reducing 295 

circulatory levels of PCSK9 and LDLc [72]. Collectively, these observations indicate that estrogen 296 

tends to avert LDLR degradation via hepatic suppression of PCSK9 expression. In response to E2, 297 

female ovariectomized PCSK9 knockout (KO) mice maintain cholesterol synthesis but release 298 

excess LDLR into plasma likely owing to enhanced activity of ADAM17/ADAM10 proteins [73]. 299 

Similarly, in female mice under PCSK9 monoclonal antibody (mAb) treatment, excess LDLR 300 

appears in plasma [73]. These findings denote that PCSK9 deficiency promotes LDLR levels in 301 
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female and male mice in a different manner, thus explaining the comparatively low efficiency of 302 

PCSK9-mAb in females [74]. 303 

 304 

Adipokines: leptin and resistin 305 

Leptin is an adipokine primarily produced by adipocytes. In the context of adipose tissue 306 

damage, the release and production of leptin are altered, contributing to CVD [75]. To uncover the 307 

impact of leptin on hepatic expression of PCSK9 and LDLR, HepG2 cells are treated with human 308 

recombinant leptin. This treatment results in the upregulation of PCSK9 and HNF1α expression 309 

and the downregulation of LDLR through activation of MAPK14 [76]. These observations suggest 310 

that leptin contributes to dyslipidemia and elevated circulating LDLc via activation of the 311 

MAPK14-HNF1α-PCSK9 signaling. Hence, increased levels of adipokines in obesity may imperil 312 

cardiovascular health. Therefore, inhibition of MAPK14 signaling through pharmaceutical/genetic 313 

measures might reduce PCSK9 expression. Thus far, numerous efforts have been allocated for the 314 

development of MAPK14 inhibitors [77]. In this sense, a pyrazole derivative compound 1 has a 315 

promising potential for inhibition of MAPK14 [78]. However, compound 1 is less appreciated due 316 

to its unfavorable cell membrane permeability [78]. Hence, pharmacodynamic and 317 

pharmacokinetic optimizations may yield more desirable analogues [78]. Compound 5 is another 318 

inhibitor of MAPK14 belonging to imidazole family with optimized aqueous solubility [79]. 319 

Furthermore, bisamide derivatives such as compound 9 inhibits MAPK14 by competing with ATP 320 

and preventing its binding to MAPK14 [80]. Despite challenges for clinical application of these 321 

compounds, pharmaceutical targeting of MAPK14 for suppression of PCSK9 expression seems to 322 

be a promising strategy, pending on advances in drug development and application in clinical 323 

settings. In HepG2 cells, both leptin and resistin upregulate PCSK9 expression and protein through 324 
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phosphorylation/activation of STAT3 [81]. Hence, targeting STAT3 signaling could be a valuable 325 

strategy for the regulation of PCSK9 expression in the liver. Besides, balanced levels of adipokines 326 

seem to be cardioprotective due to regulation of PCSK9 levels. Other than these, metreleptin 327 

therapy (a recombinant leptin analog) ameliorates metabolic alterations in patients with 328 

lipodystrophy syndromes [72]. Another piece of evidence suggests that metreleptin therapy 329 

reduces serum LDLc by reducing PCSK9 levels in female lipodystrophy patients [82]. In a cohort 330 

of monogenic lipodystrophies patients, one-year metreleptin therapy has been shown to plummet 331 

circulatory levels of PCSK9 and ApoB-containing lipoproteins (e.g., LDL) [83].  332 

Atrial natriuretic peptide  333 

The heart, brain, and other organs release natriuretic peptides to activate homeostatic 334 

regulation during disturbances in cardiovascular homeostasis [84]. Human adipocytes participate 335 

in lipoprotein metabolism, yet it is unclear how PCSK9 and LDLR are regulated in these cells 336 

[85]. Visceral adipose tissue is associated with PCSK9 expression, and increased body mass index 337 

(BMI) has been shown to promote PCSK9 upregulation in this tissue [85]. In cultured model of 338 

human visceral adipocytes, insulin upregulates SREBF1, SREBF2, LDLR, and PCSK9, while atrial 339 

natriuretic peptide (ANP) downregulates PCSK9 and prevents LDLR degradation [85]. Hence, 340 

human adipocytes express PCSK9, which is further upregulated by insulin. However, natriuretic 341 

peptides, such as ANP, inhibit PCSK9 expression, contributing to LDLc reduction and overall 342 

cardiovascular health. 343 

PCSK9 in cholesterol metabolism: therapeutic opportunities for cardiovascular health 344 

Timely clearance of plasma LDL through hepatic LDLRs is vital for cardiovascular health 345 

(Fig 3). Multiple pieces of evidence suggest a regulatory role of PCSK9 in cholesterol metabolism 346 
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via ApoB [86]. As a positively charged component of LDL, ApoB100 promotes LDL binding to 347 

LDLR, hence facilitating LDL endocytosis [43]. In the ECM, ApoB100 binds to negatively 348 

charged proteoglycans and capture LDL from circulation. However, LDL retention in the ECM 349 

induces its oxidation and internalization into macrophages through scavenger receptors, 350 

ultimately, resulting in foam cell formation [87]. Of note, transgene-enforced overexpression of 351 

PCSK9 increases plasma levels of ApoB100, triacylglycerol, cholesterol, and LDL regardless of 352 

LDLR levels [88]. From a mechanistic viewpoint, the intracellular interplay between PCSK9 and 353 

ApoB100 averts autophagosomal and lysosomal degradation of ApoB100, hence promoting its 354 

secretion, which increases plasma levels of LDL [88]. These findings suggest the promises of 355 

PCSK9 inhibition as a new therapeutic paradigm in hypercholesterolemia, a key independent risk 356 

factor for CVD. ABCA1 participates in the formation of pre-β-HDL (high-density lipoprotein) by 357 

transferring cholesterol to ApoA-I (apolipoprotein A-I) [89]. PCSK9 contributes to 358 

hypercholesterolemia and foam cell  formation through modulation of ABCA1 [90]. In mouse 359 

peritoneal macrophages, PCSK9 inhibits ABCA1-mediated cholesterol transfer through 360 

downregulation of ABCA1 expression and protein, thereby promoting atherogenesis by preventing 361 

HDL formation (antiatherogenic cholesterol) [91]. These findings demonstrate a cardinal role of 362 

PCSK9-ABCA1 pathway in progression of hypercholesterolemia and deviation of cholesterol 363 

metabolism. Interestingly, caffeine is linked to hypercholesterolemia by promoting histone 364 

acetylation and upregulation of cholesterol-synthesis genes mainly through modulation of cAMP-365 

PKA pathway and SIRT1 expression [92]. In addition, caffeine reduces plasma PCSK9 and 366 

upregulates LDLR expression [93]. In a cohort study of healthy participants, caffeine analogs with 367 

improved potency have been developed to decrease PCSK9 levels [93]. From a mechanistic 368 

viewpoint, caffeine increases the ER content of Ca2+ which deactivates SREBP2, leading to 369 
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downregulation of PCSK9 [93]. These observations imply that the ER Ca2+ level regulates 370 

cholesterol metabolism and modulates SREBP2-PCSK9-LDLR axis, thereby minimizing CVD 371 

risk. Besides, the ER-residing chaperone GRP94 binds to C-terminal domain of PCSK9 to prevent 372 

LDLR degradation in the ER[94]. In mice, GRP94 ablation elicits PCSK9-mediated LDLR 373 

degradation, thereby enhancing plasma levels of LDLc [94]. Similar to caffeine, metformin 374 

administration remarkably lowers serum levels of PCSK9 and cholesterol via downregulation of 375 

PCSK9, resulting in upregulation of hepatic LDLR in mice and human hepatocytes in vitro [95]. 376 

Indeed, metformin suppresses the expression, activation, and nuclear translocation of ChREBP 377 

transcription factor that positively regulates PCSK9 expression (Fig 2). As a result, PCSK9 mRNA 378 

declines and increases LDLR production and secretion thus reducing circulatory LDLc [95]. These 379 

findings suggest that ChREBP may merit therapeutic targeting for the prevention of CVD. 380 

Nonetheless, hypocholesterolemic response of metformin is far from being validated [96]. E2F1 381 

is yet another transcription factor regulating cholesterol homeostasis and metabolism. In mice, 382 

liver ablation of E2F1 promotes LDL uptake through downregulation and upregulation of PCSK9 383 

and LDLR, respectively (Fig 2). Mechanistically, E2F1 transactivates PCSK9 by binding to its 384 

promoter [97]. Moreover, E2F1 deletion leads to liver fibrosis by inducing aberrant accumulation 385 

of hepatic cholesterol [97]. These results unveil a novel regulatory role of E2F1-PCSK9 axis in 386 

cholesterol metabolism and cardiovascular health.  387 

 388 

PCSK9 in atherosclerosis: Role of inflammation 389 

High levels of circulatory cholesterol and chronic inflammation promote the development 390 

of atherosclerosis as the leading cause of CVD [98]. Far beyond LDLR degradation, PCSK9 391 

potentiates atherosclerosis through mechanisms involving proinflammatory responses and 392 
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associated regulation [99]. In mice, immunohistochemical analysis has detected PCSK9 proteins 393 

in atherosclerotic lesions, driving vascular inflammation and disease progression [99]. 394 

Macrophage overexpression of PCSK9 induces IκBα phosphorylation and degradation, NF-κB 395 

activation, and upregulation of proinflammatory factors such as TLR4  [99]. Conversely, PCSK9 396 

deletion reduces macrophage numbers and downregulates pro-inflammatory factors including NF-397 

κB, IL-1β, MCP-1, TNF-α, and TLR4 [99]. These results indicate that PCSK9 ablation or NF-κB 398 

inhibition in atherosclerotic macrophages may prevent pro-inflammatory circuitry [98]. In 399 

macrophages, immunoprecipitation analysis has shown that PCSK9 forms a complex with LRP5, 400 

a member of LDLR family, thereby increasing lipid uptake and foam cell formation [100]. Further 401 

analyses and exploration are needed to reveal underpinning mechanisms of lipid uptake driven by 402 

PCSK9-LRP5 complex. In a clinical study involving 581 patients with stable angina or acute 403 

coronary syndrome, serum samples are collected prior to angiography to monitor PCSK9 levels.  404 

The authors have noted a linear correlation between serum levels of PCSK9 and necrotic core, 405 

independent of LDLc and irrespective of prior use of statins [101]. Hence, in the absence of altered 406 

lipid metabolism, a possible correlation among PCSK9, vascular inflammation, and coronary 407 

plaque progression can be envisaged. The current literature suggests that PCSK9 is upregulated 408 

under proinflammatory conditions, thus creating a vicious cycle due to a plausible role of PCSK9 409 

in inflammatory responses. Lipopolysaccharide (LPS) activates the innate immune system by 410 

binding to TLR4, leading to secretion of proinflammatory cytokines [102]. Parenteral 411 

administration of LPS markedly upregulates hepatic expression of PCSK9. Similarly, turpentine- 412 

and zymosan-stimulated inflammation induce hepatic expression of PCSK9 [103]. These 413 

observations denote that inflammation can amplify PCSK9 expression, resulting in LDLR 414 

degradation and increased levels of LDLc as a causative factor for CVD [103]. Therefore, 415 
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neutralization of vascular inflammation via pharmaceutical means such as anti-inflammatory 416 

agents may suppress hepatic expression of PCSK9 (Fig. 4).   417 

 418 

PCSK9 in cardiovascular disease: animal models and clinical relevance 419 

Coronary heart disease and hypertension 420 

PCSK9 and leptin regulate circulatory levels of lipids thus playing a key role in the 421 

pathogenesis of coronary heart disease (CHD), also known as disease (CAD)  [76, 104]. Until 422 

recently, both PCSK9 and leptin have been shown to modulate vascular and coronary artery 423 

inflammation independently [105-107]. A clinical study involving 27 CHD patients and 27 healthy 424 

volunteers has revealed a remarkable positive association between circulatory lipid and leptin 425 

levels in CHD [108]. Also, levels of PCSK9, leptin, and inflammatory factors including ICAM-1 426 

and E-selectin were remarkably elevated in CHD patients compared to controls. Furthermore, a 427 

positive association was observed between levels of proinflammatory cytokines (e.g., IL-17, IFN-428 

γ, E-selectin) and PCSK9 in CHD patients [108]. These data indicate that PCSK9 and leptin 429 

participate in regulation of not only lipid metabolism but also inflammation and immune responses 430 

in CHD.  431 

In an independent cross-sectional study enrolling 251 patients with stable CAD in the 432 

absence of lipid-lowering medications, plasma levels of PCSK9 was correlated with white blood 433 

cell counts [109]. To explore if circulatory levels of PCSK9 could be proposed as a potential 434 

biomarker, 219 CAD patients were enrolled in a clinical study [110]. Findings of this study suggest 435 

that a higher circulatory PCSK9 level is positively correlated with increased levels of inflammatory 436 

markers such as hs-CRP and fibrinogen, as well as LDLc and total cholesterol [110]. Given the 437 
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small size of study and the lack of large-scale data, the correlation between circulatory PCSK9 and 438 

inflammatory factors is rather hypothetical, hence necessitating further explorations. In a cross-439 

sectional study involving 330 patients with stable CAD, a positive correlation between PCSK9 440 

plasma levels and platelet count was observed [111]. To assess the value of plasma PCSK9 in 441 

predicting the severity of coronary syndrome, a cohort of 121 patients underwent coronary 442 

angiography. The results showed that odds ratio of coronary lesions was remarkably greater in 443 

patients with the highest PCSK9 levels [112]. Also, serum PCSK9 levels were positively correlated 444 

with the number of involved coronary arteries [112]. 445 

 Meanwhile, result from a study involving 40 patients with idiopathic pulmonary arterial 446 

hypertension (IPAH) and 20 healthy controls has revealed a considerably exaggerated circulatory 447 

levels of MCP-1, IL-1β, IL-6, TNF-α, and PCSK9 in IPAH patients [113]. Moreover, PCSK9 448 

levels are positively correlated with right ventricular (LV) diameter, pulmonary vasculature 449 

resistance, and arterial systolic/diastolic pressure, as well as MCP-1, IL-1β, IL-6, and TNF-α levels 450 

[113]. Likewise, these data are retrieved from a small-sized observational study. Thus, the link 451 

between circulatory levels of PCSK9 and these proinflammatory factors would require further 452 

large-scale validation. Hence, executing double-blind RCT (randomized controlled trials) using a 453 

large population of patients to corroborate these findings seems essential. Collectively, these 454 

findings suggest a pathological role of PCSK9 in CVD. However, at a fundamental molecular 455 

level, they do not adequately elucidate the correlation and pathological role of PCSK9 in CVD. 456 

Below, we will carefully examine recent findings regarding the implication of PCSK9 in various 457 

CVD diseases and models.  458 

  459 

Myocardial ischemia and myocardial infarction  460 
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 Accumulative number of evidence suggest that PCSK9 inhibition confers cardioprotection 461 

against myocardial ischemia/reperfusion (I/R) injury [114-116] by alleviating arrhythmias and 462 

infarct size, and improving left ventricular (LV) function through enhanced mitochondrial 463 

function, apoptosis inhibition, and connexin 43 phosphorylation [117]. In rats, pre-ischemic 464 

administration of PCSK9 inhibitor shrinked infarct size and curbed mitochondrial ROS generation, 465 

while ischemic/reperfusion administration of the drug failed to confer protection [117]. This study 466 

suggests the prophylactic but not curative benefits of PCSK9 inhibition in myocardial I/R injury, 467 

albeit clinical translation of these findings has been notoriously challenging [118]. 468 

Nonetheless, PCSK9 inhibition appears to be a promising therapy in patients with 469 

myocardial infarction (MI) [119-122]. Several pieces of evidence suggest that PCSK9 knockout 470 

induces defects in liver regeneration following murine hepatectomy [123]. This notion further casts 471 

doubts on therapeutic approach involving inhibition/ablation of PCSK9 in MI [124]. However, in 472 

mice, monitoring early response for four weeks after MI reveals that PCSK9 deficiency does not 473 

significantly alter cardiac output, ejection fraction, stroke volume, and diastolic/systolic LV 474 

volume [124]. Moreover, PCSK9 deficiency favors cardiac repair by increasing LV wall thickness 475 

and decreasing fibrosis in the remote zones of infarcted areas [124]. Collectively, these data 476 

suggest that PCSK9 deficiency or inhibition does not influence cardiac repair capacity, indicating 477 

the efficacy and safety of PCSK9 inhibition in MI. In a mouse model of ischemic heart disease 478 

developed by the occlusion of left coronary artery, PCSK9 expression, autophagy, and cardiac 479 

contractile dysfunction were accentuated in infarcted myocardium [125]. In a murine model of MI, 480 

pretreatment with PCSK9 inhibitors (e.g., EGF-A and Pep2-8) or genetic ablation of PCSK9 481 

minimized the infarct size, inhibited autophagy, and refined cardiac function [125]. Besides, 482 



21 
 

hypoxia exposure promoted PCSK9 upregulation and constitutive induction of autophagy in 483 

cardiomyocytes through the activation of ROS-ATM-LKB1-AMPK signaling [125].  484 

In a 1-year follow-up of 281 patients with acute MI, plasma PCSK9 levels were measured 485 

to explore an evident gender bias in adverse cardiac events [126]. Female patients with acute MI 486 

and ST-elevation MI (STEMI) exhibited higher levels of PCSK9 and increased mortality 487 

compared to their male counterparts [126]. In a pilot study, post reperfusion levels of PCSK9 were 488 

measured in 40 first-time STEMI patients with LV ejection fraction (LVEF)<50% and under 489 

primary coronary intervention [127]. Through covariance analysis the correlation between PCSK9 490 

levels and LVEF (measured by cardiac magnetic resonance in the first week and then the 6th month 491 

of STEMI) was evaluated and the results indicated a significant inverse-correlation between 492 

PCSK9 levels and LVEF (P-value = 0.028) [127]. Hence, other than measuring LDLc, increased 493 

levels of PCSK9 could be a useful biomarker for evaluation of MI patients. 494 

In a sharp contrast, a case-control study involving 1488 MI patients with an average follow-495 

up of 11.3 years revealed that circulatory PCSK9 might not be a plausible biomarker for the MI 496 

risk [128]. A large cohort study of hospitalized patients with acute MI reported that PCSK9 levels 497 

do not reflect the risk or severity of CVD [129]. Consistently, a study involving 1646 acute MI 498 

patients indicated that female gender, premature CHD, high hs-CRP, and triglycerides (TG) are 499 

linked with elevated levels of PCSK9 [130]. Nonetheless, plasma levels of PCSK9 do not predict 500 

CVD events and recurrence within 1 year [130]. The physiological range of PCSK9 ranges 501 

between 170 to 220 ng/ml in human plasma. Meanwhile, any level ≥ 250 ng/ml is projected to be 502 

above-normal or supraphysiological level [131]. Taken together, these findings indicate that 503 

excessive or supraphysiological levels of plasma PCSK9 are associated with pathogenesis of MI 504 

and myocardial I/R injury. Hence, PCSK9 inhibition could serve as a potential therapeutic option 505 
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to prevent MI or alleviate its symptoms. However, clinical trials are currently under way or should 506 

be executed before establishing PCSK9 targeting as a standard therapy. These concepts are 507 

discussed in detail in the therapeutic sections of this review. In compliance, patients with 508 

established atherosclerotic CVD under evolocumab (anti-PCSK9 mAb) treatment for 8 years 509 

showed 15-20% decrease in stroke, MI, cardiovascular death, coronary revascularization, unstable 510 

angina, and hospitalization [132, 133]. Table 1 summarizes available key large-scale double-blind 511 

RCT and their outcomes.   512 

 513 

Atherosclerosis 514 

Exaggerated expression of PCSK9 is linked to the development of atherosclerosis, while 515 

its downregulation can alleviate atherosclerosis and the risk of severe CVD (Fig 4) [134-139]. In 516 

addition, PCSK9 participates in inflammation and atherogenesis [140-142]. In a clinical study 517 

enrolling 184 patients (free of statins for 3 months) with atherosclerotic plaques, fasting blood 518 

samples were obtained to assess PCSK9 and CD40L levels. As a result, PCSK9 levels were found 519 

to be higher in patients with acute myocardial ischemia or unstable angina patients than in non-520 

CHD patients. Moreover, PCSK9 levels were correlated with CD40L levels depending on CHD 521 

severity in acute MI, unstable, and stable angina patients [140]. Collectively, this study suggests 522 

that PCSK9 contributes to atherosclerosis and CHD progression by inducing inflammation in 523 

plaque sites, independent of serum lipid levels.  524 

In an independent study, carotid ultrasound examination of 643 participants without 525 

baseline carotid plaques or lipid-lowering drug usage showed a tight correlation between PCSK9 526 

levels and new plaque formation after adjusting other risk factors and LDLc levels [143]. Also, a 527 
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linear correlation was identified between plasma PCSK9 levels and plaque area after adjusting for 528 

LDLc. Finally, this study revealed that plasma PCSK9 was linked with the progression of 529 

atherosclerosis over a 10-year follow-up [143]. Besides, this study implicates the clinical value of 530 

PCSK9 level in predicting atherosclerotic progression beyond its established role in LDL and 531 

cholesterol metabolism. Accordingly, PCSK9 levels were correlated with subclinical signs of 532 

atherosclerosis (including carotid atherosclerotic plaques, carotid artery diameter, and 533 

echolucency of carotid plaque) in 3703 European participants asymptomatic for CVD [144]. 534 

Nonetheless, following adjustments of drug use, latitude, sex, and age, these correlations were not 535 

proven to be statistically significant, shedding doubts on the utility of PCSK9 for monitoring 536 

subclinical CVD [144].  537 

Recent evidence has noted a modulatory role for gut microorganisms in the functional link 538 

between PCSK9 and atherosclerosis. The human gut hosts a diverse complex of microorganisms, 539 

commonly being referred to as “gut microbiota”, exerting homeostatic or pathological effects on 540 

the cardiovascular system [145]. In particular, dysbiosis denotes conditions of an altered 541 

composition of the microbiota [146]. In gut dysbiosis, intestinal epithelial cells may overproduce 542 

PCSK9 and hence favor atherosclerotic CVD through disruption of regulatory system such as 543 

LDLR expression and ApoB cholesterol biosynthesis [147]. Therefore, avoiding gut dysbiosis by 544 

dietary interventions such as consumption of fermented foods and plant fibers [148] may adjust 545 

PCSK9 levels in favor of cardiovascular health. Collectively, all these data indicate a pathological 546 

role for PCSK9 in atherosclerosis and its associated complications, necessitating the need for 547 

further studies in this area, as well as large-scale clinical studies to establish the therapeutic value 548 

of targeting PCSK9 in atherosclerosis. In this review, we have briefly summarized the ongoing 549 

trials).  550 
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 551 

Atrial fibrillation  552 

Evidence suggests that PCSK9 levels are closely linked with arrhythmia [149, 150]. In 907 553 

atrial fibrillation (AF) patients under vitamin K antagonists therapy, cardiovascular events, 554 

nonfatal/fatal MI, cardiovascular death, and ischemic stroke (IS) were evaluated [151]. As a result, 555 

patients with cardiovascular events exhibited a greater median level of PCSK9 than those without 556 

notable cardiovascular events [151]. Importantly, in 682 patients with no history of antiplatelet 557 

therapy, plasma PCSK9 levels were remarkably correlated with 11-dehydro-thromboxane B2 (11-558 

dh-TxB2, indicative of platelet activation) [151]. This study suggests that PCSK9 may participate 559 

in platelet activation during AF. Consistently, plasma and vascular PCSK9 participated in clot 560 

formation and thrombosis through activation of platelets and recruitment of leukocytes, seemingly 561 

independent of LDLc [152]. Hypothetically, PCSK9 may contribute to AF-associated IS due to 562 

the formation of blood clots, thus mandating further investigation.  563 

On the other hand, it can be argued that if PCSK9 induces platelets activation, signs for 564 

bleeding should appear in mitral regurgitation (MR) or rhythm-control therapy (RCT) [153]. 565 

Besides, antiplatelets may not be the drug of choice to prevent AF-associated IS, thereby refuting 566 

the implication of PCSK9 in platelets activation. In a similar study, 88 AF patients are enrolled to 567 

evaluate the correlation between PCSK9 levels and soluble P-selectin (a marker of platelet 568 

activation), TxB2 formation, and platelet aggregation, as well as oxidized LDL (oxLDL), 569 

isoprostanes, H2O2, and oxidative stress markers [154]. AF patients with higher PCSK9 levels 570 

exhibit remarkably concentrated oxidative stress and platelet activation. Moreover, co-571 

immunoprecipitation reveals formation of a complex in platelets between PCSK9 and the CD36 572 

receptor, contributing to NOX2 activation and thereby, platelet activation. Of note, this effect was 573 
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further accentuated in the presence of LDL [154]. In a cohort of 907 AF patients, LPS, PCSK9, 574 

and Nox2 were measured and evaluated for cardiovascular events [155]. Study findings solidified 575 

a tight correlation between PCSK9 and LPS levels. However, the consumption of antiplatelet 576 

drugs, wine, olive oil, and a Mediterranean diet is associated to a reduction in PCSK9. Also, 577 

patients with higher levels of PCSK9 and LPS show a greater risk of cardiovascular events [155]. 578 

Altogether, these observations denote that PCSK9 in pathologically implicated in AF and its 579 

associated comorbidities. However, additional basic studies are required to uncap this phenomenon 580 

from molecular mechanism perspectives. 581 

 582 

Heart failure 583 

Accumulating evidence suggests that PCSK9 is associated with heart failure (HF) 584 

development [156, 157]. Mice with liver-specific PCSK9 knockout display compromised exercise 585 

resistance and aberrant echocardiographic findings, indicative of HFpEF (HF with preserved 586 

ejection fraction) [158]. Moreover, these mice exhibited impaired cardiac metabolism and 587 

mitochondrial dysfunction as well as upregulated CD36 and LDLR, leading to accumulation of 588 

intracellular lipids [158]. Similar findings were obtained in mice with a double-knockout 589 

PCSK9/LDLR thus excluding the possible involvement of upregulated LDLR in the etiology of 590 

HFpEF induced by PCSK9 deficiency [158]. Besides, patients bearing the R46L genetic variant 591 

of PCSK9 exhibited enhanced LV mass but similar HFpEF risk [158]. Although these findings 592 

suggest a potential risk for PCSK9 inhibition associated with HFpEF, an observational study 593 

involving 2174 patients with chronic HF revealed a positive linear correlation between PCSK9 594 

levels and overall mortality risk that resisted multivariable analyses, suggesting the benefit of 595 
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PCSK9 inhibition in HF outcome [12]. Hence a partial and systemic inhibition of PCSK9 in 596 

patients with HF might elicit other effects that complete hepatic inhibition of PCSK9.  597 

 598 

PCSK9 mutation and polymorphisms: impact on CVD 599 

Polymorphism is frequently reported with PCSK9 gene thus influencing the development 600 

of CVD. In this regard, a study on 218 patients and 125 controls show that c.61_63dupCTG (L10) 601 

allele (rs72555377) contributes to reduction in LDLc levels and CHD risk likely through direct 602 

impacts on atherogenesis [159]. Studies with a larger group of participants may further lighten up 603 

the link between L10 allele and pathophysiology of CHD and atherogenesis. Moreover, in a 604 

Tunisian cohort study, examining the impact of rs505151 (E670G) polymorphisms on IS and CAD 605 

risks has revealed a higher frequency of E670G  allele in CAD compared to non-CAD participants 606 

[160]. CAD patients carrying the E670G mutation display higher levels of LDLc and plasma 607 

cholesterol as well as a higher risk of severe CAD than non-E670G carriers [160]. In sharp contrast, 608 

prior cell-based assays suggest that E670G variant induces LOF in PCSK9 due to the inability of 609 

FAM20C in recognition and phosphorylation of Ser668 in S668-X-E670 motif [161]. Depending 610 

on ethnicity, the effect of E670G variant on LDLc levels may be variable [162-164]. Thus, the 611 

E670G has been regarded as a gain-of-function (GOF) variant due to its association with greater 612 

levels of LDLc in Chinese descendants [164] and less effects on LDLc levels in Caucasians [162]. 613 

In Europeans, the rs505151 polymorphism is correlated with enhanced levels of LDLc in men but 614 

not women [163]. In the UK, the E670G variant does not show any remarkable correlation with 615 

lipid levels in plasma and cardiovascular risk in men [165], a negative finding that is recapitulated 616 

in ethnic Chinese living in Taiwan [166]. In an independent case-control study, the impact of 617 

rs1122608 and rs11206510 polymorphisms on 290 CHD patients, 193 non-CHD, and 330 normal 618 
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controls are investigated, and the χ2-test is applied to compare allele frequencies and distribution 619 

of genotypes [167]. Two meta-analyses of rs11206510 and rs1122608 polymorphisms have 620 

revealed that either of single nucleotide polymorphisms (SNPs) are correlated with CHD in 621 

Caucasians but not Asians [167]. Hence, this study suggests that genetic heterogeneity determines 622 

CHD susceptibility among these populations. On the contrary, there is a growing contemporary 623 

understanding that certain mutations in PCSK9 gene can reduce the risk of CHD and plasma levels 624 

of LDLc. In this regard, exploring the correlation between R46L missense and C679X and Y142X 625 

nonsense mutations in PCSK9 gene and serum LDLc in 1086 whites and 478 African-Americans 626 

show that white L46 carriers exhibit lower LDLc compared to noncarriers of the same race [168]. 627 

African-American Y142X or C679X carriers display lower LDLc compared to noncarriers of  the 628 

same ethnic background [168]. These observations indicate that Y142X, C679X, and L46 mutations 629 

in PCSK9 gene lower LDLc, thereby averting CHD risk. Likewise, a meta-analysis of 1 630 

randomized trial and 8 observational cohorts has revealed a tight correlation between LOF 631 

variants of PCSK9 and reduced LDLc in blacks (35 mg/dL) and whites (13 mg/dL) [169]. 632 

Moreover, scrutiny of 3363 black individuals suggests that PCSK9 nonsense mutations cause 28% 633 

and 88% reduction in LDLc and CHD risk, respectively [170]. Examining 9524 white participants 634 

also suggests presence of a genomic variation in PCSK9 contributing to 15% and 47% reduction 635 

in LDLc and CHD risk [170]. Furthermore, a large study enrolling 14120 cardiovascular and 636 

10635 diabetic patients uncovers that PCSK9 and HMGCR variants independently reduce 637 

cardiovascular events and diabetes risk per unit reduction in LDLc levels [171]. Altogether, these 638 

results underscore the notion that LOF variants of PCSK9 are linked to reduced LDLc and lower 639 

CHD risk. Future and larger scale studies should tell whether detection of PCSK9 variants may be 640 

advantageously introduced into CVD prevention campaigns.   641 
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 642 

PCSK9 in other diseases 643 

Cancer/metastasis 644 

PCSK9 is implicated in cancer progression and its (PCSK9) deficiency has been shown to 645 

avert the metastasis of cutaneous melanoma to the liver [172-174]. Also, PCSK9 GOF and LOF 646 

variants increased and decreased breast cancer incidence, respectively [175]. Based on these data, 647 

PCSK9 expression level could be utilized as a potential biomarker for prognosis of several 648 

malignancies including gastric, pancreas, kidney, hepatocellular carcinoma, and breast cancers 649 

[176, 177]. Metabolic syndrome, obesity, and hyperglycemia negatively impact breast cancer 650 

patients. Conversely, immune checkpoint inhibitors (ICIs) have garnered increasing interest as a 651 

cancer therapy in recent years. However, ICIs such as ipilimumab are associated with evident 652 

cardiotoxicity [178]. In an experimental study, both cardiomyocytes and triple-negative breast 653 

cancer cells were co-cultured and exposed to ipilimumab under different levels of glucose 654 

(modeling hyperglycemia, hypoglycemia, or normoglycemia) [178]. The study revealed that 655 

hyperglycemia increased ipilimumab-induced cardiotoxicity and enhanced the survival of breast 656 

cancer cells through activation of NLRP3 inflammasome, which triggered cytokine secretion and 657 

local inflammation [178]. Furthermore, other evidence suggests that NLRP3 inflammasome 658 

signaling (via IL-1β) can increase PCSK9 secretion. In turn, PCSK9 can directly activate NLRP3 659 

inflammasome, further increasing cytokine secretion, local inflammation, and cardiotoxicity. 660 

Thus, it can be hypothesized that elevated PCSK9 levels may exacerbate ipilimumab-induced 661 

cardiotoxicity in breast cancer patients [179]. Early reports have shown that PCSK9 is highly 662 

expressed in the thymus and spleen, thereby regulating immune functions [13, 180]. In addition, 663 

LDLR binds to T cell receptors (TCR) and may stimulate anticancer activity of cytotoxic T 664 
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lymphocytes [181]. Hence, it is proposed that immune checkpoint inhibitors could be 665 

advantageous in combination with PCSK9 inhibition and immunotherapy [182-184].  666 

Of note, the M2 domain in Cys/His-rich region of PCSK9 can interact with the N-terminus 667 

of major histocompatibility class I (MHC-I) molecules thus favoring their endosomal/lysosomal 668 

degradation, which reduces antigenicity of malignant cells [185, 186]. Also, furin protease-cleaved 669 

PCSK9 containing AA219-692 can compete with full-length (non-cleaved) PCSK9 for binding to 670 

MHC-I in both human and mice [187-189]. These findings suggest that peptidomimetics that 671 

competitively disrupt the interaction between PCSK9-M2 domain and MHC-I molecules may 672 

improve the outcome of cancer immunotherapy. In favor of this hypothesis, PCSK9-deficient 673 

cancer cells can be rejected by the immune system in preclinical experiments [185]. Moreover, the 674 

synergy of PCSK9-deficiency with administration of immune checkpoint inhibitors such as 675 

PDCD1/PD-1 mAb can block tumor growth [190]. Since immune responses are involved in 676 

successful chemotherapeutic regimens, it may be useful to combine PCSK9 inhibition with 677 

cytotoxic antineoplastics [191]. Indeed, a combinational therapy of PCSK9 mAb, ezetimibe, 678 

statins, and folfirinox (a chemotherapeutic drug for pancreatic cancer treatment) is under 679 

investigation in pancreatic adenocarcinoma patients in a phase-I clinical trial 680 

(https://clinicaltrials.gov/ct2/show/NCT04862260) [192].  681 

Hepatic metastases of colorectal cancers display two patterns of histopathological growth. 682 

First, metastases following the desmoplastic pattern attain blood supply via VEGF-mediated 683 

angiogenesis. Second, metastases following the replacement pattern utilize vessel co-option 684 

mechanism in which they hijack the existing vasculature for blood supply, meaning that they are 685 

constitutively resistant against anti-angiogenic therapy [193]. Importantly, circulatory PCSK9 686 

reinforces the vessel co-option mechanism in such metastases, implying that combined inhibition of 687 

https://clinicaltrials.gov/ct2/show/NCT04862260
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VEGF and PCSK9 may overcome therapy resistance [194]. Despite all these crucial findings, the 688 

research on cancer PCSK9 is still ongoing, and there remains a long way before translating the current 689 

state of knowledge into meaningful therapeutic translation.  690 

 691 

Viral infection 692 

Nine serine proteases including S1P and furin are known to facilitate the entry of enveloped 693 

viruses into host cells and the spread of viral infection [195]. Several pieces of evidence have 694 

implicated a link between PCSK9 and infections evoked by Dengue virus (DENV) or SARS-CoV-695 

2, the causal agent of COVID-19. DENV is a positive single-stranded RNA virus (+ssRNA) from 696 

the Flaviviridae family, which is passed onto humans through Aedes mosquitoes, infecting over 697 

400 million populations and causing 25000 mortalities worldwide annually  [196-198]. In 698 

hepatocytes, DENV infection induces PCSK9 expression [199] to reduce cell surface LDLRs, 699 

resulting in upregulated cholesterol synthesis through activation of SREBP2 pathway [200]. It is 700 

conceivable that DENV hijacks PCSK9 for viral packaging. Intriguingly, ensuing DENV 701 

infection, cholesterol accumulating in the ER significantly reduces antiviral IFN response in 702 

hepatocytes by inhibiting STING signaling [199]. In DENV-infected patients, concomitant 703 

elevation of PCSK9, plasma leakage, and viremia occurs [199]. In  a preclinical model, PCSK9 704 

inhibition by means of specific mAb alirocumab elevates plasma LDLR levels and decreases 705 

DENV viremia [199]. Hence, these findings denote that PCSK9 inhibition could help to control 706 

DENV by enhancing antiviral IFN response. However, this hypothesis requires further exploration 707 

in clinical studies.  708 
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In experimental models, statins upregulate the expression of ACE2/ACE2 through which 709 

SARS-CoV-2 trespasses into cells [201, 202]. In addition, statins remarkably improve COVID-19 710 

prognosis in elderly patients [203-205]. Mechanistically, statins refine endothelial function, 711 

attenuate blood coagulation, and suppress inflammation through cholesterol-dependent, as well as 712 

-independent mechanisms [206]. In contrast, CORONADO study has shown that statin therapy is 713 

markedly linked to higher mortality of COVID-19 patients with type 2 diabetes, suggesting a 714 

controversial impact of statins on COVID-19 mortality [207]. In the same vein, PCSK9 inhibitors 715 

might be beneficial for COVID-19 patients, likely by boosting IFN levels [208]. This is 716 

particularly relevant for patients with LOF variants in TLR3 and IRF7 in IFN immunity [209]. 717 

However, this hypothesis requires careful clinical validation. On theoretical grounds, PCSK9 718 

inhibition together with statins might ameliorate other viral infections such as human 719 

cytomegalovirus (HCMV), which is particularly infectious when LRP1 is absent and cellular 720 

cholesterol levels are high, through a mechanism reminiscent of DENV [210, 211]. In sharp 721 

contrast, PCSK9 has been suggested to confer protection against infection by hepatitis C virus 722 

(HCV)  [212], suggesting that PCSK9 inhibition should not be regarded as a potential universal 723 

remedy against viral infection. However, additional studies are required to explore the implication 724 

of PCSK9 in other types of viral infections.  725 

 726 

Sepsis 727 

Sepsis is an extreme and dysregulated body response to infections, leading to organ dysfunction, 728 

organ failure and mortality [213-215]. In sepsis, PCSK9 upregulation elicits degradation of 729 

hepatocyte LDLRs and adipocyte VLDLRs thus restraining the uptake and clearance of pathogenic 730 

lipids such as LPS [216]. On the other hand, PCSK9 rectifies cholesterol metabolism and 731 
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macrophage function of TLRs, thereby augmenting proinflammatory responses. Contrarily, 732 

PCSK9 may adversely affect host immune responses [216]. Nonetheless, implication of PCSK9 733 

in sepsis pathogenesis has not been adequately explored. Hepatocyte uptake of 734 

pathogenic/bacterial LPS resembles a vital step for systematic clearance of LPS. As such, PCSK9-735 

mediated excessive degradation of LDLRs on hepatocytes may potentiate bacterial infection and 736 

sepsis [105]. In a mouse model of sepsis, PCSK9 blockade using pharmaceutical inhibitors 737 

suppresses inflammation and improves survival [105]. Likewise, in the case of sepsis, PCSK9 LOF 738 

human variants better the survival and retard inflammation in vivo. Collectively, these data suggest 739 

that forcible inhibition of PCSK9 may serve to combat inflammation, pathogenic LPS, and septic 740 

outcomes. Yet, in a controversial report, administration of PCSK9 mAb to mice before and/or after 741 

LPS administration has failed to protect against LPS endotoxemia and mortality [217]. By the 742 

same token, PCSK9 ablation does not provide protection against LPS toxicity and death in mice 743 

[217], thus demanding for additional in-depth studies.  744 

 745 

Secondary hyperlipidemia, diabetes, psoriasis, and chronic renal failure 746 

Acquired hyperlipidemia, also known as secondary hyperlipidemia, refers to an abnormal 747 

increase in blood lipid levels, including TG and cholesterol. This condition can arise from multiple 748 

factors such as certain medication, diabetes, renal failure, alcohol intake, and other lifestyle factors 749 

[218, 219]. Accumulating evidence suggests that PCSK9 plays a vital role in cholesterol 750 

homeostasis and pathogenesis/development of secondary hyperlipidemia [220-222]. As mentioned 751 

earlier, mechanistically, PCSK9 mediates secondary hyperlipidemia by increasing LDL plasma 752 

levels [5, 223]. PCSK9 binds to LDLR on hepatocytes plasma membrane, leading to LDLR 753 

degradation (detailed mechanism mentioned early), which reduces the number of LDLRs available 754 



33 
 

for removal/clearance of LDLc from the bloodstream, ultimately, contributing to the secondary 755 

hyperlipidemia [218].  756 

Additionally, mutations that enhances PCSK9 activity are associated with 757 

hypercholesterolemia. Given that these genetic traits can be passed down through generations, they 758 

are predominantly categorized as the primary hyperlipidemia and not necessarily the secondary 759 

type [224]. However, PCSK9 implication in diabetes-mediated hyperlipidemia exemplifies its role 760 

in the secondary hyperlipidemia. In a cohort of 115 diabetic patients, PCSK9 circulatory levels 761 

were measured using a sandwich ELISA technique and it was found that PCSK9 concentrations 762 

in the plasma were correlated with LDLc and total cholesterol levels [225]. Only treatment with 763 

micronized fenofibrate (200 mg/day) decreased plasma PCSK9 levels by 8.5% and alleviated 764 

hyperlipidemia [225]. These findings suggest that through largely unrecognized mechanisms 765 

diabetes is associated with increased plasma levels of PCSK9, therefore, leading to the induction 766 

or exacerbation of secondary hyperlipidemia. Unfortunately, the current literature has not fully 767 

elaborated on the underlying mechanisms and additional experimental studies are required to 768 

identify molecular links between diabetes and increased PCSK9 production and plasma levels. 769 

Understanding these links may enable better management of diabetes-associated secondary 770 

hyperlipidemia and its complications. Furthermore, anti-diabetic medications may also influence 771 

PCSK9 levels and their correlation with secondary hyperlipidemia. For instance, in patients with 772 

type 1 diabetes, insulin injection has been shown to upregulate PCSK9 expression by activating 773 

transcription factors like HNF1α and SREBP1c, indicating that insulin dose and poor glycemic 774 

control are potentially linked with increased production and PCSK9 levels in type 1 diabetic 775 

patients [54, 55, 226, 227], thus predisposing them to subsequent complications such as the 776 

secondary hyperlipidemia.  777 
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Psoriasis is a pro-inflammatory condition causing itchy rashes on the skin mainly on 778 

elbows, knees, scalp, and trunk [228]. However, its link with CVD still remains elusive. In two 779 

separate cohorts of human psoriasis and in vitro mouse models, PCSK9 levels were 20% higher 780 

than control, thereby increasing plasma levels of total cholesterol and LDLc in these patients, 781 

ultimately, leading to atherosclerosis and impaired endothelial function [229]. These findings 782 

denote that PCSK9 levels are elevated in psoriasis patients through largely unknown mechanisms 783 

thus predisposing these patients to secondary hyperlipidemia and early/advanced atherosclerosis. 784 

Hence, the remaining gaps require further exploration by future studies.  785 

Chronic kidney disease (CKD), also known as chronic renal failure, is linked with the 786 

secondary hyperlipidemia in several ways [230, 231]. For exmple, CKD is associated with aberrant 787 

function of lipid metabolism, leading to elevated TG levels and decreased HDL, which contributes 788 

to secondary hyperlipidemia and increase the risk of CVD. Additionally, CKD often leads to 789 

secondary hyperparathyroidism and excessive secretion of parathyroid hormone (PTH), which 790 

induces calcium deposition in the liver and adipose tissues, further affecting lipid metabolism, and 791 

contributing to the secondary hyperlipidemia [232, 233]. Moreover, the role of PCSK9 in 792 

connecting CKD to secondary hyperlipidemia cannot be dismissed. Two independent cohort 793 

studies have measured plasma levels of PCSK9 in various subtypes of CKD patients, revealing 794 

elevated concentrations of PCSK9 in those with nephrotic syndrome and peritoneal dialysis, both 795 

associated with increase proteinuria [234]. Furthermore, the administration of PCSK9 inhibitors 796 

has been shown to be safe and effective for improving lipid control and renal function in CKD 797 

patients [235]. Collectively, these data suggest that increased PCSK9 levels are one of the 798 

mechanisms linking CKD to secondary hyperlipidemia. However, the current literature has not 799 
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adequately explored the mechanisms underlying elevated PCSK9 levels during CKD. Therefore, 800 

further experimental and basic studies are warranted to address these remaining gaps. 801 

 802 

Pediatric populations and hypercholesterolemia/hyperlipidemia 803 

Familial hypercholesterolemia is a type of dyslipidemia, classified under the broader 804 

category of hyperlipidemia, affecting millions of people globally [236]. In this condition, LDLc 805 

levels rise significantly, resulting in a 10-fold increase in the risk of CVD and premature 806 

atherosclerosis [236]. For children and adolescents diagnosed with familial hypercholesterolemia, 807 

early interventions such as lifestyle alteration and taking statin medications are recommended 808 

[237-240]. However, some patients may not achieve adequate LDLc reduction with statins, 809 

possibly due to drug intolerance or severe genetic susceptibility to dyslipidemia, necessitating 810 

alternative strategies for lowering LDLc. In the HAUSER-RCT randomized controlled trial, which 811 

lasted 24 weeks, 157 pediatric patients with familial hypercholesterolemia were recruited, and 812 

treatment with Evolocumab proved to be both effective and safe [241]. While the cornerstone of 813 

treating pediatric familial hypercholesterolemia relies on lifestyle modifications and the use of 814 

tolerated ezetimibe and statins or a combination of both, targeting PCSK9 with established 815 

inhibitors (e.g., Evolocumab) could offer an alternative therapeutic option for children with 816 

persistent high LDLc who are intolerant to statins. However, it is essential to confirm the long-817 

term safety of PCSK9 inhibitors, as current data in this regard is limited. This highlights the need 818 

for additional clinical trials with extended follow-up periods to better assess the safety of this 819 

approach.   820 

 821 
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Pharmacological and therapeutic targeting of extracellular PCSK9 822 

Monoclonal antibodies 823 

Application of mAb is the leading avenue for targeting extracellular PCSK9 [242]. Use of 824 

PCSK9 inhibitors has displayed some promising results in the clinical management of 825 

cardiovascular risk factors such as dyslipidemia and hypercholesterolemia, in particularly in those 826 

patients with statin intolerance [243, 244]. In a retrospective study, the efficacy of PCSK9-827 

neutralizing mAb evolocumab either alone or in combination with rosuvastatin (a statin) and 828 

ezetimibe (an inhibitor of gut cholesterol absorption) is examined in CHD patients [245]. Within 829 

24 weeks, rosuvastatin monotherapy reduces plasma LDLc levels by 34%, whereas the 830 

rosuvastatin/ezetimibe and rosuvastatin/ezetimibe/evolocumab combination therapies reduce 831 

LDLc levels by 52% and 73%, respectively [245]. Given that this study mainly included Chinese 832 

CHD patients, confirmatory approaches engaging other ethnicities are required. Nonetheless, these 833 

findings would still favor the superior efficacy of evolocumab therapy in combination with 834 

conventional statin therapy in lowering LDLc levels in CHD patients. Given that statins are the 835 

major therapeutics to curb LDLc levels in CHD patients [246], patients might consider a 836 

combination of lipid-reducing drugs with fixed doses [247]. Retrospective analyses involving 137 837 

CHD patients with chronic or acute coronary syndrome indicate a notable drop in LDLc from a 838 

fixed-dose rosuvastatin-ezetimibe combinational treatment in CHD patients [247]. On the other 839 

hand, the reduction of LDLc reduces the risk of atherosclerotic heart disease [248]. However, even 840 

on statin and other small molecule lipid agents, achieving clinical LDL levels below 2 mmol/L 841 

remains challenging as certain patients exhibit much higher cholesterol levels despite high-dose 842 

statin administration [249]. Hence, co-treatment with PCSK9 inhibitors may assist these patients 843 

to obtain lower cholesterol levels. In this regard, 235 patients (with 150 successful completions) 844 
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with atherosclerotic heart disease are prescribed evolocumab [249]. LDL levels are reduced by 845 

60% after one year of evolocumab treatment, and 82% of patients achieve LDL levels of < 2 846 

mmol/L. Reduced cholesterol levels at 3, 6, and 12 months confirm the persistent efficacy of such 847 

treatment [249]. Of note, affordability of treatment costs and fear of repeated injections are among 848 

the main factors deterring patients from compliance in evolocumab therapy [249]. Altogether, this 849 

study confirms therapeutic utility of evolocumab in atherosclerotic heart disease and suggests that 850 

mitigating the cost and improving patient education should help to lift the barriers against this type 851 

of treatment. To this end, alternative therapeutics such as PCSK9-targeting mAbs (evolocumab or 852 

alirocumab) might have a role in transplantation recipients [250]. The impact of evolocumab and 853 

alirocumab is investigated on transplanted heart patients with a median survival of 5.5 years from 854 

transplantation and a median of 1.6 years of PCSK9 inhibitor treatment [250]. Results have shown 855 

substantial attenuation of TG, total cholesterol, non-HDL-cholesterol, and total HDL/cholesterol 856 

ratio, along with a mild augmentation of HDL cholesterol (HDLc). Moreover, 33 patients exhibit 857 

stable thickness of coronary plaques upon long-term PCSK9 neutralization [250]. These data 858 

support favorable effects of evolocumab and alirocumab in patients receiving heart transplantation 859 

owing to diminished cholesterol levels and stabilization of arterial intimal hyperplasia with 860 

negligible side effects. However, affordability and access of PCSK9 inhibitors remain challenging. 861 

Table 1 summarizes available clinical trials, in particular, large-scale double-blind RCT, using 862 

mAbs targeting PCSK9 in hypercholesterolemia and cardiovascular patients. In addition to IgG 863 

antibodies, mono-domain antibodies are under development for targeting PCSK9 [6]. In a pre-864 

clinical study, 4 high-affinity mono-domain antibodies are developed that target C-terminal 865 

domain of PCSK9 (Cys/His rich) and prevent LDLR degradation in human/mouse hepatocytes 866 

and cell lines. These mono-domain antibodies achieve a 32-44% decrease in plasma LDLc and 867 
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1.8-fold increase in liver LDLR levels [251]. Mono (single)-domain antibodies are reminiscent to 868 

mAbs in terms of antigen-binding but are cheaper and easier to manufacture [251]. For instance, 869 

LY3015014, a humanized IgG4 mAb, targets the catalytic domain of PCSK9 and efficiently lowers 870 

LDLc level in hypercholesterolemic patients who poorly respond to statin therapy [252]. Adnectins 871 

are proteins resembling the 10th domain of fibronectin type III that can be engineered to acquire 872 

considerable specificity and high affinity toward their relevant targets. Functionally, they resemble 873 

antibody variable domains albeit with different primary sequences with a single mono-domain in 874 

the absence of disulfide bonds [253]. The adnectin BMS-962476 binds PCSK9 with high affinity 875 

and specificity [254]. In transgenic mice overexpressing human PCSK9, administration of BMS-876 

962476 remarkably attenuates circulatory LDLc and PCSK9 levels. Moreover, BMS-962476 877 

administration to cynomolgus monkeys significantly attenuates levels of free PCSK9 (99%) and 878 

LDLc (55%) [254]. These pre-clinical data suggest that BMS-962476 could be a promising PCSK9 879 

inhibitor although clinical trials for this inhibitor have been unexpectedly ceased. 880 

 881 

Vaccines  882 

Since antibodies have relatively short half-lives in vivo and require frequent injections, 883 

peptide-based vaccines are designed to provoke the generation of anti-PCSK9 antibodies by the 884 

immune system with high affinity and specificity for long-term management of LDLc [255]. In a 885 

pre-clinical study, administration of peptide (PCSK9)-based vaccines to rats and LDLR+/− or wild-886 

type mice generates anti-PCSK9 antibodies with high affinity and specificity, leading to a 50% 887 

reduction in LDLc in all animals. The immunity mediated by these vaccines lasted for one year in 888 

mice [255]. These findings suggest that peptide-based vaccines may be safe and potent means for 889 

specific targeting of extracellular PCSK9 and sustained management of LDLc, 890 
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hypercholesterolemia, and CVD. AT04A is another peptide-based anti-PCSK9 vaccine that 891 

alleviates atherosclerosis and CHD in preclinical mouse models [256]. In atherosclerotic mice, 892 

AT04A vaccine produces high and persistent levels of anti-PCSK9 antibodies that overtly reduce 893 

plasma levels of LDLc, total cholesterol, and inflammatory factors [256]. Recently, nanoliposomes 894 

with negative charges are developed as a delivery system for PCSK9 vaccines [257]. In one study, 895 

the peptide IFPT (immunogenic fused PCSK9-tetanus) is coated on nanoliposomes to create a 896 

vaccine that is inoculated into atherosclerotic C57BL/6 mice. Four cycles of vaccination generate 897 

high titers of IgG antibodies that block extracellular PCSK9 and reduce LDLc (by 42%). 898 

Moreover, immunostimulatory IFN-γ-producing and immunosuppressive IL-10-producing 899 

splenocytes are decreased and increased, respectively [257]. These results suggest that 900 

nanoliposome-delivered IFPT vaccine could mediate long-lasting therapeutic effects against 901 

severe atherosclerosis. In a similar study, 100nm nanoparticles produced by self-assembly of BSA 902 

(bovine serum albumin) are charged with PCSK9 haptens (multicopy of PCSK9 sequences) to 903 

create a nanovaccine [258]. This PCSK9 hapten nano-vaccine triggers higher levels of PCSK9 904 

antibodies compared with those induced by conventional PCSK9 vaccines [258]. In another 905 

independent study, a peptide vaccine, made up of short peptides conjugated to a carrier KLH 906 

protein is designed and inoculated into male ApoE −/− mice three times in biweekly intervals [259]. 907 

Using this protocol, high levels of anti-PCSK9 antibodies remain at peak levels for 24 weeks, thus 908 

reducing total cholesterol, VLDL, and chylomicron levels, while upregulating LDLR in the liver 909 

[259].  910 

Virus-like particle (VLP) vaccines have also been designed to induce anti-PCSK9 911 

antibodies [260]. In macaques and mice, administration of bacteriophage VLP vaccines induces 912 

anti-PCSK9 IgG antibodies thus reducing LDLc, TG, phospholipids, total and free cholesterol 913 



40 
 

levels [260]. In addition, screening appropriate anti-PCSK9 VLP vaccines has identified the 914 

PCSK9Qβ-003 vaccine, which induces high levels of anti-PCSK9 antibodies, reduced levels of 915 

total cholesterol and PCSK9 in plasma, and upregulated expression of liver LDLR in LDLR+/− and 916 

wild type Balb/c mice [261]. Currently, VLP vaccines are under development by pharmaceutical 917 

companies [6]. In addition, 5-weekly vaccination of  recombinant HSP25 (rHSP25) to 918 

ovariectomized ApoE −/− mice alleviates atherogenesis and cholesterol levels in plasma, and 919 

upregulates liver expression of LDLR [262]. However, postmenopausal E2 therapy upregulates 920 

PCSK9 expression and its promoter activity [262]. These observations indicate that rHSP25 921 

vaccination, unlike E2 therapy, reduces cholesterol levels in plasma without modulating PCSK9 922 

expression. Therefore, rHSP25 vaccination may be an excellent therapeutic option for 923 

atherogenesis management in postmenopausal women. It is well perceived that increased level of 924 

HSP27 can modulate atherosclerosis, as subcutaneous injection of HSP27 or inducing its 925 

overexpression in ApoE−/− mice attenuates plaque and plasma cholesterol levels and alleviates 926 

atherosclerotic lesions and inflammation [263]. Immune HSP27 complex (antigen-antibody) 927 

upregulates LDLR expression and its promoter activity through activation of NF-κB, and attenuates 928 

PCSK9 in hepatocytes, as well as significantly suppresses inflammation by yet unspecified 929 

mechanism (Fig. 5) [263]. Hence, HSP27 vaccination represents a plausible approach to lower 930 

cholesterol and PCSK9 levels via upregulation of LDLR, leading to prevention of atherogenesis 931 

and inflammation. Overall, these observations urge the conduction of clinical trials to evaluate the 932 

applicability of these vaccines on human CVD models. Also, the persistent nature of the response 933 

to vaccinations would require careful and rigorous long-term safety evaluation.  934 

 935 

Peptides and peptidomimetics  936 
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Peptides mimicking the EGF-A domain of LDLR, C-terminal and catalytic domains, and 937 

N-terminal prodomain of PCSK9 have been designed [264-268]. A mutation in the EGF-A domain 938 

of LDLR (His 306→Tyr) strengthens PCSK9-LDLR binding thus contributing to familial 939 

hypercholesterolemia [264]. The mutated LDLR exhibits relatively high-affinity interaction with 940 

PCSK9 due to formation of a hydrogen bond between Tyr 306 in LDLR and Asp 374 in PCSK9 941 

[264]. According to these observations, addition of sub-fragments of mutated LDLR-Tyr 306 to 942 

HepG2 cells with GOF or wild type PCSK9 expression blocks the binding of extracellular PCSK9 943 

to cell surface LDLRs [264]. These in vitro data support the notion that sub-fragments of mutated 944 

LDLR in EGF-A domain could be utilized as LDLR mimetics and pharmaceutical inhibitors of 945 

extracellular PCSK9. In addition, screening peptide libraries using phage display technology has 946 

revealed a 13AA linear peptide (Pep2-8) functioning as a small inhibitor of PCSK9 [269]. Pep2-8 947 

exhibits robust binding affinity to PCSK9 (but not to other proprotein convertases) and 948 

competitively inhibits the binding of LDLR-EGF-A to PCSK9, thereby restoring cell surface 949 

LDLRs in HepG2 cells [269]. Hence, Pep2-8 might be considered as an LDLR-EGF-A mimetic. 950 

Interestingly, peptides mimicking LDLR interactors might be employed for blocking PCSK9 as 951 

well. Thus, LRPAP1, a protein that interacts with type A repeats domain in the N-terminal region 952 

of LDLR [265], blocks the interaction of PCSK9 with ApoER2, VLDLR, and also to some extent 953 

LDLR in mice [265]. Therefore, it might be possible to develop LRPAP1 mimetics that block 954 

PCSK9-LDLR interaction. Another group of mimetic peptides are PCSK9 mimics that bind to 955 

LDLR to block its interaction with extracellular PCSK9. Thus, peptides corresponding to AA365–956 

384 and AA323–358 of PCSK9 are identified to bind with high affinity to LDLR-EGF-A [270]. 957 

Accordingly, a PCSK9-derived 365–384 peptide (containing a disulfide bond) binds to LDLR 958 

present on the surface of cultured HepG2 and HuH7 cells [270]. Moreover, peptides derived from 959 
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the prodomain of PCSK9 (AA31-60, AA31-40, AA91-120) enhance LDLR levels in Huh7 and 960 

HepG2 cells in vitro [267]. Similarly, a short PCSK9 prodomain-derived peptide (AA31-37) 961 

results in significantly enhanced LDLR activity [267]. These cell-based data echo findings in 962 

which a long fragment of the PCSK9 prodomain (AA31-152) is fused with the Fc (fragment 963 

crystallizable) domain of human IgG1 to yield a chimeric protein. In HepG2 and HEK293 cells 964 

Fc-PCSK9-prosegment binds to PCSK9 and remarkably blocks its interaction with LDLR [271].  965 

Also, β-strand peptidomimetics have been shown as promising small molecules capable of 966 

disrupting PCSK9-LDLR1 interaction [272]. Given that a β-strand conformation composed by the 967 

Val328-Cys329-Asn330-Asp331 domain in LDLR and the Cyst78-Phe379-Val380-Ser381 968 

domain in PCSK9 plays a role in PCSK9-LDLR interaction, an imidazole-based small β-strand 969 

mimic has been developed. This small molecule successfully inhibits the interaction [272] but has 970 

not been evaluated in vivo, in suitable preclinical models. Polydatin is a stilbenoid glucoside that 971 

can be employed for the treatment of metabolic disorders including diabetes [273]. 972 

Mechanistically, polydatin downregulates and upregulates protein levels of PCSK9 and LDLR, 973 

respectively, in HepG2 cells and leptin receptor-deficient db/db mice. Furthermore, polydatin 974 

disrupts PCSK9-LDLR interaction by forming hydrogen bonds with PCSK9 [273]. Interestingly, 975 

endogenous AnxA2 binds PCSK9 [23]. Also, a complex of AnxA2 and P11 (a.k.a S100A10) averts 976 

PCSK9-mediated LDLR degradation in HepG2, HuH7, and hamster ovarian cells [23]. 977 

Immunocytochemistry studies have revealed cell surface co-localization of AnxA2 and PCSK9 978 

and a competition between AnxA2 and LDLR for binding to PCSK9, suggesting AnxA2 acts as 979 

an endogenous inhibitor of PCSK9 [23]. This approach should help to open a novel avenue to 980 

generate peptidomimetics resembling the AnxA2 N-terminal Arg-Arg-Thr-Lys-Lys repeat that 981 

bind to the C-terminal Cys-His-rich domain of PCSK9. However, there are other candidate 982 
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peptides as well. Thus, P5 peptide derived from lupin inhibits PCSK9-LDLR interaction in a dose-983 

dependent manner. P5 treatment of HepG2 cells remarkably boosts the uptake of extracellular LDL 984 

[274]. Taken together, efforts are being engaged to generate drugs capable of disrupting the 985 

pathogenic interaction between PCSK9 and LDLR. However, convincing evidence pleading in 986 

favor of superior clinical activity (as compared to PCSK9-specific mAbs) remains elusive at this 987 

stage.  988 

 989 

Emerging therapeutic compounds  990 

A number of natural compounds have been documented to modulate PCSK9 expression 991 

directly or indirectly via regulation of its transcription factors, thereby leading to LDLc clearance 992 

from the plasma. For instance, deoxythymidine derived from the marine invertebrate Acanthaster 993 

planci suppresses promoter activity of PCSK9 in HepG2 cells thus reducing total cholesterol and 994 

LDL without evident hepatotoxicity in mice [275]. The Penthorum Chinese-derived compound 995 

“(7′E,8S)-2′,4,8-trihydroxy-3-methoxy-2,4′-epoxy-8,5′-neolign-7′-en-7-one” robustly enhances 996 

hepatic cholesterol uptake through suppression of  PCSK9 expression and upregulation of LDLR  997 

in a manner dependent upon SREBP2 [276]. Moreover, icaritin derived from Capsella bursa-998 

pastoris inhibits intracellular expression of PCSK9 through suppression of SREBF2 and HNF1α 999 

activities [277]. Moreover, icaritin reduces extracellular levels of PCSK9, hence stabilizing LDLR 1000 

in HepG2 cells [277]. Table 2 lists putative therapeutic compounds modulating PCSK9 expression 1001 

and protein levels. In a novel approach, an antagonist of PCSK9 named the “Flag-PCSK9PH” is 1002 

designed to disturb interaction between PCSK9 and LDLR in HepG2 cells [278]. Mechanistically, 1003 

Flag-PCSK9PH is a shortened derivative of human wild-type PCSK9 tightly bound to cell surface 1004 

LDLR at a neutral pH prior to dissociation from LDLR in endolysosomes at acidic pH, thus 1005 
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preventing LDLR degradation [278]. Fig 6 summarizes current available knowledge on natural 1006 

PCSK9 inhibitors targeting different stages of PCSK9 biological process, e.g., expression, 1007 

maturation, release, and interaction with LDLR [279]. 1008 

 1009 

Genome editing techniques: targeting both intracellular and extracellular PCSK9 1010 

CRISPR-Cas9 technology and CRISPR base editing  1011 

Due to the emergence of genome-editing technologies, targeted DNA sequences can be 1012 

permanently inserted, modified, or removed. The CRISPR-Cas9 system is a cutting-edge genome-1013 

editing technique with promising efficacy (on-target gene editing) and safety (non-off-target gene 1014 

editing) for gene therapy [280]. The advent of CRISPR-Cas technology has revolutionized clinical 1015 

treatment of genetic diseases [281, 282], with genome editing now moving towards the treatment 1016 

of CVD [283, 284]. Indeed silencing PCSK9 using CRISPR-based editing delivered to hepatocytes 1017 

either in a lipid nanoparticle formulation [285] or modified adenoviral vectors is extremely 1018 

efficient and long-lasting in reducing PCSK9 levels by >99% and LDLc level by >55% [286]. 1019 

Human clinical trials have begun to explore this technology and to test its safety and durability in 1020 

familial hypercholesterolemia (FH) patients (NCT05398029). In one study, CRISPR-Cas9 1021 

technology is applied to edit PCSK9 gene in chimeric mice bearing human hepatocytes, which 1022 

provided on-target editing of PCSK9 gene (with nearly 50% efficacy), thereby reducing PCSK9 1023 

levels in plasma [287]. In mice, CRISPR-Cas9 technology is also exploited to induce LOF 1024 

mutations in PCSK9 gene in an attempt to lower plasma LDLc levels [288]. Technically, an 1025 

adenovirus is utilized to express Cas9 protein and a CRISPR RNA was synthesized to target 1026 

PCSK9 gene in mouse livers. This allows for >50% on-target mutagenesis of PCSK9 gene with 1027 
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minimal off-target mutagenesis, resulting in significant reduction of plasma PCSK9 and LDLc 1028 

levels, as well upregulation of LDLR protein [288]. One of the major drawbacks of CRISPR-Cas9 1029 

technique refers to the absence of effective and safe delivery strategies in vivo. Although adeno-1030 

associated virus (AAV)-based delivery of CRISPR-Cas9 offers promising efficacy, its 1031 

immunogenicity compromises the in vivo application, especially if repeated administrations are 1032 

required [289]. In an independent study, new lipid-like nanoparticles are developed to deliver a 1033 

single-guide CRISPR RNA and Cas9 mRNA into C57BL/6 mice livers for targeting PCSK9 [290]. 1034 

Moreover, limiting the duration of Cas9 expression has been proposed to diminish Cas9 1035 

immunogenicity [287]. Therefore, a self-cleavable CRISPR-Cas9 is engineered to restrict Cas9 1036 

expression. In this system, Cas9 cuts not only genomic locus of PCSK9 gene but also self-1037 

eliminates Cas9 gene in the AAV vector [287]. This engineered system exhibits reduced off-target 1038 

activity (up to 20-fold) and Cas9 expression (up to 60%) in vivo, nevertheless, resulting in 1039 

remarkable PCSK9 and LDLc reduction in plasma  [287]. Of note, “CRISPR base editing” or “base 1040 

editing” is a new generation of CRISPR-Cas9 technology that introduces permanent alteration and 1041 

point mutation in genes without the formation of DNA double strand breaks and more prone to 1042 

off-target defects [291, 292]. Most pathological conditions are derived from single-nucleotide 1043 

polymorphism (SNP) mutations. Hence, only a single-nucleotide modulation would be sufficient 1044 

to reverse such SNP mutation [293]. CRISPR base editors have been developed in two major 1045 

categories including adenine base editors (ABEs) and cytidine base editors (CBEs), mediating the 1046 

conversion of adenine to guanine and cytidine to thymine, respectively [294]. Prior to in vivo 1047 

application of base editors to patients in clinic, editing durability needs demonstration in 1048 

nonhuman primates. In cynomolgus monkeys, delivery of CRISPR base editors into the liver using 1049 

lipid nanoparticles significantly and precisely nullifies PCSK9 thus reducing plasma PCSK9 and 1050 
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LDLc levels by 90 and 60%, respectively, which remain stable for over 8 months after a single-1051 

dose treatment [295]. Likewise, lipid nanoparticle delivery of ABEs to the liver elicits 67 and 34% 1052 

editing in mice and macaques, thereby reducing plasma PCSK9 and LDLc by 32 and 14% in 1053 

macaques and 95 and 58% in mice, respectively, without off-target mutations [296]. Despite the 1054 

safety of ABEs, humoral immune response is detected following ABEs treatment, contributing to 1055 

the reduced editing efficacy in macaques [296]. Hence, CRISPR-based edition of PCSK9 gene 1056 

might permanently reduce LDLc levels in patients to warrant life-long cardiovascular benefits 1057 

[297]. Nonetheless, the clinical application of CRISPR base editors would require overcoming 1058 

ethical issues, enduring unwanted effects, and potential off-target alterations in the genome [298]. 1059 

Collectively, these data suggest that advances in CRISPR-Cas9 gene therapy may yield 1060 

satisfactory efficacy and safety in gene-editing of human PCSK9. However, the clinical 1061 

applicability of this system is still debatable and requires further research.  1062 

 1063 

Oligonucleotide-based therapeutics: siRNAs  1064 

Oligonucleotide therapeutics have been emerged in recent years for silencing un-druggable 1065 

targets [299]. Oligonucleotides represent small synthetic molecules that do not permanently 1066 

modify host genomes, implying likely reversibility of these effects. In addition, oligonucleotides 1067 

can be designed to be highly specific, for instance for silencing the transcripts of mutated genes 1068 

only with minimal off-target effects [300]. Oligonucleotide-based approaches can be used to 1069 

generate antisense RNAs, siRNAs (small interfering RNAs), as well oligonucleotides that 1070 

influence splicing of pre-mRNA to mature mRNAs [6]. siRNAs are noncoding RNAs governing 1071 

post-transcriptional gene silencing [301]. In an experimental study, siRNAs are developed to target 1072 

PCSK9 transcripts specifically in the liver of rats, mice, non-human primates, and humans. As a 1073 
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result, siRNA-mediated PCSK9 silencing downregulates PCSK9 expression up to 50-70% in rats 1074 

and mice, resulting in a 60% reduction in plasma LDLc [302]. Also, in mice bearing human 1075 

PCSK9, siRNA induces 70% silencing of PCSK9 transcripts and remarkably reduces PCSK9 1076 

protein levels in plasma. Similarly, in non-human primates, siRNA-mediated PCSK9 silencing 1077 

reduces plasma PCSK9, LDLc, and ApoB levels [302]. These effects last for 3 weeks, suggesting 1078 

that targeting PCSK9 transcripts using siRNAs could be a potential approach for prevention or 1079 

treatment of CVD. Also, siRNAs can target upstream regulators of PCSK9. For example, SCAP 1080 

plays a key role in regulation of lipid metabolism, mediates the activation of SREBP1 and 1081 

SREBP2, and has been proposed as a therapeutic target in the treatment of dyslipidemia [303]. In 1082 

moue livers, siRNA-mediated silencing of SCAP mRNA attenuates SREBP gene expression, 1083 

lipogenesis, and plasma PCSK9 and LDLc levels in a concentration-dependent manner [304]. 1084 

Similarly, in rhesus monkeys, administration of SCAP-targeting siRNA reduces plasma LDLc, 1085 

TG, and PCSK9 by 50, 50, and 75%, respectively [304]. These data indicate that siRNA-induced 1086 

silencing of SCAP mRNA confers significant lowering of circulating LDLc and PCSK9 in primate 1087 

and rodent models.  1088 

In a randomized phase I clinical study, a PCSK9-targeting siRNA (ALN-PCS) is developed 1089 

and administered to 32 healthy volunteers [305]. Pharmacokinetic properties, tolerability, and 1090 

safety of ALN-PCS, as well as its pharmacodynamic impacts are regarded as clinical endpoints. 1091 

ALN-PCS treatment (0.400 mg/kg) yields 70% and 40% reduction in plasma PCSK9 and LDLc 1092 

levels, respectively, compared to placebo (p<0·0001) [305]. Also, in a phase I clinical trial, a 1093 

highly durable type of ALN-PCS siRNA known as inclisiran (ALN-PCSsc) is supervised on 1094 

healthy volunteers and its pharmacodynamic, side-effects, and safety parameters are evaluated 1095 

[306]. The results reveal presence of moderate adverse effects such as diarrhea, back pain, 1096 
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headache, nasopharyngitis, musculoskeletal pain, and coughing. A single-dose of 300 mg 1097 

attenuates PCSK9 levels up to 74.5% within 84 days and multiple doses of 100 mg reduce LDLc 1098 

levels up to 50.6% [306]. In conclusion, inclisiran-mediated inhibition of PCSK9 mRNA does not 1099 

pose serious adverse effects and provides a long-lasting decline in plasma LDLc levels up to 6 1100 

months. In addition, in ORION-1 trial, a phase II trial, it is demonstrated that inclisiran treatment 1101 

of 501 participants with different dosing regimens significantly reduces LDLc levels [307]. In a 1102 

single dose regimen, LDLc, non-HDLc, and ApoB levels decline within 210 days and the second 1103 

dose further lowers these lipids [307]. These findings are validated in two Phase II trials (Orion-1104 

10 and -11) showing that LDL cholesterol is reduced by ~50% when inclisiran is administered 1105 

subcutaneously every 6 months [308]. Until recently, inclisiran significantly attenuates circulatory 1106 

LDLc and major adverse cardiac events in 3655 patients with atherosclerotic CVD, heterozygous 1107 

familial hypercholesterolemia, and statin-therapy tolerance in ORION Phase III randomized 1108 

clinical trial with 18 months follow-up [309]. However, inclisiran did not reduce fatal or non-fatal 1109 

MI and stroke [309]. Despite the promise of inclisiran in CVD protection, these findings await 1110 

clinical trials with longer follow-up and broader CVD outcomes. Besides, due to the longer 1111 

functional half-life of inclisiran, only two or one administration per year would be adequate. Both 1112 

in the United States and Europe, inclisiran has been approved for patients with heterozygous 1113 

familial hypercholesterolemia [298]. Hence inclisiran provides prolonged and significant 1114 

reduction in LDLc and other atherogenic lipoproteins by targeting PCSK9 mRNA (Fig. 5). 1115 

 1116 

Antisense oligonucleotides   1117 

Antisense oligonucleotides (ASO) are small DNA or RNA fragments that block mRNA or 1118 

mediate its decay likely with the aid of ribonuclease H (RNAseH) enzyme [310]. As high 1119 
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concentrations of ASO are relatively nontoxic, they have been broadly employed in clinical trials 1120 

[311]. However, a case of acute kidney injury has been reported in a healthy female volunteer after 1121 

subcutaneous administration of a bridged/locked nucleic acid (LNA)-ASO (SPC5001 compound) 1122 

targeting PCSK9 mRNA (three weekly doses) [312]. A few days following receiving the last dose, 1123 

the kidney biopsy exposes indications of multifocal necrosis in tubules and urine microscopy 1124 

indicates enhanced levels of granular casts, white blood cells, and creatine, as well as minimal 1125 

hematuria thus raising doubt on the clinical applicability of this drug. However, a conservative 1126 

treatment reduces creatinine levels in the serum and alleviates the symptom [312]. Of note, 1127 

SPC5001 clinical trials are ceased due to kidney side effects. Another independent study has 1128 

revealed two PCSK9-targeting LNA-ASO that sustainably attenuate plasma LDLc and PCSK9 1129 

levels by reducing PCSK9 mRNA up to 85% in non-human primates (four weekly doses, each 1130 

20mg/kg) [313]. Also, LNA-ASO compounds do not exert any toxicological or adverse effects. 1131 

These data suggest that LNA-ASO targeting PCSK9 mRNA can offer a safe and viable therapeutic 1132 

strategy for reduction in plasma LDLc [313]. In addition, transfection of LNA-ASO into human 1133 

hepatic HuH7 and HepG2 and murine pancreatic β-TC3 cells (known to highly express PCSK9) 1134 

remarkably decreases PCSK9 protein and mRNA levels and boosts LDLR levels [314]. In in vivo 1135 

mice, LNA-ASO administration downregulates PCSK9 mRNA by 60%, which lasts for over 16 1136 

days and robustly enhances liver LDLR levels up to three folds without posing hepatotoxicity 1137 

[314]. Likewise, another study has shown that LNA ASO diminishes liver PCSK9 mRNA and 1138 

plasma PCSK9 and LDLc levels in a dose-dependent pattern in atherogenic C57BL/6J mice (twice 1139 

a week for 6 weeks) [315]. In a recent study, an ASO has been developed for targeting PCSK9 1140 

mRNA in the liver. Its subcutaneous administration exhibits robust potency in mice with PCSK9 1141 

overexpression, an 18 days half-life in monkey livers, and plasma reduction of PCSK9 in humans 1142 
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[316]. Of note, its oral administration provides greater liver bioavailability than subcutaneous 1143 

administration in other animal species including dogs and rats and again diminishes LDLc levels 1144 

in monkeys [316]. These observations point to the possibility of using orally-deliverable ASO for 1145 

targeting liver PCSK9 mRNA. In an attempt to treat hypercholesterolemia, AZD8233, an ASO 1146 

compound has been developed [317]. Its subcutaneous administration to 73 healthy males at doses 1147 

ranging from 4 to 120 mg/kg has shown that up to 60 mg of AZD8233 does not raise concerns 1148 

regarding the prolongation of QT interval [317]. 1149 

 1150 

Splice-switching oligonucleotides   1151 

Splice-switching oligonucleotides (SSO) are synthetic, antisense, and short nucleic acids 1152 

that can bind to and block/disrupt pre-mRNA splicing [318]. In an experimental study, an SSO has 1153 

been developed to inactivate PCSK9 mRNA by modulating its normal splicing and producing an 1154 

inactive variant in mice and HepG2 and Huh7 cells [319]. As a result, the SSO exhibits remarkable 1155 

efficiency and specificity in targeting PCSK9 mRNA, thereby enhancing protein levels of LDLR 1156 

[319]. These experimental findings suggest that SSO could be used for reducing PCSK9 1157 

expression. However, to the best of our knowledge, there are little recent studies examining such 1158 

this possibility.  1159 

 1160 

Backbone optimization and GalNAc targeted delivery  1161 

Despite undisputable promises of ASO and siRNAs in human disease management, their 1162 

capacity to evoke immune responses in concomitant with their unfavorable pharmacokinetics have 1163 

casted major doubt on their wide clinical applications. However, in large measure, these drawbacks 1164 
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could be reconciled by the application of N-acetylgalactosamine (GalNAc) using targeted drug 1165 

delivery technologies [320]. Development of GalNAc-siRNA conjugates for targeted delivery to 1166 

the liver may represent one of the foremost of these cutting-edge technologies [321]. Functionally, 1167 

tris-GalNAc binds to the highly expressed lectins on hepatocytes, ASGPR thus facilitating siRNA 1168 

endocytosis, leading to robust and selective inhibition of target RNAs in vivo. Indeed, GalNAc-1169 

siRNA conjugates obviate the liver delivery setback of siRNAs. In this sense, multiple clinical 1170 

trials of GalNAc-siRNA conjugates (e.g., two phase III) are currently ongoing by pharmaceutical 1171 

companies [321]. This evolving technology in assistance with breakthroughs in oligonucleotide 1172 

stability can pave the way for safe, efficacious, specific, and enduring intervention of previously 1173 

thought undruggable genes such as PCSK9, often requiring 2 dose repeats per year.  1174 

 1175 

Disadvantages of PCSK9 for therapeutic targeting in the context of diseases 1176 

It is essential to determine if pharmaceutical or genetic inhibition of PCSK9 is a safe 1177 

strategy for clinical use [322, 323]. For instance, in zebrafish embryos, PCSK9 knockdown 1178 

induced neuronal disorganization in the central nervous system, and impaired the development of 1179 

hind and midbrain areas, thus resulting in embryonic death [324]. This study suggests that non-1180 

specific targeting of PCSK9 could adversely affect the central nervous system. However, in mice, 1181 

PCSK9 whole-body knockout increased liver LDLRs and LDL clearance, and decreased plasma 1182 

cholesterol without imparting neurological defects [325]. Nonetheless, PCSK9 knockout 1183 

upregulates the expression of CD36, encoding cell surface scavenger receptor CD36, which 1184 

mediates long-chain fatty acids transportation. This may explain why, in the context of a high-fat 1185 

diet, genetic PCSK9 deficiency increases liver and kidney fat deposition [326, 327] and increases 1186 

steatosis and lipid droplets in hepatocytes and kidney epithelial cells [328]. Moreover, PCSK9 1187 
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deficiency induced renal ER stress, fibrosis, and inflammation in high-fat diet mice [327]. While 1188 

these genetic findings suggest lipotoxicity of PCSK9 targeting, antibody-mediated neutralization 1189 

of PCSK9 do not elicit such effects. Rather, evolocumab (anti-PCSK9 mAb) treatment reversed 1190 

high-fat diet toxic effects on wild-type mice. Hence, a molecular complex comprising the 1191 

evolocumab-PCSK9-CD36 is assembled in endosome-like vacuoles, resulting in a diminution of 1192 

cell surface CD36 and protection of mice kidneys against lipotoxicity [327]. If reconfirmed in 1193 

human, PCSK9-neutralizing mAbs could be employed for the alleviation of high-fat diet-induced 1194 

kidney injuries. Finally, PCSK9 might serve as a diagnostic biomarker of spina bifida aperta in 1195 

rats and humans [329]. Overall, the safety concern of PCSK9 targeting is still relevant and 1196 

additional studies should be undertaken to end the debate.  1197 

 1198 

Concluding remarks and future perspectives  1199 

Given the pathogenic role of PCSK9 in depleting surface-located LDLR on hepatocytes, 1200 

ultimately resulting in an atherogenic plasma LDLc elevation, inhibition of PCSK9 by various 1201 

strategies lowers LDL levels, with considerable implications for the treatment of hyperlipidemia, 1202 

hypercholesterolemia, atherosclerosis, and CVD. Quantifying plasma levels of PCSK9 using 1203 

advanced technologies such as proteomics and ELISA assays holds significant biochemical and 1204 

metabolic importance at both diagnostic and prognostic levels, especially when making therapeutic 1205 

decisions or assessing available options. Unfortunately, these crucial points have not been 1206 

thoroughly addressed in the studies mentioned earlier. However, when plasma levels of PCSK9 1207 

significantly exceed the normal range, it indicates a pathological state related to the specific 1208 

disease, thereby increasing the risk of subsequent events such as hyperlipidemia, especially if this 1209 

condition is not already present. Consequently, these measurements are essential for therapeutic 1210 



53 
 

decision-making in diseases where PCSK9 targeting is either under clinical trial evaluation or the 1211 

only available treatment option. In addition, PCSK9 may mediate pro-inflammatory effects that 1212 

occur independently of its interaction with LDLR. In this context, FDA-approved mAbs (as 1213 

discussed above), as well as natural PCSK9 inhibitors (Fig. 6), may help to mitigate cardiovascular 1214 

risk factors such as hyperlipidemia, familial hypercholesterolemia, and provide a new conceptual 1215 

treatment option to statin-intolerant patients. Although targeting PCSK9 may diminish 1216 

cardiovascular events and mortality, future large-scale investigation might further solidify this 1217 

point. Besides, mAbs efficiently block the binding of PCSK9 to LDLR. However, their exorbitant 1218 

cost and obligatorily parenteral administration hinder their proper and widespread implementation 1219 

in clinics. Hence, novel approaches such as antisense oligonucleotides and gene editing techniques 1220 

might fill the current gaps. Nonetheless, considering the difficulties in galenic formulations and 1221 

the complexity of transcriptional regulation, ‘soft’ genetic approaches such as the siRNAs and 1222 

antisense oligonucleotides are unlikely to achieve robust long-term suppression of PCSK9 1223 

expression in the liver. Off-target mutagenesis by CRISPR-Cas9 technology and the 1224 

immunogenicity of Cas9 [289] may compromise the application of this technology, pending their 1225 

resolution by enhancing the fidelity of the system and by rendering Cas9 expression  transient. 1226 

Although delivery of peptide-vaccines using nanoliposomes seems to be encouraging, potential 1227 

risks associated with application of nanoliposomes in clinical context should be taken into account 1228 

[330]. Moreover, peptides, peptidomimetics or small molecules designed to break pathogenic 1229 

PCSK9-LDLR interaction may affect PCSK9 interactions with other receptors including VLDLR 1230 

and ApoER2, hence generating off-target (side) effects. Hence further investment into basic, 1231 

pharmacological, and clinical research is warranted to current knowledge on PCSK9 and to target 1232 

this molecule for optimal management of human diseases including hypercholesterolemia, 1233 



54 
 

atherosclerosis, and CVD. Of note, the fast-raising development and validation of clinical efficacy 1234 

of therapies that target PCSK9 following its role in LDL metabolism represents a major 1235 

achievement. Application of the newer approaches described here may provide further inroads to 1236 

reduce atherosclerotic risk, now a major worldwide health challenge. Beyond the scientific 1237 

advances, efforts to combat clinical inertia, and to facilitate access of the novel therapeutics to all 1238 

vulnerable populations remain a collective challenge to combat cardiovascular disease globally. 1239 

 1240 

Conflict of interest statement 1241 

GK has been holding research contracts with Daiichi Sankyo, Eleor, Kaleido, Lytix 1242 

Pharma, PharmaMar, Osasuna Therapeutics, Samsara Therapeutics, Sanofi, Tollys, and Vascage. 1243 

GK has been consulting for Reithera. GK is on the Board of Directors of the Bristol Myers Squibb 1244 

Foundation France. GK is a scientific co-founder of everImmune, Osasuna Therapeutics, Samsara 1245 

Therapeutics and Therafast Bio. GK is the inventor of patents covering therapeutic targeting of 1246 

aging, cancer, cystic fibrosis and metabolic disorders. Other authors have no potential conflict of 1247 

interest to declare. Dr. Libby is an unpaid consultant to, or involved in clinical trials for Amgen, 1248 

AstraZeneca, Baim Institute, Beren Therapeutics, Esperion Therapeutics, Genentech, Kancera, 1249 

Kowa Pharmaceuticals, Medimmune, Merck, Moderna, Novo Nordisk, Novartis, Pfizer, and 1250 

Sanofi-Regeneron. Dr. Libby is a member of the scientific advisory board for Amgen, Caristo 1251 

Diagnostics, Cartesian Therapeutics, CSL Behring, DalCor Pharmaceuticals, Dewpoint 1252 

Therapeutics, Eulicid Bioimaging, Kancera, Kowa Pharmaceuticals, Olatec Therapeutics, 1253 

Medimmune, Novartis, PlaqueTec, TenSixteen Bio, Soley Thereapeutics, and XBiotech, Inc. Dr. 1254 

Libby’s laboratory has received research funding in the last 2 years from Novartis, Novo Nordisk 1255 

and Genentech. Dr. Libby is on the Board of Directors of XBiotech, Inc. Dr. Libby has a financial 1256 



55 
 

interest in Xbiotech, a company developing therapeutic human antibodies, in TenSixteen Bio, a 1257 

company targeting somatic mosaicism and clonal hematopoiesis of indeterminate potential (CHIP) 1258 

to discover and develop novel therapeutics to treat age-related diseases, and in Soley Therapeutics, 1259 

a biotechnology company that is combining artificial intelligence with molecular and cellular 1260 

response detection for discovering and developing new drugs, currently focusing on cancer 1261 

therapeutics. Dr. Libby’s interests were reviewed and are managed by Brigham and Women’s 1262 

Hospital and Mass General Brigham in accordance with their conflict-of-interest policies. 1263 

 1264 

 1265 

Acknowledgements 1266 

GK is supported by the Ligue contre le Cancer (équipe labellisée); Agence National de la 1267 

Recherche (ANR) – Projets blancs; AMMICa US23/CNRS UMS3655; Association pour la 1268 

recherche sur le cancer (ARC); Cancéropôle Ile-de-France; Fondation pour la Recherche Médicale 1269 

(FRM); a donation by Elior; Equipex Onco-Pheno-Screen; European Joint Programme on Rare 1270 

Diseases (EJPRD); Gustave Roussy Odyssea, the European Union Horizon 2020 Projects 1271 

Oncobiome and Crimson; Fondation Carrefour; Institut National du Cancer (INCa); Institut 1272 

Universitaire de France; LabEx Immuno-Oncology (ANR-18-IDEX-0001); a Cancer Research 1273 

ASPIRE Award from the Mark Foundation; the RHU Immunolife; Seerave Foundation; SIRIC 1274 

Stratified Oncology Cell DNA Repair and Tumor Immune Elimination (SOCRATE); and SIRIC 1275 

Cancer Research and Personalized Medicine (CARPEM). This study contributes to the IdEx 1276 

Université de Paris ANR-18-IDEX-0001. Dr. Libby receives funding support from the National 1277 

Heart, Lung, and Blood Institute (1R01HL134892 and 1R01HL163099-01), the RRM Charitable 1278 



56 
 

Fund and the Simard Fund. JR is supported by natural science foundation of China (82130011, 1279 

92249301, RFIS82250710173).  1280 

 1281 

Data Availability Statement 1282 

No original data were utilized for this work necessitating data repository. The corresponding 1283 

authors are responsible to respond to any reasonable request regarding this publication.  1284 

 1285 

Authorship contributions 1286 

AA provided the initial draft of the manuscript and DP, MM, ID, NS, GL, PL, GK, and JR 1287 

significantly contributed to the revision, edition, and scientific evaluation of the manuscript.  1288 

 1289 

Funding 1290 

Not applicable 1291 

 1292 

REFERENCES 1293 

[1] Seidah NG, Benjannet S, Wickham L, Marcinkiewicz J, Jasmin SB, Stifani S, et al. The secretory 1294 
proprotein convertase neural apoptosis-regulated convertase 1 (NARC-1): liver regeneration and neuronal 1295 
differentiation. Proceedings of the National Academy of Sciences. 2003;100:928-33. 1296 
[2] Abifadel M, Varret M, Rabès J-P, Allard D, Ouguerram K, Devillers M, et al. Mutations in PCSK9 cause 1297 
autosomal dominant hypercholesterolemia. Nature genetics. 2003;34:154-6. 1298 
[3] Maxwell KN, Breslow JL. Adenoviral-mediated expression of Pcsk9 in mice results in a low-density 1299 
lipoprotein receptor knockout phenotype. Proceedings of the National Academy of Sciences. 1300 
2004;101:7100-5. 1301 
[4] Cariou B, Si-Tayeb K, Le May C. Role of PCSK9 beyond liver involvement. Current opinion in lipidology. 1302 
2015;26:155-61. 1303 



57 
 

[5] Horton JD, Cohen JC, Hobbs HH. Molecular biology of PCSK9: its role in LDL metabolism. Trends in 1304 
biochemical sciences. 2007;32:71-7. 1305 
[6] Glerup S, Schulz R, Laufs U, Schlüter K-D. Physiological and therapeutic regulation of PCSK9 activity in 1306 
cardiovascular disease. Basic research in cardiology. 2017;112:1-23. 1307 
[7] Quagliariello V, Bisceglia I, Berretta M, Iovine M, Canale ML, Maurea C, et al. PCSK9 inhibitors in cancer 1308 
patients treated with immune-checkpoint inhibitors to reduce cardiovascular events: new frontiers in 1309 
cardioncology. Cancers. 2023;15:1397. 1310 
[8] Sobati S, Shakouri A, Edalati M, Mohammadnejad D, Parvan R, Masoumi J, et al. PCSK9: a key target 1311 
for the treatment of cardiovascular disease (CVD). Advanced Pharmaceutical Bulletin. 2020;10:502. 1312 
[9] Glerup S, Schulz R, Laufs U, Schlüter K-D. Physiological and therapeutic regulation of PCSK9 activity in 1313 
cardiovascular disease. Basic research in cardiology. 2017;112:1-23. 1314 
[10] Lee JS, O’Connell EM, Pacher P, Lohoff FW. PCSK9 and the Gut-Liver-Brain Axis: A Novel Therapeutic 1315 
Target for Immune Regulation in Alcohol Use Disorder. Journal of Clinical Medicine. 2021;10:1758. 1316 
[11] Seidah NG, Benjannet S, Wickham L, Marcinkiewicz J, Jasmin SB, Stifani S, et al. The secretory 1317 
proprotein convertase neural apoptosis-regulated convertase 1 (NARC-1): liver regeneration and neuronal 1318 
differentiation. Proceedings of the National Academy of Sciences of the United States of America. 1319 
2003;100:928-33. 1320 
[12] Bayes-Genis A, Núñez J, Zannad F, Ferreira JP, Anker SD, Cleland JG, et al. The PCSK9-LDL receptor 1321 
axis and outcomes in heart failure: BIOSTAT-CHF subanalysis. Journal of the American college of 1322 
cardiology. 2017;70:2128-36. 1323 
[13] Seidah NG, Abifadel M, Prost S, Boileau C, Prat A. The Proprotein Convertases in 1324 
Hypercholesterolemia and Cardiovascular Diseases: Emphasis on Proprotein Convertase Subtilisin/Kexin 1325 
9. Pharmacol Rev. 2017;69:33-52. 1326 
[14] Alborn WE, Cao G, Careskey HE, Qian Y-W, Subramaniam DR, Davies J, et al. Serum proprotein 1327 
convertase subtilisin kexin type 9 is correlated directly with serum LDL cholesterol. Clinical chemistry. 1328 
2007;53:1814-9. 1329 
[15] Cunningham D, Danley DE, Geoghegan KF, Griffor MC, Hawkins JL, Subashi TA, et al. Structural and 1330 
biophysical studies of PCSK9 and its mutants linked to familial hypercholesterolemia. Nat Struct Mol Biol. 1331 
2007;14:413-9. 1332 
[16] Poirier S, Mayer G. The biology of PCSK9 from the endoplasmic reticulum to lysosomes: new and 1333 
emerging therapeutics to control low-density lipoprotein cholesterol. Drug design, development and 1334 
therapy. 2013;7:1135. 1335 
[17] Garvie CW, Fraley CV, Elowe NH, Culyba EK, Lemke CT, Hubbard BK, et al. Point mutations at the 1336 
catalytic site of PCSK9 inhibit folding, autoprocessing, and interaction with the LDL receptor. Protein 1337 
Science. 2016;25:2018-27. 1338 
[18] Leren TP. Sorting an LDL receptor with bound PCSK9 to intracellular degradation. Atherosclerosis. 1339 
2014;237:76-81. 1340 
[19] Nassoury N, Blasiole DA, Tebon Oler A, Benjannet S, Hamelin J, Poupon V, et al. The cellular trafficking 1341 
of the secretory proprotein convertase PCSK9 and its dependence on the LDLR. Traffic. 2007;8:718-32. 1342 
[20] Kwon HJ, Lagace TA, McNutt MC, Horton JD, Deisenhofer J. Molecular basis for LDL receptor 1343 
recognition by PCSK9. Proceedings of the National Academy of Sciences. 2008;105:1820-5. 1344 
[21] Lopez D. PCSK9: an enigmatic protease. Biochimica et Biophysica Acta (BBA)-Molecular and Cell 1345 
Biology of Lipids. 2008;1781:184-91. 1346 
[22] Benjannet S, Saavedra YGL, Hamelin J, Asselin M-C, Essalmani R, Pasquato A, et al. Effects of the 1347 
prosegment and pH on the activity of PCSK9: evidence for additional processing events. Journal of 1348 
Biological Chemistry. 2010;285:40965-78. 1349 
[23] Mayer G, Poirier S, Seidah NG. Annexin A2 is a C-terminal PCSK9-binding protein that regulates 1350 
endogenous low density lipoprotein receptor levels. Journal of Biological Chemistry. 2008;283:31791-801. 1351 



58 
 

[24] Seidah NG, Poirier S, Denis M, Parker R, Miao B, Mapelli C, et al. Annexin A2 is a natural extrahepatic 1352 
inhibitor of the PCSK9-induced LDL receptor degradation. PLoS One. 2012;7:e41865. 1353 
[25] Momtazi AA, Banach M, Pirro M, Stein EA, Sahebkar A. PCSK9 and diabetes: is there a link? Drug 1354 
Discovery Today. 2017;22:883-95. 1355 
[26] Wierød L, Cameron J, Strøm TB, Leren TP. Studies of the autoinhibitory segment comprising residues 1356 
31–60 of the prodomain of PCSK9: Possible implications for the mechanism underlying gain-of-function 1357 
mutations. Molecular genetics and metabolism reports. 2016;9:86-93. 1358 
[27] Sarkar SK, Foo ACY, Matyas A, Asikhia I, Kosenko T, Goto NK, et al. A transient amphipathic helix in 1359 
the prodomain of PCSK9 facilitates binding to low-density lipoprotein particles. The Journal of biological 1360 
chemistry. 2020;295:2285-98. 1361 
[28] Sarkar SK, Matyas A, Asikhia I, Hu Z, Golder M, Beehler K, et al. Pathogenic gain-of-function mutations 1362 
in the prodomain and C-terminal domain of PCSK9 inhibit LDL binding. Front Physiol. 2022;13:960272. 1363 
[29] Seidah NG, Prat A. The Multifaceted Biology of PCSK9. Endocr Rev. 2022;43:558-82. 1364 
[30] Gaillard CF, Ouadda ABD, Ciccone L, Girard E, Mikaeeli S, Evagelidis A, et al. Molecular interactions of 1365 
PCSK9 with an inhibitory nanobody, CAP1 and HLA-C: functional regulation of LDLR levels. bioRxiv. 2022. 1366 
[31] DeVay RM, Shelton DL, Liang H. Characterization of proprotein convertase subtilisin/kexin type 9 1367 
(PCSK9) trafficking reveals a novel lysosomal targeting mechanism via amyloid precursor-like protein 2 1368 
(APLP2). Journal of Biological Chemistry. 2013;288:10805-18. 1369 
[32] Butkinaree C, Canuel M, Essalmani R, Poirier S, Benjannet S, Asselin MC, et al. Amyloid Precursor-like 1370 
Protein 2 and Sortilin Do Not Regulate the PCSK9 Convertase-mediated Low Density Lipoprotein Receptor 1371 
Degradation but Interact with Each Other. The Journal of biological chemistry. 2015;290:18609-20. 1372 
[33] Holla ØL, Cameron J, Berge KE, Ranheim T, Leren TP. Degradation of the LDL receptors by PCSK9 is 1373 
not mediated by a secreted protein acted upon by PCSK9 extracellularly. BMC cell biology. 2007;8:1-12. 1374 
[34] Poirier S, Mayer G, Poupon V, McPherson PS, Desjardins R, Ly K, et al. Dissection of the endogenous 1375 
cellular pathways of PCSK9-induced low density lipoprotein receptor degradation: evidence for an 1376 
intracellular route. The Journal of biological chemistry. 2009;284:28856-64. 1377 
[35] Fasano T, Sun X-M, Patel DD, Soutar AK. Degradation of LDLR protein mediated by ‘gain of 1378 
function’PCSK9 mutants in normal and ARH cells. Atherosclerosis. 2009;203:166-71. 1379 
[36] Lagace TA, Curtis DE, Garuti R, McNutt MC, Park SW, Prather HB, et al. Secreted PCSK9 decreases the 1380 
number of LDL receptors in hepatocytes and inlivers of parabiotic mice. The Journal of clinical 1381 
investigation. 2006;116:2995-3005. 1382 
[37] Dvir H, Shah M, Girardi E, Guo L, Farquhar MG, Zajonc DM. Atomic structure of the autosomal 1383 
recessive hypercholesterolemia phosphotyrosine-binding domain in complex with the LDL-receptor tail. 1384 
Proceedings of the National Academy of Sciences. 2012;109:6916-21. 1385 
[38] Poirier S, Mayer G, Benjannet S, Bergeron E, Marcinkiewicz J, Nassoury N, et al. The proprotein 1386 
convertase PCSK9 induces the degradation of low density lipoprotein receptor (LDLR) and its closest family 1387 
members VLDLR and ApoER2. Journal of Biological Chemistry. 2008;283:2363-72. 1388 
[39] Demers A, Samami S, Lauzier B, Des Rosiers C, Sock ETN, Ong H, et al. PCSK9 induces CD36 degradation 1389 
and affects long-chain fatty acid uptake and triglyceride metabolism in adipocytes and in mouse liver. 1390 
Arteriosclerosis, thrombosis, and vascular biology. 2015;35:2517-25. 1391 
[40] Dixon DL, Trankle C, Buckley L, Parod E, Carbone S, Van Tassell BW, et al. A review of PCSK9 inhibition 1392 
and its effects beyond LDL receptors. Journal of clinical lipidology. 2016;10:1073-80. 1393 
[41] Roubtsova A, Munkonda MN, Awan Z, Marcinkiewicz J, Chamberland A, Lazure C, et al. Circulating 1394 
proprotein convertase subtilisin/kexin 9 (PCSK9) regulates VLDLR protein and triglyceride accumulation in 1395 
visceral adipose tissue. Arteriosclerosis, thrombosis, and vascular biology. 2011;31:785-91. 1396 
[42] Canuel M, Sun X, Asselin M-C, Paramithiotis E, Prat A, Seidah NG. Proprotein convertase 1397 
subtilisin/kexin type 9 (PCSK9) can mediate degradation of the low density lipoprotein receptor-related 1398 
protein 1 (LRP-1). PloS one. 2013;8:e64145. 1399 



59 
 

[43] Nassoury N, Blasiole DA, Tebon Oler A, Benjannet S, Hamelin J, Poupon V, et al. The cellular trafficking 1400 
of the secretory proprotein convertase PCSK9 and its dependence on the LDLR. Traffic. 2007;8:718-32. 1401 
[44] Sun H, Krauss RM, Chang JT, Teng B-B. PCSK9 deficiency reduces atherosclerosis, apolipoprotein B 1402 
secretion, and endothelial dysfunction. Journal of lipid research. 2018;59:207-23. 1403 
[45] Shin D-J, Osborne TF. Thyroid hormone regulation and cholesterol metabolism are connected through 1404 
sterol regulatory element-binding protein-2 (SREBP-2). Journal of Biological Chemistry. 2003;278:34114-1405 
8. 1406 
[46] Li X, Hu X, Pan T, Dong L, Ding L, Wang Z, et al. Kanglexin, a new anthraquinone compound, attenuates 1407 
lipid accumulation by activating the AMPK/SREBP-2/PCSK9/LDLR signalling pathway. Biomedicine & 1408 
Pharmacotherapy. 2021;133:110802.  1409 
[47] Jeong HJ, Lee H-S, Kim K-S, Kim Y-K, Yoon D, Park SW. Sterol-dependent regulation of proprotein 1410 
convertase subtilisin/kexin type 9 expression by sterol-regulatory element binding protein-2s⃞. Journal of 1411 
lipid research. 2008;49:399-409. 1412 
[48] Shende VR, Wu M, Singh AB, Dong B, Kan CFK, Liu J. Reduction of circulating PCSK9 and LDL-C levels 1413 
by liver-specific knockdown of HNF1α in normolipidemic mice [S]. Journal of lipid research. 2015;56:801-1414 
9. 1415 
[49] Li H, Dong B, Park SW, Lee H-S, Chen W, Liu J. Hepatocyte nuclear factor 1α plays a critical role in 1416 
PCSK9 gene transcription and regulation by the natural hypocholesterolemic compound berberine. 1417 
Journal of Biological Chemistry. 2009;284:28885-95. 1418 
[50] Li H, Liu J. The novel function of HINFP as a co-activator in sterol-regulated transcription of PCSK9 in 1419 
HepG2 cells. Biochemical Journal. 2012;443:757-68. 1420 
[51] Tao R, Xiong X, DePinho RA, Deng C-X, Dong XC. FoxO3 transcription factor and Sirt6 deacetylase 1421 
regulate low density lipoprotein (LDL)-cholesterol homeostasis via control of the proprotein convertase 1422 
subtilisin/kexin type 9 (Pcsk9) gene expression. Journal of Biological Chemistry. 2013;288:29252-9. 1423 
[52] Zhang H, Liu Y, Wang L, Li Z, Zhang H, Wu J, et al. Differential effects of estrogen/androgen on the 1424 
prevention of nonalcoholic fatty liver disease in the male rat [S]. Journal of lipid research. 2013;54:345-1425 
57. 1426 
[53] Yu Q, Gao F, Ma XL. Insulin says NO to cardiovascular disease. Cardiovascular research. 2011;89:516-1427 
24. 1428 
[54] Costet P, Cariou B, Lambert G, Lalanne F, Lardeux B, Jarnoux A-L, et al. Hepatic PCSK9 expression is 1429 
regulated by nutritional status via insulin and sterol regulatory element-binding protein 1c. Journal of 1430 
Biological Chemistry. 2006;281:6211-8. 1431 
[55] Miao J, Manthena PV, Haas ME, Ling AV, Shin D-J, Graham MJ, et al. Role of insulin in the regulation 1432 
of proprotein convertase subtilisin/kexin type 9. Arteriosclerosis, thrombosis, and vascular biology. 1433 
2015;35:1589-96. 1434 
[56] Langhi C, Le May C, Gmyr V, Vandewalle B, Kerr-Conte J, Krempf M, et al. PCSK9 is expressed in 1435 
pancreatic δ-cells and does not alter insulin secretion. Biochemical and biophysical research 1436 
communications. 2009;390:1288-93. 1437 
[57] Peyot ML, Roubtsova A, Lussier R, Chamberland A, Essalmani R, Murthy Madiraju SR, et al. Substantial 1438 
PCSK9 inactivation in β-cells does not modify glucose homeostasis or insulin secretion in mice. Biochimica 1439 
et biophysica acta Molecular and cell biology of lipids. 2021;1866:158968. 1440 
[58] Schmidt AF, Swerdlow DI, Holmes MV, Patel RS, Fairhurst-Hunter Z, Lyall DM, et al. PCSK9 genetic 1441 
variants and risk of type 2 diabetes: a mendelian randomisation study. The lancet Diabetes & 1442 
endocrinology. 2017;5:97-105. 1443 
[59] Da Dalt L, Ruscica M, Bonacina F, Balzarotti G, Dhyani A, Di Cairano E, et al. PCSK9 deficiency reduces 1444 
insulin secretion and promotes glucose intolerance: the role of the low-density lipoprotein receptor. 1445 
European heart journal. 2019;40:357-68. 1446 



60 
 

[60] Marku A, Da Dalt L, Galli A, Dule N, Corsetto P, Rizzo AM, et al. Pancreatic PCSK9 controls the 1447 
organization of the β-cell secretory pathway via LDLR-cholesterol axis. Metabolism. 2022;136:155291.  1448 
[61] Saitoski K, Ryaboshapkina M, Hamza GM, Jarnuczak AF, Berthault C, Carlotti F, et al. Proprotein 1449 
convertase PCSK9 affects expression of key surface proteins in human pancreatic beta cells via 1450 
intracellular and extracellular regulatory circuits. The Journal of biological chemistry. 2022;298:102096.  1451 
[62] Ramin-Mangata S, Thedrez A, Nativel B, Diotel N, Blanchard V, Wargny M, et al. Effects of proprotein 1452 
convertase subtilisin kexin type 9 modulation in human pancreatic beta cells function. Atherosclerosis. 1453 
2021;326:47-55. 1454 
[63] Galsgaard KD, Pedersen J, Knop FK, Holst JJ, Wewer Albrechtsen NJ. Glucagon receptor signaling and 1455 
lipid metabolism. Frontiers in physiology. 2019;10:413. 1456 
[64] Spolitu S, Okamoto H, Dai W, Zadroga JA, Wittchen ES, Gromada J, et al. Hepatic glucagon signaling 1457 
regulates PCSK9 and low-density lipoprotein cholesterol. Circulation research. 2019;124:38-51. 1458 
[65] Giordano S, Xing D, Chen Y-F, Allon S, Chen C, Oparil S, et al. Estrogen and cardiovascular disease: is 1459 
timing everything? The American journal of the medical sciences. 2015;350:27-35. 1460 
[66] Ghosh M, Gälman C, Rudling M, Angelin B. Influence of physiological changes in endogenous estrogen 1461 
on circulating PCSK9 and LDL cholesterol. Journal of lipid research. 2015;56:463-9. 1462 
[67] Lakoski SG, Lagace TA, Cohen JC, Horton JD, Hobbs HH. Genetic and metabolic determinants of plasma 1463 
PCSK9 levels. The Journal of clinical endocrinology and metabolism. 2009;94:2537-43. 1464 
[68] Jing Y, Hu T, Lin C, Xiong Q, Liu F, Yuan J, et al. Resveratrol downregulates PCSK9 expression and 1465 
attenuates steatosis through estrogen receptor α-mediated pathway in L02 cells. European journal of 1466 
pharmacology. 2019;855:216-26. 1467 
[69] Ooi T, Raymond A, Cousins M, Favreau C, Taljaard M, Gavin C, et al. Relationship between 1468 
testosterone, estradiol and circulating PCSK9: Cross-sectional and interventional studies in humans. 1469 
Clinica chimica acta. 2015;446:97-104. 1470 
[70] Fu W, Gao X-P, Zhang S, Dai Y-P, Zou W-J, Yue L-M. 17β-Estradiol inhibits PCSK9-mediated LDLR 1471 
degradation through GPER/PLC activation in HepG2 cells. Frontiers in Endocrinology. 2020:930. 1472 
[71] Guo W, Fu J, Chen X, Gao B, Fu Z, Fan H, et al. The effects of estrogen on serum level and hepatocyte 1473 
expression of PCSK9. Metabolism. 2015;64:554-60. 1474 
[72] Persson L, Henriksson P, Westerlund E, Hovatta O, Angelin B, Rudling M. Endogenous estrogens lower 1475 
plasma PCSK9 and LDL cholesterol but not Lp(a) or bile acid synthesis in women. Arterioscler Thromb Vasc 1476 
Biol. 2012;32:810-4. 1477 
[73] Roubtsova A, Garçon D, Lacoste S, Chamberland A, Marcinkiewicz J, Métivier R, et al. PCSK9 deficiency 1478 
results in a specific shedding of excess LDLR in female mice only: Role of hepatic cholesterol. Biochimica 1479 
et biophysica acta Molecular and cell biology of lipids. 2022;1867:159217. 1480 
[74] Hazzard WR. Atherogenesis: why women live longer than men. Geriatrics (Basel, Switzerland). 1481 
1985;40:42-51, 4. 1482 
[75] Smekal A, Vaclavik J. Adipokines and cardiovascular disease: A comprehensive review. Biomedical 1483 
Papers of the Medical Faculty of Palacky University in Olomouc. 2017;161. 1484 
[76] Du Y, Li S, Cui C-J, Zhang Y, Yang S-H, Li J-J. Leptin decreases the expression of low-density lipoprotein 1485 
receptor via PCSK9 pathway: linking dyslipidemia with obesity. Journal of translational medicine. 1486 
2016;14:1-9. 1487 
[77] Madkour MM, Anbar HS, El-Gamal MI. Current status and future prospects of p38α/MAPK14 kinase 1488 
and its inhibitors. European journal of medicinal chemistry. 2021;213:113216. 1489 
[78] Getlik M, Grütter C, Simard JR, Nguyen HD, Robubi A, Aust B, et al. Structure-based design, synthesis 1490 
and biological evaluation of N-pyrazole, N′-thiazole urea inhibitors of MAP kinase p38α. European journal 1491 

of medicinal chemistry. 2012;48:1-15. 1492 



61 
 

[79] Seerden J-PG, Leusink-Ionescu G, Woudenberg-Vrenken T, Dros B, Molema G, Kamps JA, et al. 1493 
Synthesis and structure–activity relationships of 4-fluorophenyl-imidazole p38α MAPK, CK1δ and JAK2 1494 
kinase inhibitors. Bioorganic & Medicinal Chemistry Letters. 2014;24:3412-8. 1495 
[80] Selness SR, Devraj RV, Devadas B, Walker JK, Boehm TL, Durley RC, et al. Discovery of PH-797804, a 1496 
highly selective and potent inhibitor of p38 MAP kinase. Bioorganic & medicinal chemistry letters. 1497 
2011;21:4066-71. 1498 
[81] Macchi C, Greco MF, Botta M, Sperandeo P, Dongiovanni P, Valenti L, et al. Leptin, resistin, and 1499 
proprotein convertase subtilisin/kexin type 9: the role of STAT3. The American journal of pathology. 1500 
2020;190:2226-36. 1501 
[82] Levenson AE, Haas ME, Miao J, Brown RJ, de Ferranti SD, Muniyappa R, et al. Effect of leptin 1502 
replacement on PCSK9 in ob/ob mice and female lipodystrophic patients. Endocrinology. 2016;157:1421-1503 
9. 1504 
[83] Vatier C, Arnaud L, Prieur X, Guyomarch B, Le May C, Bigot E, et al. One-year metreleptin therapy 1505 
decreases PCSK9 serum levels in diabetic patients with monogenic lipodystrophy syndromes. Diabetes & 1506 
metabolism. 2017;43:275-9. 1507 
[84] Federico C. Natriuretic peptide system and cardiovascular disease. Heart views: the official journal of 1508 
the Gulf Heart Association. 2010;11:10. 1509 
[85] Bordicchia M, Spannella F, Ferretti G, Bacchetti T, Vignini A, Di Pentima C, et al. PCSK9 is expressed in 1510 
human visceral adipose tissue and regulated by insulin and cardiac natriuretic peptides. International 1511 
journal of molecular sciences. 2019;20:245. 1512 
[86] Levy E, Ouadda ABD, Spahis S, Sane AT, Garofalo C, Grenier É, et al. PCSK9 plays a significant role in 1513 
cholesterol homeostasis and lipid transport in intestinal epithelial cells. Atherosclerosis. 2013;227:297-1514 
306. 1515 
[87] Lähdesmäki K, Öörni K, Alanne-Kinnunen M, Jauhiainen M, Hurt-Camejo E, Kovanen PT. Acidity and 1516 
lipolysis by group V secreted phospholipase A2 strongly increase the binding of apoB-100-containing 1517 
lipoproteins to human aortic proteoglycans. Biochimica et Biophysica Acta (BBA)-Molecular and Cell 1518 
Biology of Lipids. 2012;1821:257-67. 1519 
[88] Sun H, Samarghandi A, Zhang N, Yao Z, Xiong M, Teng B-B. Proprotein convertase subtilisin/kexin type 1520 
9 interacts with apolipoprotein B and prevents its intracellular degradation, irrespective of the low-density 1521 
lipoprotein receptor. Arteriosclerosis, thrombosis, and vascular biology. 2012;32:1585-95. 1522 
[89] Attie AD. ABCA1: at the nexus of cholesterol, HDL and atherosclerosis. Trends in biochemical sciences. 1523 
2007;32:172-9. 1524 
[90] Dong F, Mo Z, Eid W, Courtney KC, Zha X. Akt inhibition promotes ABCA1-mediated cholesterol efflux 1525 
to ApoA-I through suppressing mTORC1. PloS one. 2014;9:e113789. 1526 
[91] Adorni MP, Cipollari E, Favari E, Zanotti I, Zimetti F, Corsini A, et al. Inhibitory effect of PCSK9 on Abca1 1527 
protein expression and cholesterol efflux in macrophages. Atherosclerosis. 2017;256:1-6. 1528 
[92] Hu S, Liu K, Luo H, Xu D, Chen L, Zhang L, et al. Caffeine programs hepatic SIRT1-related cholesterol 1529 
synthesis and hypercholesterolemia via A2AR/cAMP/PKA pathway in adult male offspring rats. Toxicology. 1530 
2019;418:11-21. 1531 
[93] Lebeau PF, Byun JH, Platko K, Saliba P, Sguazzin M, MacDonald ME, et al. Caffeine blocks SREBP2-1532 
induced hepatic PCSK9 expression to enhance LDLR-mediated cholesterol clearance. Nature 1533 
Communications. 2022;13:1-17. 1534 
[94] Poirier S, Mamarbachi M, Chen W-T, Lee AS, Mayer G. GRP94 regulates circulating cholesterol levels 1535 
through blockade of PCSK9-induced LDLR degradation. Cell reports. 2015;13:2064-71. 1536 
[95] Hu D, Guo Y, Wu R, Shao T, Long J, Yu B, et al. New insight into metformin-induced cholesterol-1537 
lowering effect crosstalk between glucose and cholesterol homeostasis via ChREBP (carbohydrate-1538 
responsive element-binding protein)-mediated PCSK9 (proprotein convertase subtilisin/kexin type 9) 1539 
regulation. Arteriosclerosis, Thrombosis, and Vascular Biology. 2021;41:e208-e23. 1540 



62 
 

[96] Aruna J, Mittal S, Kumar S, Misra R, Dadhwal V, Vimala N. Metformin therapy in women with 1541 
polycystic ovary syndrome. International Journal of Gynecology & Obstetrics. 2004;87:237-41. 1542 
[97] Lai Q, Giralt A, Le May C, Zhang L, Cariou B, Denechaud P-D, et al. E2F1 inhibits circulating cholesterol 1543 
clearance by regulating Pcsk9 expression in the liver. JCI insight. 2017;2. 1544 
[98] Ajoolabady A, Bi Y, McClements DJ, Lip GY, Richardson DR, Reiter RJ, et al. Melatonin-based 1545 
therapeutics for atherosclerotic lesions and beyond: Focusing on macrophage mitophagy. 1546 
Pharmacological research. 2022:106072. 1547 
[99] Tang Z-H, Peng J, Ren Z, Yang J, Li T-T, Li T-H, et al. New role of PCSK9 in atherosclerotic inflammation 1548 
promotion involving the TLR4/NF-κB pathway. Atherosclerosis. 2017;262:113-22. 1549 
[100] Badimon L, Luquero A, Crespo J, Peña E, Borrell-Pages M. PCSK9 and LRP5 in macrophage lipid 1550 
internalization and inflammation. Cardiovascular research. 2021;117:2054-68. 1551 
[101] Cheng JM, Oemrawsingh RM, Garcia-Garcia HM, Boersma E, van Geuns R-J, Serruys PW, et al. PCSK9 1552 
in relation to coronary plaque inflammation: results of the ATHEROREMO-IVUS study. Atherosclerosis. 1553 
2016;248:117-22. 1554 
[102] Huang Z, Kraus VB. Does lipopolysaccharide-mediated inflammation have a role in OA? Nature 1555 
Reviews Rheumatology. 2016;12:123-9. 1556 
[103] Feingold KR, Moser AH, Shigenaga JK, Patzek SM, Grunfeld C. Inflammation stimulates the 1557 
expression of PCSK9. Biochemical and biophysical research communications. 2008;374:341-4. 1558 
[104] Khayatan D, Zare K, Khanahmadi M, Momtaz S, Butler AE, Jamialahmadi T, et al. The role of natural 1559 
products as PCSK9 modulators: A review. Phytotherapy Research. 2024;38:4081-98. 1560 
[105] Walley KR, Thain KR, Russell JA, Reilly MP, Meyer NJ, Ferguson JF, et al. PCSK9 is a critical regulator 1561 
of the innate immune response and septic shock outcome. Science translational medicine. 1562 
2014;6:258ra143-258ra143. 1563 
[106] Domingo E, Marques P, Francisco V, Piqueras L, Sanz M-J. Targeting systemic inflammation in 1564 
metabolic disorders. A therapeutic candidate for the prevention of cardiovascular diseases? 1565 
Pharmacological Research. 2024:107058. 1566 
[107] Liang L, Chung SI, Guon T-E, Park KH, Lee J-H, Park J-W. Statin administration or blocking PCSK9 1567 
alleviates airway hyperresponsiveness and lung fibrosis in high-fat diet-induced obese mice. Respiratory 1568 
Research. 2024;25:213. 1569 
[108] Wang Q, Zheng B, Chen P, Lei Y. Leptin and PCSK9 concentrations are associated with vascular 1570 
endothelial cytokines in patients with stable coronary heart disease. Open Medicine. 2022;17:185-90. 1571 
[109] Li S, Guo Y-L, Xu R-X, Zhang Y, Zhu C-G, Sun J, et al. Association of plasma PCSK9 levels with white 1572 
blood cell count and its subsets in patients with stable coronary artery disease. Atherosclerosis. 1573 
2014;234:441-5. 1574 
[110] Zhang Y, Zhu C-G, Xu R-X, Li S, Guo Y-L, Sun J, et al. Relation of circulating PCSK9 concentration to 1575 
fibrinogen in patients with stable coronary artery disease. Journal of clinical lipidology. 2014;8:494-500. 1576 
[111] Li S, Zhu C-G, Guo Y-L, Xu R-X, Zhang Y, Sun J, et al. The relationship between the plasma PCSK9 levels 1577 
and platelet indices in patients with stable coronary artery disease. Journal of Atherosclerosis and 1578 
Thrombosis. 2014:25841. 1579 
[112] Bae K-H, Kim SW, Choi Y-K, Seo JB, Kim N, Kim C-Y, et al. Serum levels of PCSK9 are associated with 1580 
coronary angiographic severity in patients with acute coronary syndrome. Diabetes & metabolism journal. 1581 
2018;42:207-14. 1582 
[113] Zhong D-X, Zhang Y, Jin Q, Zhang X-C, Zhang F, Chen D-D, et al. Increased serum PCSK9 in patients 1583 
with idiopathic pulmonary arterial hypertension: insights from inflammatory cytokines. Pulmonary 1584 
Circulation. 2021;11:20458940211051292. 1585 
[114] Tiller C, Holzknecht M, Lechner I, Oberhollenzer F, von der Emde S, Kremser T, et al. Association of 1586 
Circulating PCSK9 With Ischemia-Reperfusion Injury in Acute ST-Elevation Myocardial Infarction. 1587 
Circulation: Cardiovascular Imaging. 2024;17:e016482. 1588 



63 
 

[115] Huang G, Bao H, Zhan P, Lu X, Duan Z, Xiong X, et al. PCSK9 regulates myocardial ischemia–1589 
reperfusion injury through parkin/pink1-mediated autophagy pathway. Molecular & Cellular Toxicology. 1590 
2024;20:367-76. 1591 
[116] Benedetti A, Del Monte A. Is PCSK9 the Key Player in the Ischemia-Reperfusion Match? : Lippincott 1592 
Williams & Wilkins Hagerstown, MD; 2024. p. e017210. 1593 
[117] Palee S, McSweeney C, Maneechote C, Moisescu D, Jaiwongkam T, Kerdphoo S, et al. 5003 Inhibition 1594 
of PCSK9 reduces infarct size and arrhythmia susceptibility in cardiac ischeamia/reperfusion injury through 1595 
attenuating mitochondrial dysfunction and increasing connexin43 phosphorylation. European Heart 1596 
Journal. 2018;39:ehy566. 5003. 1597 
[118] Hausenloy DJ, Yellon DM. Targeting myocardial reperfusion injury—the search continues. The New 1598 
England journal of medicine. 2015;373:1073-5. 1599 
[119] Cordero A, Rodríguez-Mañero M, Fácila L, Fernández-Olmo MR, Gómez-Martínez MJ, Valle A, et al. 1600 
Prevention of myocardial infarction and stroke with PCSK9 inhibitors treatment: a metanalysis of recent 1601 
randomized clinical trials. Journal of Diabetes & Metabolic Disorders. 2020;19:759-65. 1602 
[120] White HD, Chew DP. Acute myocardial infarction. The Lancet. 2008;372:570-84. 1603 
[121] Wu Z-M, Kan J, Ye F, You W, Wu X-Q, Tian N-L, et al. PCSK9 inhibitor added to high-intensity statin 1604 
therapy to prevent cardiovascular events in patients with acute coronary syndrome after percutaneous 1605 
coronary intervention: a randomized, double-blind, placebo-controlled, multicenter SHAWN study. 1606 
American Heart Journal. 2024;277:58-65. 1607 
[122] Mercep I, Strikic D, Hrabac P, Pecin I, Reiner Ž. PCSK9 inhibition: from effectiveness to cost-1608 
effectiveness. Frontiers in Cardiovascular Medicine. 2024;11:1339487.  1609 
[123] Zaid A, Roubtsova A, Essalmani R, Marcinkiewicz J, Chamberland A, Hamelin J, et al. Proprotein 1610 
convertase subtilisin/kexin type 9 (PCSK9): hepatocyte ‐ specific low ‐ density lipoprotein receptor 1611 

degradation and critical role in mouse liver regeneration. Hepatology. 2008;48:646-54. 1612 
[124] Winter J, Barcena De Arrellano M, Jansen J, Na E, Knueppel S, Regitz-Zagrosek V, et al. P945 PCSK9 1613 
deficiency is not associated with impaired cardiac repair capacity early after myocardial infarction. 1614 
European Heart Journal. 2018;39:ehy564. P945. 1615 
[125] Ding Z, Wang X, Liu S, Shahanawaz J, Theus S, Fan Y, et al. PCSK9 expression in the ischaemic heart 1616 
and its relationship to infarct size, cardiac function, and development of autophagy. Cardiovascular 1617 
research. 2018;114:1738-51. 1618 
[126] Zhang Z, Wei T-F, Zhao B, Yin Z, Shi Q-X, Liu P-L, et al. Sex differences associated with circulating 1619 
PCSK9 in patients presenting with acute myocardial infarction. Scientific Reports. 2019;9:1-8. 1620 
[127] Miñana G, Núñez J, Bayés‐Genís A, Revuelta‐López E, Ríos‐Navarro C, Núñez E, et al. Role of PCSK9 1621 

in the course of ejection fraction change after ST‐segment elevation myocardial infarction: a pilot study. 1622 

ESC heart failure. 2020;7:118-23. 1623 
[128] Laugsand LE, Åsvold BO, Vatten LJ, Janszky I, Platou CG, Michelsen AE, et al. Circulating PCSK9 and 1624 
risk of myocardial infarction: The HUNT study in Norway. JACC: Basic To Translational Science. 2016;1:568-1625 
75. 1626 
[129] Zeller M, Lambert G, Farnier M, Maza M, Nativel B, Rochette L, et al. PCSK9 levels do not predict 1627 
severity and recurrence of cardiovascular events in patients with acute myocardial infarction. Nutrition, 1628 
Metabolism and Cardiovascular Diseases. 2021;31:880-5. 1629 
[130] Gao Y, Qiu Y, Wu J, Diao W, Zhang H, Wang S, et al. Acute-phase plasma PCSK9 levels and recurrent 1630 
cardiovascular events in a Chinese acute myocardial infarction cohort. Cardiology. 2018;141:88-97. 1631 
[131] Boyd JH, Fjell CD, Russell JA, Sirounis D, Cirstea MS, Walley KR. Increased plasma PCSK9 levels are 1632 
associated with reduced endotoxin clearance and the development of acute organ failures during sepsis. 1633 
Journal of Innate Immunity. 2016;8:211-20. 1634 



64 
 

[132] O'Donoghue ML, Giugliano RP, Wiviott SD, Atar D, Keech A, Kuder JF, et al. Long-Term Evolocumab 1635 
in Patients With Established Atherosclerotic Cardiovascular Disease. Circulation. 2022;146:1109-19. 1636 
[133] Sabatine MS, Giugliano RP, Keech AC, Honarpour N, Wiviott SD, Murphy SA, et al. Evolocumab and 1637 
clinical outcomes in patients with cardiovascular disease. New England Journal of Medicine. 1638 
2017;376:1713-22. 1639 
[134] Wu N-Q, Guo Y-L, Xu R-X, Liu J, Zhu C-G, Jiang L-X, et al. Acute myocardial infarction in an 8-year old 1640 
male child with homozygous familiar hypercholesterolemia: laboratory findings and response to lipid-1641 
lowering drugs. Clinical Laboratory. 2013;59:901-7. 1642 
[135] Wu N-Q, Li J-J. PCSK9 gene mutations and low-density lipoprotein cholesterol. Clinica Chimica Acta. 1643 
2014;431:148-53. 1644 
[136] Denis M, Marcinkiewicz J, Zaid A, Gauthier D, Poirier S, Lazure C, et al. Gene inactivation of 1645 
proprotein convertase subtilisin/kexin type 9 reduces atherosclerosis in mice. Circulation. 2012;125:894-1646 
901. 1647 
[137] Nicholls SJ, Puri R, Anderson T, Ballantyne CM, Cho L, Kastelein JJ, et al. Effect of Evolocumab on 1648 
Progression of Coronary Disease in Statin-Treated Patients: The GLAGOV Randomized Clinical Trial. Jama. 1649 
2016;316:2373-84. 1650 
[138] Macvanin MT, Gluvic Z, Klisic A, Manojlovic M, Suri JS, Rizzo M, et al. The Link between miRNAs and 1651 
PCKS9 in Atherosclerosis. Current Medicinal Chemistry. 2024. 1652 
[139] Li N. Platelets as an inter‐player between hyperlipidaemia and atherosclerosis. Journal of Internal 1653 

Medicine. 2024. 1654 
[140] Mohammed EL, Shi G, Yu S, Liu Y, Qian X. A6967 Correlation between PCSK9 and level of 1655 
inflammation in atherosclerotic plaques in patients with coronary heart disease. Journal of Hypertension. 1656 
2018;36:e182. 1657 
[141] Shin D, Kim S, Lee H, Lee H-C, Lee J, Park H-w, et al. PCSK9 stimulates Syk, PKCδ, and NF-κB, leading 1658 
to atherosclerosis progression independently of LDL receptor. Nature Communications. 2024;15:2789.  1659 
[142] Peng C, Li J, Chen Y, Zhang H-r, Li T-x, Jiang Y-h, et al. PCSK9 aggravated carotid artery stenosis in 1660 
ApoE-/-mice by promoting the expression of tissue factors in endothelial cells via the TLR4/NF-κB 1661 
pathway. Biochemical Pharmacology. 2024:116314. 1662 
[143] Xie W, Liu J, Wang W, Wang M, Qi Y, Zhao F, et al. Association between plasma PCSK9 levels and 10-1663 
year progression of carotid atherosclerosis beyond LDL-C: a cohort study. International Journal of 1664 
Cardiology. 2016;215:293-8. 1665 
[144] Coggi D, Frigerio B, Bonomi A, Ruscica M, Ferri N, Sansaro D, et al. Relationship between circulating 1666 
PCSK9 and markers of subclinical atherosclerosis—The IMPROVE Study. Biomedicines. 2021;9:841. 1667 
[145] Witkowski M, Weeks TL, Hazen SL. Gut microbiota and cardiovascular disease. Circulation research. 1668 
2020;127:553-70. 1669 
[146] Voland L, Le Roy T, Debédat J, Clément K. Gut microbiota and vitamin status in persons with obesity: 1670 
A key interplay. Obesity Reviews. 2022;23:e13377. 1671 
[147] KV CR. Heart-gut axis: Targeting proprotein convertase subtilisin/kexin type 9 (PCSK9) to prevent 1672 
cardiovascular disease through gut microbiota. Medicine in Microecology. 2021;7:100033.  1673 
[148] Wastyk HC, Fragiadakis GK, Perelman D, Dahan D, Merrill BD, Yu FB, et al. Gut-microbiota-targeted 1674 
diets modulate human immune status. Cell. 2021;184:4137-53.e14. 1675 
[149] Han X, Gao Y, He M, Luo Y, Wei Y, Duan Y, et al. Evolocumab prevents atrial fibrillation in rheumatoid 1676 
arthritis rats through restraint of PCSK9 induced atrial remodeling. Journal of advanced research. 1677 
2024;61:211-21. 1678 
[150] Li F, Mei Y, Wu Q, Wu X. Drug Target Mendelian Randomization Study of PCSK9 and HMG-CoA 1679 
Reductase Inhibition and Atrial Fibrillation. Cardiology. 2024. 1680 



65 
 

[151] Pastori D, Nocella C, Farcomeni A, Bartimoccia S, Santulli M, Vasaturo F, et al. Relationship of PCSK9 1681 
and urinary thromboxane excretion to cardiovascular events in patients with atrial fibrillation. Journal of 1682 
the American College of Cardiology. 2017;70:1455-62. 1683 
[152] Barale C, Melchionda E, Morotti A, Russo I. PCSK9 biology and its role in atherothrombosis. 1684 
International journal of molecular sciences. 2021;22:5880. 1685 
[153] von Oppell UO, Masani N, O’Callaghan P, Wheeler R, Dimitrakakis G, Schiffelers S. Mitral valve 1686 
surgery plus concomitant atrial fibrillation ablation is superior to mitral valve surgery alone with an 1687 
intensive rhythm control strategy. European journal of cardio-thoracic surgery. 2009;35:641-50. 1688 
[154] Cammisotto V, Pastori D, Nocella C, Bartimoccia S, Castellani V, Marchese C, et al. PCSK9 regulates 1689 
Nox2-mediated platelet activation via CD36 receptor in patients with atrial fibrillation. Antioxidants. 1690 
2020;9:296. 1691 
[155] Pastori D, Ettorre E, Carnevale R, Nocella C, Bartimoccia S, Del Sordo E, et al. Interaction between 1692 
serum endotoxemia and proprotein convertase subtilisin/kexin 9 (PCSK9) in patients with atrial 1693 
fibrillation: a post-hoc analysis from the ATHERO-AF cohort. Atherosclerosis. 2019;289:195-200. 1694 
[156] Dutka M, Zimmer K, Ćwiertnia M, Ilczak T, Bobiński R. The role of PCSK9 in heart failure and other 1695 
cardiovascular diseases—mechanisms of action beyond its effect on LDL cholesterol. Heart Failure 1696 
Reviews. 2024:1-21. 1697 
[157] Lin L, Yu H, Xue Y, Wang L, Zhu P. Proteome-wide mendelian randomization investigates potential 1698 
associations in heart failure and its etiology: emphasis on PCSK9. BMC Medical Genomics. 2024;17:59. 1699 
[158] Da Dalt L, Castiglioni L, Baragetti A, Audano M, Svecla M, Bonacina F, et al. PCSK9 deficiency rewires 1700 
heart metabolism and drives heart failure with preserved ejection fraction. European heart journal. 1701 
2021;42:3078-90. 1702 
[159] Slimani A, Hrira MY, Najah M, Jomaa W, Maatouk F, Hamda KB, et al. PCSK9 polymorphism in a 1703 
Tunisian cohort: identification of a new allele, L8, and association of allele L10 with reduced coronary 1704 
heart disease risk. Molecular and cellular probes. 2015;29:1-6. 1705 
[160] Slimani A, Harira Y, Trabelsi I, Jomaa W, Maatouk F, Hamda KB, et al. Effect of E670G polymorphism 1706 
in PCSK9 gene on the risk and severity of coronary heart disease and ischemic stroke in a Tunisian cohort. 1707 
Journal of Molecular Neuroscience. 2014;53:150-7. 1708 
[161] Ben Djoudi Ouadda A, Gauthier MS, Susan-Resiga D, Girard E, Essalmani R, Black M, et al. Ser-1709 
Phosphorylation of PCSK9 (Proprotein Convertase Subtilisin-Kexin 9) by Fam20C (Family With Sequence 1710 
Similarity 20, Member C) Kinase Enhances Its Ability to Degrade the LDLR (Low-Density Lipoprotein 1711 
Receptor). Arterioscler Thromb Vasc Biol. 2019;39:1996-2013. 1712 
[162] Kotowski IK, Pertsemlidis A, Luke A, Cooper RS, Vega GL, Cohen JC, et al. A spectrum of PCSK9 alleles 1713 
contributes to plasma levels of low-density lipoprotein cholesterol. American journal of human genetics. 1714 
2006;78:410-22. 1715 
[163] Evans D, Beil FU. The E670G SNP in the PCSK9 gene is associated with polygenic 1716 
hypercholesterolemia in men but not in women. BMC medical genetics. 2006;7:66. 1717 
[164] He XM, Chen L, Wang TS, Zhang YB, Luo JB, Feng XX. E670G polymorphism of PCSK9 gene of patients 1718 
with coronary heart disease among Han population in Hainan and three provinces in the northeast of 1719 
China. Asian Pacific journal of tropical medicine. 2016;9:172-6. 1720 
[165] Scartezini M, Hubbart C, Whittall RA, Cooper JA, Neil AH, Humphries SE. The PCSK9 gene R46L variant 1721 
is associated with lower plasma lipid levels and cardiovascular risk in healthy U.K. men. Clinical science 1722 
(London, England : 1979). 2007;113:435-41. 1723 
[166] Hsu LA, Teng MS, Ko YL, Chang CJ, Wu S, Wang CL, et al. The PCSK9 gene E670G polymorphism 1724 
affects low-density lipoprotein cholesterol levels but is not a risk factor for coronary artery disease in 1725 
ethnic Chinese in Taiwan. Clin Chem Lab Med. 2009;47:154-8. 1726 



66 
 

[167] Zhang L, Yuan F, Liu P, Fei L, Huang Y, Xu L, et al. Association between PCSK9 and LDLR gene 1727 
polymorphisms with coronary heart disease: case-control study and meta-analysis. Clinical biochemistry. 1728 
2013;46:727-32. 1729 
[168] Hallman DM, Srinivasan SR, Chen W, Boerwinkle E, Berenson GS. Relation of PCSK9 mutations to 1730 
serum low-density lipoprotein cholesterol in childhood and adulthood (from The Bogalusa Heart Study). 1731 
The American journal of cardiology. 2007;100:69-72. 1732 
[169] Kent ST, Rosenson RS, Avery CL, Chen Y-DI, Correa A, Cummings SR, et al. PCSK9 loss-of-function 1733 
variants, low-density lipoprotein cholesterol, and risk of coronary heart disease and stroke: data from 9 1734 
studies of blacks and whites. Circulation: Cardiovascular Genetics. 2017;10:e001632. 1735 
[170] Cohen JC, Boerwinkle E, Mosley TH, Jr., Hobbs HH. Sequence variations in PCSK9, low LDL, and 1736 
protection against coronary heart disease. N Engl J Med. 2006;354:1264-72. 1737 
[171] Ference BA, Robinson JG, Brook RD, Catapano AL, Chapman MJ, Neff DR, et al. Variation in PCSK9 1738 
and HMGCR and Risk of Cardiovascular Disease and Diabetes. N Engl J Med. 2016;375:2144-53. 1739 
[172] Sun X, Essalmani R, Day R, Khatib AM, Seidah NG, Prat A. Proprotein convertase subtilisin/kexin type 1740 
9 deficiency reduces melanoma metastasis in liver. Neoplasia. 2012;14:1122-31. 1741 
[173] Hsu C-Y, Abdulrahim MN, Mustafa MA, Omar TM, Balto F, Pineda I, et al. The multifaceted role of 1742 
PCSK9 in cancer pathogenesis, tumor immunity, and immunotherapy. Medical Oncology. 2024;41:202.  1743 
[174] Wang H, Zhang X, Zhang Y, Shi T, Zhang Y, Song X, et al. Targeting PCSK9 to upregulate MHC-II on 1744 
the surface of tumor cells in tumor immunotherapy. BMC cancer. 2024;24:445. 1745 
[175] Nowak C, Ärnlöv J. A Mendelian randomization study of the effects of blood lipids on breast cancer 1746 
risk. Nat Commun. 2018;9:3957. 1747 
[176] Bhattacharya A, Chowdhury A, Chaudhury K, Shukla PC. Proprotein convertase subtilisin/kexin type 1748 
9 (PCSK9): A potential multifaceted player in cancer. Biochim Biophys Acta Rev Cancer. 2021:188581.  1749 
[177] Wong Chong E, Joncas FH, Seidah NG, Calon F, Diorio C, Gangloff A. Circulating levels of PCSK9, 1750 
ANGPTL3 and Lp(a) in stage III breast cancers. BMC Cancer. 2022;22:1049. 1751 
[178] Quagliariello V, De Laurentiis M, Cocco S, Rea G, Bonelli A, Caronna A, et al. NLRP3 as putative marker 1752 
of ipilimumab-induced cardiotoxicity in the presence of hyperglycemia in estrogen-responsive and triple-1753 
negative breast cancer cells. International Journal of Molecular Sciences. 2020;21:7802. 1754 
[179] Wang Y, Fang D, Yang Q, You J, Wang L, Wu J, et al. Interactions between PCSK9 and NLRP3 1755 
inflammasome signaling in atherosclerosis. Frontiers in immunology. 2023;14:1126823. 1756 
[180] Seidah NG, Benjannet S, Wickham L, Marcinkiewicz J, Jasmin SB, Stifani S, et al. The secretory 1757 
proprotein convertase neural apoptosis-regulated convertase 1 (NARC-1): liver regeneration and neuronal 1758 
differentiation. Proceedings of the National Academy of Sciences of the United States of America. 1759 
2003;100:928-33. 1760 
[181] Yuan J, Cai T, Zheng X, Ren Y, Qi J, Lu X, et al. Potentiating CD8(+) T cell antitumor activity by inhibiting 1761 
PCSK9 to promote LDLR-mediated TCR recycling and signaling. Protein Cell. 2021;12:240-60. 1762 
[182] Seidah NG, Prat A, Pirillo A, Catapano AL, Norata GD. Novel strategies to target proprotein 1763 
convertase subtilisin kexin 9: beyond monoclonal antibodies. Cardiovasc Res. 2019;115:510-8. 1764 
[183] Voutsadakis IA. Immune Blockade Inhibition in Breast Cancer. Anticancer Research. 2016;36:5607-1765 
22. 1766 
[184] Park J, Kwon M, Shin EC. Immune checkpoint inhibitors for cancer treatment. Archives of Pharmacal 1767 
Research. 2016. 1768 
[185] Liu X, Bao X, Hu M, Chang H, Jiao M, Cheng J, et al. Inhibition of PCSK9 potentiates immune 1769 
checkpoint therapy for cancer. Nature. 2020;588:693-8. 1770 
[186] Gaillard CF, Djoudi Ouadda AB, Ciccone L, Girard E, Mikaeeli S, Evagelidis A, et al. Molecular 1771 
interactions of PCSK9 with an inhibitory nanobody, CAP1 and HLA-C: functional regulation of LDLR levels. 1772 
bioRxiv. 2022:2022.10.20.513093. 1773 



67 
 

[187] Benjannet S, Rhainds D, Hamelin J, Nassoury N, Seidah NG. The proprotein convertase PCSK9 is 1774 
inactivated by furin and/or PC5/6A: Functional consequences of natural mutations and post-translational 1775 
modifications. Journal of Biological Chemistry. 2006;281:30561-72. 1776 
[188] Han B, Eacho PI, Knierman MD, Troutt JS, Konrad RJ, Yu X, et al. Isolation and Characterization of the 1777 
Circulating Truncated Form of PCSK9. Journal of Lipid Research. 2014;55:1505-14. 1778 
[189] Essalmani R, Susan-Resiga D, Chamberland A, Abifadel M, Creemers JW, Boileau C, et al. In vivo 1779 
evidence that furin from hepatocytes inactivates PCSK9. J Biol Chem 2011;286:4257-63. 1780 
[190] Robert C. A decade of immune-checkpoint inhibitors in cancer therapy. Nat Commun. 2020;11:3801. 1781 
[191] Gangloff A, Calon F, Seidah NG. Can iPCSK9-induced hypocholesterolemia starve cancer cells? J Clin 1782 
Lipidol. 2017;11:600-1. 1783 
[192] Conroy T, Hammel P, Hebbar M, Ben Abdelghani M, Wei AC, Raoul J-L, et al. FOLFIRINOX or 1784 
Gemcitabine as Adjuvant Therapy for Pancreatic Cancer. 2018;379:2395-406. 1785 
[193] Rada M, Tsamchoe M, Kapelanski-Lamoureux A, Hassan N, Bloom J, Petrillo S, et al. Cancer Cells 1786 
Promote Phenotypic Alterations in Hepatocytes at the Edge of Cancer Cell Nests to Facilitate Vessel Co-1787 
Option Establishment in Colorectal Cancer Liver Metastases. Cancers (Basel). 2022;14. 1788 
[194] Rada M, Krzywon L, Kapelanski-Lamoureux A, Petrillo S, Reynolds A, Lazaris A, et al. High levels of 1789 
serum cholesterol positively correlate with the risk of the development of vessel co-opting tumours in 1790 
colorectal cancer liver metastases. medRxiv. 2022. 1791 
[195] Seidah NG, Pasquato A, Andreo U. How Do Enveloped Viruses Exploit the Secretory Proprotein 1792 
Convertases to Regulate Infectivity and Spread? Viruses. 2021;13:1229. 1793 
[196] Bhatt S, Gething PW, Brady OJ, Messina JP, Farlow AW, Moyes CL, et al. The global distribution and 1794 
burden of dengue. Nature. 2013;496:504-7. 1795 
[197] Muzammil K, Hooshiar MH, Varmazyar S, Omar TM, Karim MM, Aadi S, et al. Potential use of 1796 
proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibition and prevention method in viral infection. 1797 
Microbial Cell Factories. 2024;23:90. 1798 
[198] Arsh H, Kumar FM, Simran F, Tamang S, ur Rehman M, Ahmed G, et al. Role of PCSK9 inhibition 1799 
during the inflammatory stage of SARS-COV-2: an updated review. Annals of Medicine and Surgery. 1800 
2024;86:899-908. 1801 
[199] Gan ES, Tan HC, Le DHT, Huynh TT, Wills B, Seidah NG, et al. Dengue virus induces PCSK9 expression 1802 
to alter antiviral responses and disease outcomes. J Clin Invest. 2020;130:5223-34. 1803 
[200] Brown MS, Goldstein JL. The SREBP pathway: Regulation of cholesterol metabolism by proteolysis 1804 
of a membrane-bound transcription factor. Cell. 1997;89:331-40. 1805 
[201] Tikoo K, Patel G, Kumar S, Karpe PA, Sanghavi M, Malek V, et al. Tissue specific up regulation of ACE2 1806 
in rabbit model of atherosclerosis by atorvastatin: role of epigenetic histone modifications. Biochem 1807 
Pharmacol. 2015;93:343-51. 1808 
[202] Shin YH, Min JJ, Lee JH, Kim EH, Kim GE, Kim MH, et al. The effect of fluvastatin on cardiac fibrosis 1809 
and angiotensin-converting enzyme-2 expression in glucose-controlled diabetic rat hearts. Heart Vessels. 1810 
2017;32:618-27. 1811 
[203] Zhang XJ, Qin JJ, Cheng X, Shen L, Zhao YC, Yuan Y, et al. In-Hospital Use of Statins Is Associated with 1812 
a Reduced Risk of Mortality among Individuals with COVID-19. Cell Metab. 2020;32:176-87.e4. 1813 
[204] Tan WYT, Young BE, Lye DC, Chew DEK, Dalan R. Statin use is associated with lower disease severity 1814 
in COVID-19 infection. Sci Rep. 2020;10:17458. 1815 
[205] Memel ZN, Lee JJ, Foulkes AS, Chung RT, Thaweethai T, Bloom PP. Statins Are Associated with 1816 
Improved 28-day Mortality in Patients Hospitalized with SARS-CoV-2 Infection. medRxiv. 2021. 1817 
[206] Vuorio A, Kovanen PT. Prevention of endothelial dysfunction and thrombotic events in COVID-19 1818 
patients with familial hypercholesterolemia. J Clin Lipidol. 2020;14:617-8. 1819 



68 
 

[207] Cariou B, Goronflot T, Rimbert A, Boullu S, Le May C, Moulin P, et al. Routine use of statins and 1820 
increased COVID-19 related mortality in inpatients with type 2 diabetes: Results from the CORONADO 1821 
study. Diabetes Metab. 2021;47:101202. 1822 
[208] Vuorio A, Kovanen PT. PCSK9 inhibitors for COVID-19: an opportunity to enhance the antiviral action 1823 
of interferon in patients with hypercholesterolaemia. J Intern Med. 2021;289:749-51. 1824 
[209] Zhang Q, Bastard P, Liu Z, Le Pen J, Moncada-Velez M, Chen J, et al. Inborn errors of type I IFN 1825 
immunity in patients with life-threatening COVID-19. 2020;370:eabd4570. 1826 
[210] Gudleski-O'Regan N, Greco TM, Cristea IM, Shenk T. Increased expression of LDL receptor-related 1827 
protein 1 during human cytomegalovirus infection reduces virion cholesterol and infectivity. Cell Host 1828 
Microbe. 2012;12:86-96. 1829 
[211] Canuel M, Sun X, Asselin MC, Paramithiotis E, Prat A, Seidah NG. Proprotein convertase 1830 
subtilisin/kexin type 9 (PCSK9) can mediate degradation of the low density lipoprotein receptor-related 1831 
protein 1 (LRP-1). PLoS ONE. 2013;8:e64145. 1832 
[212] Hyrina A, Olmstead AD, Steven P, Krajden M, Tam E, Jean F. Treatment-Induced Viral Cure of 1833 
Hepatitis C Virus-Infected Patients Involves a Dynamic Interplay among three Important Molecular Players 1834 
in Lipid Homeostasis: Circulating microRNA (miR)-24, miR-223, and Proprotein Convertase Subtilisin/Kexin 1835 
Type 9. EBioMedicine. 2017;23:68-78. 1836 
[213] O’Brien Jr JM, Ali NA, Aberegg SK, Abraham E. Sepsis. The American journal of medicine. 1837 
2007;120:1012-22. 1838 
[214] Watson RS, Carrol ED, Carter MJ, Kissoon N, Ranjit S, Schlapbach LJ. The burden and contemporary 1839 
epidemiology of sepsis in children. The Lancet Child & Adolescent Health. 2024;8:670-81. 1840 
[215] Sanchez-Pinto LN, López MdPA, Scott H, Gibbons K, Moor M, Watson RS, et al. Digital solutions in 1841 
paediatric sepsis: current state, challenges, and opportunities to improve care around the world. The 1842 
Lancet Digital Health. 2024. 1843 
[216] Yuan Y, Wu W, Sun S, Zhang Y, Chen Z. PCSK9: a potential therapeutic target for sepsis. Journal of 1844 
immunology research. 2020;2020. 1845 
[217] Berger J-M, Valdes AL, Gromada J, Anderson N, Horton JD. Inhibition of PCSK9 does not improve 1846 
lipopolysaccharide-induced mortality in mice. Journal of lipid research. 2017;58:1661-9. 1847 
[218] Yanai H, Yoshida H. Secondary dyslipidemia: its treatments and association with atherosclerosis. 1848 
Global health & medicine. 2021;3:15-23. 1849 
[219] Chait A, Brunzell JD. Acquired hyperlipidemia (secondary dyslipoproteinemias). Endocrinology and 1850 
metabolism clinics of North America. 1990;19:259-78. 1851 
[220] Wang X, Wen D, Chen Y, Ma L, You C. PCSK9 inhibitors for secondary prevention in patients with 1852 
cardiovascular diseases: a bayesian network meta-analysis. Cardiovascular diabetology. 2022;21:107. 1853 
[221] Lin X-L, Xiao L-L, Tang Z-H, Jiang Z-S, Liu M-H. Role of PCSK9 in lipid metabolism and atherosclerosis. 1854 
Biomedicine & Pharmacotherapy. 2018;104:36-44. 1855 
[222] Spolitu S, Dai W, Zadroga JA, Ozcan L. Proprotein convertase subtilisin/kexin type 9 and lipid 1856 
metabolism. Current opinion in lipidology. 2019;30:186-91. 1857 
[223] Guo Q, Feng X, Zhou Y. PCSK9 variants in familial hypercholesterolemia: a comprehensive synopsis. 1858 
Frontiers in Genetics. 2020;11:1020. 1859 
[224] Aguilar-Salinas CA, Gómez-Díaz RA, Corral P. New therapies for primary hyperlipidemia. The Journal 1860 
of Clinical Endocrinology & Metabolism. 2022;107:1216-24. 1861 
[225] Lambert G, Ancellin N, Charlton F, Comas D, Pilot J, Keech A, et al. Plasma PCSK9 concentrations 1862 
correlate with LDL and total cholesterol in diabetic patients and are decreased by fenofibrate treatment. 1863 
Clinical chemistry. 2008;54:1038-45. 1864 
[226] Lakoski SG, Lagace TA, Cohen JC, Horton JD, Hobbs HH. Genetic and metabolic determinants of 1865 
plasma PCSK9 levels. The Journal of Clinical Endocrinology & Metabolism. 2009;94:2537-43. 1866 



69 
 

[227] Morelli MB, Wang X, Santulli G. Functional role of gut microbiota and PCSK9 in the pathogenesis of 1867 
diabetes mellitus and cardiovascular disease. Atherosclerosis. 2019;289:176. 1868 
[228] Armstrong AW, Read C. Pathophysiology, clinical presentation, and treatment of psoriasis: a review. 1869 
Jama. 2020;323:1945-60. 1870 
[229] Garshick MS, Baumer Y, Dey AK, Grattan R, Ng Q, Teague HL, et al. Characterization of PCSK9 in the 1871 
blood and skin of psoriasis. Journal of Investigative Dermatology. 2021;141:308-15. 1872 
[230] De La Torre A, Patni N, Wilson DP. Clinical Management of Dyslipidemia in Youth with Chronic Kidney 1873 
Disease. 2021. 1874 
[231] Kochan Z, Szupryczynska N, Malgorzewicz S. Dietary Lipids and Dyslipidemia in Chronic Kidney 1875 
Disease. Nutrients, 13, Article No. 3138. 2021. 1876 
[232] Scarpioni R, Ricardi M, Albertazzi V, Melfa L. Treatment of dyslipidemia in chronic kidney disease: 1877 
Effectiveness and safety of statins. World journal of nephrology. 2012;1:184. 1878 
[233] Slatopolsky E, Brown A, Dusso A. Pathogenesis of secondary hyperparathyroidism. Kidney 1879 
International. 1999;56:S14-S9. 1880 
[234] Pavlakou P, Liberopoulos E, Dounousi E, Elisaf M. PCSK9 in chronic kidney disease. International 1881 
urology and nephrology. 2017;49:1015-24. 1882 
[235] Amaro JM, Villanego F, Naranjo J, Orellana C, Vigara LA, Narváez CE, et al. Treatment with PCSK9 1883 
inhibitors in patients with chronic kidney disease at very high cardiovascular risk. Nefrología (English 1884 
Edition). 2023;43:133-5. 1885 
[236] Defesche JC, Gidding SS, Harada-Shiba M, Hegele RA, Santos RD, Wierzbicki AS. Familial 1886 
hypercholesterolaemia. Nature reviews Disease primers. 2017;3:1-20. 1887 
[237] Khoury M, Bigras J-L, Cummings EA, Harris KC, Hegele RA, Henderson M, et al. The detection, 1888 
evaluation, and management of dyslipidemia in children and adolescents: a Canadian Cardiovascular 1889 
Society/Canadian Pediatric Cardiology Association clinical practice update. Canadian Journal of 1890 
Cardiology. 2022;38:1168-79. 1891 
[238] De Ferranti SD, Steinberger J, Ameduri R, Baker A, Gooding H, Kelly AS, et al. Cardiovascular risk 1892 
reduction in high-risk pediatric patients: a scientific statement from the American Heart Association. 1893 
Circulation. 2019;139:e603-e34. 1894 
[239] Wiegman A, Gidding SS, Watts GF, Chapman MJ, Ginsberg HN, Cuchel M, et al. Familial 1895 
hypercholesterolaemia in children and adolescents: gaining decades of life by optimizing detection and 1896 
treatment. European heart journal. 2015;36:2425-37. 1897 
[240] Luirink IK, Wiegman A, Kusters DM, Hof MH, Groothoff JW, de Groot E, et al. 20-year follow-up of 1898 
statins in children with familial hypercholesterolemia. New England Journal of Medicine. 2019;381:1547-1899 
56. 1900 
[241] Santos RD, Ruzza A, Hovingh GK, Wiegman A, Mach F, Kurtz CE, et al. Evolocumab in pediatric 1901 
heterozygous familial hypercholesterolemia. New England Journal of Medicine. 2020;383:1317-27. 1902 
[242] Desai NR, Giugliano RP, Wasserman SM, Gibbs JP, Liu T, Scott R, et al. Association between 1903 
circulating baseline proprotein convertase subtilisin kexin type 9 levels and efficacy of evolocumab. JAMA 1904 
cardiology. 2017;2:556-60. 1905 
[243] Waters DD, Hsue PY, Bangalore S. PCSK9 inhibitors for statin intolerance? JAMA. 2016;315:1571-2. 1906 
[244] Chapman MJ, Stock JK, Ginsberg HN. PCSK9 inhibitors and cardiovascular disease: heralding a new 1907 
therapeutic era. Current opinion in lipidology. 2015;26:511. 1908 
[245] Liu Y, Han B. Efficacy evaluation of PCSK9 monoclonal antibody (Evolocumab) in combination with 1909 
Rosuvastatin and Ezetimibe on cholesterol levels in patients with coronary heart disease (CHD): A 1910 
retrospective analysis from a single center in China. Transplant Immunology. 2022;71:101444. 1911 
[246] Koskinas KC, Siontis GC, Piccolo R, Mavridis D, Räber L, Mach F, et al. Effect of statins and non-statin 1912 
LDL-lowering medications on cardiovascular outcomes in secondary prevention: a meta-analysis of 1913 
randomized trials. European Heart Journal. 2018;39:1172-80. 1914 



70 
 

[247] Cordero A, Escribano D, Bertomeu-Gonzalez V, Lopez-Ayala J, Monteagudo M, Quintanilla A, et al. 1915 
LDLc reduction with fixed-dose combination rosuvastatin-ezetimibe in patients with coronary heart 1916 
disease that are not candidates for PCSK9 inhibitors treatment. European Heart Journal. 1917 
2021;42:ehab724. 2583. 1918 
[248] Mortensen MB, Nordestgaard BG. Elevated LDL cholesterol and increased risk of myocardial 1919 
infarction and atherosclerotic cardiovascular disease in individuals aged 70–100 years: a contemporary 1920 
primary prevention cohort. The Lancet. 2020;396:1644-52. 1921 
[249] Pandey A, Bajaj H, Garg V, Pandey A, Verma S. PCSK9 INHIBITION: REAL WORLD APPLICATION AND 1922 
CHALLENGES TO ACHIEVE UNMET CHOLESTEROL TARGETS IN CANADIAN ATHEROSCLEROTIC HEART 1923 
DISEASE, THE PRACTICAL STUDY. Journal of the American College of Cardiology. 2018;71:A1755-A. 1924 
[250] Sammour Y, Dezorzi C, Austin BA, Borkon AM, Everley MP, Fendler TJ, et al. PCSK9 inhibitors in heart 1925 
transplant patients: safety, efficacy, and angiographic correlates. Journal of Cardiac Failure. 2021;27:812-1926 
5. 1927 
[251] Weider E, Susan-Resiga D, Essalmani R, Hamelin J, Asselin MC, Nimesh S, et al. Proprotein Convertase 1928 
Subtilisin/Kexin Type 9 (PCSK9) Single Domain Antibodies Are Potent Inhibitors of Low Density Lipoprotein 1929 
Receptor Degradation. The Journal of biological chemistry. 2016;291:16659-71. 1930 
[252] Shen T, James DE, Krueger KA. Population pharmacokinetics (PK) and pharmacodynamics (PD) 1931 
analysis of LY3015014, a monoclonal antibody to protein convertase subtilisin/kexin type 9 (PCSK9) in 1932 
healthy subjects and hypercholesterolemia patients. Pharmaceutical research. 2017;34:185-92. 1933 
[253] Lipovšek D. Adnectins: engineered target-binding protein therapeutics. Protein Engineering, Design 1934 
& Selection. 2011;24:3-9. 1935 
[254] Mitchell T, Chao G, Sitkoff D, Lo F, Monshizadegan H, Meyers D, et al. Pharmacologic profile of the 1936 
Adnectin BMS-962476, a small protein biologic alternative to PCSK9 antibodies for low-density lipoprotein 1937 
lowering. Journal of Pharmacology and Experimental Therapeutics. 2014;350:412-24. 1938 
[255] Galabova G, Brunner S, Winsauer G, Juno C, Wanko B, Mairhofer A, et al. Peptide-based anti-PCSK9 1939 
vaccines-an approach for long-term LDLc management. PLoS One. 2014;9:e114469. 1940 
[256] Landlinger C, Pouwer MG, Juno C, van der Hoorn JW, Pieterman EJ, Jukema JW, et al. The AT04A 1941 
vaccine against proprotein convertase subtilisin/kexin type 9 reduces total cholesterol, vascular 1942 
inflammation, and atherosclerosis in APOE* 3Leiden. CETP mice. European heart journal. 2017;38:2499-1943 
507. 1944 
[257] Momtazi-Borojeni AA, Jaafari MR, Badiee A, Banach M, Sahebkar A. Therapeutic effect of 1945 
nanoliposomal PCSK9 vaccine in a mouse model of atherosclerosis. BMC medicine. 2019;17:1-15. 1946 
[258] You S, Guo X, Xue X, Li Y, Dong H, Ji H, et al. PCSK9 hapten multicopy displayed onto carrier protein 1947 
nanoparticle: an antiatherosclerosis vaccine. ACS Biomaterials Science & Engineering. 2019;5:4263-71. 1948 
[259] Kawakami R, Nozato Y, Nakagami H, Ikeda Y, Shimamura M, Yoshida S, et al. Development of vaccine 1949 
for dyslipidemia targeted to a proprotein convertase subtilisin/kexin type 9 (PCSK9) epitope in mice. PloS 1950 
one. 2018;13:e0191895. 1951 
[260] Crossey E, Amar MJ, Sampson M, Peabody J, Schiller JT, Chackerian B, et al. A cholesterol-lowering 1952 
VLP vaccine that targets PCSK9. Vaccine. 2015;33:5747-55. 1953 
[261] Pan Y, Zhou Y, Wu H, Chen X, Hu X, Zhang H, et al. A therapeutic peptide vaccine against PCSK9. 1954 
Scientific reports. 2017;7:1-10. 1955 
[262] Maarouf N, Chen Y-X, Shi C, Deng J, Diao C, Rosin M, et al. Unlike estrogens that increase PCSK9 1956 
levels post-menopause HSP27 vaccination lowers cholesterol levels and atherogenesis due to divergent 1957 
effects on PCSK9 and LDLR. Pharmacological Research. 2020;161:105222. 1958 
[263] Chen Y-X, Shi C, Deng J, Diao C, Maarouf N, Rosin M, et al. HSP25 Vaccination Attenuates 1959 
Atherogenesis via Upregulation of LDLR Expression, Lowering of PCSK9 Levels and Curbing of 1960 
Inflammation. Arteriosclerosis, thrombosis, and vascular biology. 2021;41:e338-e53. 1961 



71 
 

[264] McNutt MC, Kwon HJ, Chen C, Chen JR, Horton JD, Lagace TA. Antagonism of secreted PCSK9 1962 
increases low density lipoprotein receptor expression in HepG2 cells. Journal of Biological Chemistry. 1963 
2009;284:10561-70. 1964 
[265] Shan L, Pang L, Zhang R, Murgolo NJ, Lan H, Hedrick JA. PCSK9 binds to multiple receptors and can 1965 
be functionally inhibited by an EGF-A peptide. Biochemical and biophysical research communications. 1966 
2008;375:69-73. 1967 
[266] Zhang D-W, Lagace TA, Garuti R, Zhao Z, McDonald M, Horton JD, et al. Binding of proprotein 1968 
convertase subtilisin/kexin type 9 to epidermal growth factor-like repeat A of low density lipoprotein 1969 
receptor decreases receptor recycling and increases degradation. Journal of Biological Chemistry. 1970 
2007;282:18602-12. 1971 
[267] Palmer-Smith H, Basak A. Regulatory effects of peptides from the pro and catalytic domains of 1972 
proprotein convertase subtilisin/kexin 9 (PCSK9) on low-density lipoprotein receptor (LDL-R). Current 1973 
medicinal chemistry. 2010;17:2168-82. 1974 
[268] Du F, Hui Y, Zhang M, Linton MF, Fazio S, Fan D. Novel domain interaction regulates secretion of 1975 
proprotein convertase subtilisin/kexin type 9 (PCSK9) protein. Journal of Biological Chemistry. 1976 
2011;286:43054-61. 1977 
[269] Zhang Y, Eigenbrot C, Zhou L, Shia S, Li W, Quan C, et al. Identification of a small peptide that inhibits 1978 
PCSK9 protein binding to the low density lipoprotein receptor. Journal of Biological Chemistry. 1979 
2014;289:942-55. 1980 
[270] Alghamdi RH, O'Reilly P, Lu C, Gomes J, Lagace TA, Basak A. LDL-R promoting activity of peptides 1981 
derived from human PCSK9 catalytic domain (153–421): design, synthesis and biochemical evaluation. 1982 
European Journal of Medicinal Chemistry. 2015;92:890-907. 1983 
[271] Luna Saavedra YG, Zhang J, Seidah NG. PCSK9 prosegment chimera as novel inhibitors of LDLR 1984 
degradation. PLoS One. 2013;8:e72113. 1985 
[272] Stucchi M, Grazioso G, Lammi C, Manara S, Zanoni C, Arnoldi A, et al. Disrupting the PCSK9/LDLR 1986 
protein–protein interaction by an imidazole-based minimalist peptidomimetic. Organic & Biomolecular 1987 
Chemistry. 2016;14:9736-40. 1988 
[273] Hao J, Chen C, Huang K, Huang J, Li J, Liu P, et al. Polydatin improves glucose and lipid metabolism 1989 
in experimental diabetes through activating the Akt signaling pathway. European journal of 1990 
pharmacology. 2014;745:152-65. 1991 
[274] Lammi C, Zanoni C, Aiello G, Arnoldi A, Grazioso G. Lupin peptides modulate the protein-protein 1992 
interaction of PCSK9 with the low density lipoprotein receptor in HepG2 cells. Scientific reports. 2016;6:1-1993 
13. 1994 
[275] Kamaruddin NN, Hajri NA, Andriani Y, Abdul Manan AF, Tengku Muhammad TS, Mohamad H. 1995 
Acanthaster planci Inhibits PCSK9 and Lowers Cholesterol Levels in Rats. Molecules. 2021;26:5094.  1996 
[276] Chae H-S, Pel P, Cho J, Kim Y-M, An C-Y, Huh J, et al. Identification of neolignans with PCSK9 1997 
downregulatory and LDLR upregulatory activities from Penthorum chinense and the potential in 1998 
cholesterol uptake by transcriptional regulation of LDLR via SREBP2. Journal of Ethnopharmacology. 1999 
2021;278:114265. 2000 
[277] Hwang J-T, Choi E, Choi H-K, Park J-H, Chung M-Y. The cholesterol-lowering effect of Capsella Bursa-2001 
Pastoris is mediated via SREBP2 and HNF-1α-regulated PCSK9 inhibition in obese mice and HepG2 cells. 2002 
Foods. 2021;10:408. 2003 
[278] Ben-Naim L, Khalaila I, Papo N. Modifying pH-sensitive PCSK9/LDLR interactions as a strategy to 2004 
enhance hepatic cell uptake of low-density lipoprotein cholesterol (LDL-C). Protein Engineering, Design 2005 
and Selection. 2022;35. 2006 
[279] Adorni MP, Zimetti F, Lupo MG, Ruscica M, Ferri N. Naturally occurring PCSK9 inhibitors. Nutrients. 2007 
2020;12:1440. 2008 
[280] Jiang F, Doudna JA. CRISPR-Cas9 structures and mechanisms. Annu Rev Biophys. 2017;46:505-29. 2009 



72 
 

[281] Doudna JA. The promise and challenge of therapeutic genome editing. Nature. 2020;578:229-36. 2010 
[282] Kan MJ, Doudna JA. Treatment of Genetic Diseases With CRISPR Genome Editing. Jama. 2011 
2022;328:980-1. 2012 
[283] Musunuru K. Moving toward genome-editing therapies for cardiovascular diseases. J Clin Invest. 2013 
2022;132. 2014 
[284] Musunuru K. CRISPR and cardiovascular diseases. Cardiovascular Research. 2022. 2015 
[285] Musunuru K, Chadwick AC, Mizoguchi T, Garcia SP, DeNizio JE, Reiss CW, et al. In vivo CRISPR base 2016 
editing of PCSK9 durably lowers cholesterol in primates. Nature. 2021;593:429-34. 2017 
[286] Davis JR, Wang X, Witte IP, Huang TP, Levy JM, Raguram A, et al. Efficient in vivo base editing via 2018 
single adeno-associated viruses with size-optimized genomes encoding compact adenine base editors. 2019 
Nature biomedical engineering. 2022. 2020 
[287] Wang X, Raghavan A, Chen T, Qiao L, Zhang Y, Ding Q, et al. CRISPR-Cas9 targeting of PCSK9 in human 2021 
hepatocytes in vivo—brief report. Arteriosclerosis, thrombosis, and vascular biology. 2016;36:783-6. 2022 
[288] Ding Q, Strong A, Patel KM, Ng S-L, Gosis BS, Regan SN, et al. Permanent alteration of PCSK9 with in 2023 
vivo CRISPR-Cas9 genome editing. Circulation research. 2014;115:488-92. 2024 
[289] Li A, Tanner MR, Lee CM, Hurley AE, De Giorgi M, Jarrett KE, et al. AAV-CRISPR gene editing is 2025 
negated by pre-existing immunity to Cas9. Molecular Therapy. 2020;28:1432-41. 2026 
[290] Jiang C, Mei M, Li B, Zhu X, Zu W, Tian Y, et al. A non-viral CRISPR/Cas9 delivery system for 2027 
therapeutically targeting HBV DNA and pcsk9 in vivo. Cell research. 2017;27:440-3. 2028 
[291] Marx V. Base editing a CRISPR way. Nature Methods. 2018;15:767-70. 2029 
[292] Molla KA, Yang Y. CRISPR/Cas-mediated base editing: technical considerations and practical 2030 
applications. Trends in biotechnology. 2019;37:1121-42. 2031 
[293] Doudna JA, Charpentier E. The new frontier of genome engineering with CRISPR-Cas9. Science. 2032 
2014;346:1258096. 2033 
[294] Antoniou P, Miccio A, Brusson M. Base and prime editing technologies for blood disorders. Frontiers 2034 
in Genome Editing. 2021;3:618406. 2035 
[295] Musunuru K, Chadwick AC, Mizoguchi T, Garcia SP, DeNizio JE, Reiss CW, et al. In vivo CRISPR base 2036 
editing of PCSK9 durably lowers cholesterol in primates. Nature. 2021;593:429-34. 2037 
[296] Rothgangl T, Dennis MK, Lin PJ, Oka R, Witzigmann D, Villiger L, et al. In vivo adenine base editing of 2038 
PCSK9 in macaques reduces LDL cholesterol levels. Nature biotechnology. 2021;39:949-57. 2039 
[297] Boren J, Chapman MJ, Krauss RM, Packard CJ, Bentzon JF, Binder CJ, et al. Low-density lipoproteins 2040 
cause atherosclerotic cardiovascular disease: pathophysiological, genetic, and therapeutic insights: a 2041 
consensus statement from the European Atherosclerosis Society Consensus Panel. European heart 2042 
journal. 2020;41:2313-30. 2043 
[298] Libby P, Tokgözoğlu L. Chasing LDL cholesterol to the bottom—PCSK9 in perspective. Nature 2044 
Cardiovascular Research. 2022;1:554-61. 2045 
[299] Hammond SM, Aartsma ‐Rus A, Alves S, Borgos SE, Buijsen RA, Collin RW, et al. Delivery of 2046 

oligonucleotide ‐ based therapeutics: challenges and opportunities. EMBO molecular medicine. 2047 

2021;13:e13243. 2048 
[300] Sehgal A, Vaishnaw A, Fitzgerald K. Liver as a target for oligonucleotide therapeutics. Journal of 2049 
hepatology. 2013;59:1354-9. 2050 
[301] Carthew RW, Sontheimer EJ. Origins and mechanisms of miRNAs and siRNAs. Cell. 2009;136:642-55. 2051 
[302] Frank-Kamenetsky M, Grefhorst A, Anderson NN, Racie TS, Bramlage B, Akinc A, et al. Therapeutic 2052 
RNAi targeting PCSK9 acutely lowers plasma cholesterol in rodents and LDL cholesterol in nonhuman 2053 
primates. Proceedings of the National Academy of Sciences. 2008;105:11915-20. 2054 
[303] Murphy BA, Tadin-Strapps M, Jensen K, Mogg R, Liaw A, Herath K, et al. siRNA-mediated inhibition 2055 
of SREBP cleavage-activating protein reduces dyslipidemia in spontaneously dysmetabolic rhesus 2056 
monkeys. Metabolism. 2017;71:202-12. 2057 



73 
 

[304] Jensen KK, Tadin-Strapps M, Wang S-p, Hubert J, Kan Y, Ma Y, et al. Dose-dependent effects of siRNA-2058 
mediated inhibition of SCAP on PCSK9, LDLR, and plasma lipids in mouse and rhesus monkey [S]. Journal 2059 
of lipid research. 2016;57:2150-62. 2060 
[305] Fitzgerald K, Frank-Kamenetsky M, Shulga-Morskaya S, Liebow A, Bettencourt BR, Sutherland JE, et 2061 
al. Effect of an RNA interference drug on the synthesis of proprotein convertase subtilisin/kexin type 9 2062 
(PCSK9) and the concentration of serum LDL cholesterol in healthy volunteers: a randomised, single-blind, 2063 
placebo-controlled, phase 1 trial. The Lancet. 2014;383:60-8. 2064 
[306] Fitzgerald K, White S, Borodovsky A, Bettencourt BR, Strahs A, Clausen V, et al. A highly durable RNAi 2065 
therapeutic inhibitor of PCSK9. New England Journal of Medicine. 2017;376:41-51. 2066 
[307] Ray KK, Stoekenbroek RM, Kallend D, Leiter LA, Landmesser U, Wright RS, et al. Effect of an siRNA 2067 
therapeutic targeting PCSK9 on atherogenic lipoproteins: prespecified secondary end points in ORION 1. 2068 
Circulation. 2018;138:1304-16. 2069 
[308] Ray KK, Wright RS, Kallend D, Koenig W, Leiter LA, Raal FJ, et al. Two Phase 3 Trials of Inclisiran in 2070 
Patients with Elevated LDL Cholesterol. N Engl J Med. 2020;382:1507-19. 2071 
[309] Ray KK, Raal FJ, Kallend DG, Jaros MJ, Koenig W, Leiter LA, et al. Inclisiran and cardiovascular events: 2072 
a patient-level analysis of phase III trials. European Heart Journal. 2022. 2073 
[310] Goodchild J. Therapeutic oligonucleotides. Therapeutic Oligonucleotides. 2011:1-15. 2074 
[311] Sharma VK, Sharma RK, Singh SK. Antisense oligonucleotides: modifications and clinical trials. 2075 
MedChemComm. 2014;5:1454-71. 2076 
[312] van Poelgeest EP, Swart RM, Betjes MG, Moerland M, Weening JJ, Tessier Y, et al. Acute kidney 2077 
injury during therapy with an antisense oligonucleotide directed against PCSK9. American journal of 2078 
kidney diseases. 2013;62:796-800. 2079 
[313] Lindholm MW, Elmén J, Fisker N, Hansen HF, Persson R, Møller MR, et al. PCSK9 LNA antisense 2080 
oligonucleotides induce sustained reduction of LDL cholesterol in nonhuman primates. Molecular therapy. 2081 
2012;20:376-81. 2082 
[314] Gupta N, Fisker N, Asselin M-C, Lindholm M, Rosenbohm C, Ørum H, et al. A locked nucleic acid 2083 
antisense oligonucleotide (LNA) silences PCSK9 and enhances LDLR expression in vitro and in vivo. PloS 2084 
one. 2010;5:e10682. 2085 
[315] Yamamoto T, Harada-Shiba M, Nakatani M, Wada S, Yasuhara H, Narukawa K, et al. Cholesterol-2086 
lowering action of BNA-based antisense oligonucleotides targeting PCSK9 in atherogenic diet-induced 2087 
hypercholesterolemic mice. Molecular Therapy-Nucleic Acids. 2012;1:e22. 2088 
[316] Gennemark P, Walter K, Clemmensen N, Rekić D, Nilsson CA, Knöchel J, et al. An oral antisense 2089 
oligonucleotide for PCSK9 inhibition. Science Translational Medicine. 2021;13:eabe9117. 2090 
[317] Rekić D, Azarov I, Knöchel J, Sokolov V, Nilsson C, Wernevik L, et al. AZD8233 antisense 2091 
oligonucleotide targeting PCSK9 does not prolong QT interval. British Journal of Clinical Pharmacology. 2092 
2022. 2093 
[318] Bauman J, Jearawiriyapaisarn N, Kole R. Therapeutic potential of splice-switching oligonucleotides. 2094 
Oligonucleotides. 2009;19:1-13. 2095 
[319] Rocha CS, Wiklander OP, Larsson L, Moreno PM, Parini P, Lundin KE, et al. RNA therapeutics 2096 
inactivate PCSK9 by inducing a unique intracellular retention form. Journal of molecular and cellular 2097 
cardiology. 2015;82:186-93. 2098 
[320] Biessen EA, Van Berkel TJ. N-Acetyl Galactosamine Targeting: Paving the Way for Clinical Application 2099 
of Nucleotide Medicines in Cardiovascular Diseases. Arteriosclerosis, Thrombosis, and Vascular Biology. 2100 
2021;41:2855-65. 2101 
[321] Springer AD, Dowdy SF. GalNAc-siRNA conjugates: leading the way for delivery of RNAi therapeutics. 2102 
Nucleic acid therapeutics. 2018;28:109-18. 2103 
[322] Schonck WA, Stroes ES, Hovingh GK, Reeskamp LF. Long-Term efficacy and tolerability of PCSK9 2104 
targeted therapy: a review of the literature. Drugs. 2024;84:165-78. 2105 



74 
 

[323] Grześk G, Dorota B, Wołowiec Ł, Wołowiec A, Osiak J, Kozakiewicz M, et al. Safety of PCSK9 2106 
inhibitors. Biomedicine & Pharmacotherapy. 2022;156:113957.  2107 
[324] Poirier S, Prat A, Marcinkiewicz E, Paquin J, Chitramuthu BP, Baranowski D, et al. Implication of the 2108 
proprotein convertase NARC ‐ 1/PCSK9 in the development of the nervous system. Journal of 2109 

neurochemistry. 2006;98:838-50. 2110 
[325] Rashid S, Curtis DE, Garuti R, Anderson NN, Bashmakov Y, Ho Y, et al. Decreased plasma cholesterol 2111 
and hypersensitivity to statins in mice lacking Pcsk9. Proceedings of the National Academy of Sciences. 2112 
2005;102:5374-9. 2113 
[326] Lebeau PF, Byun JH, Platko K, Al-Hashimi AA, Lhoták Š, MacDonald ME, et al. Pcsk9 knockout 2114 
exacerbates diet-induced non-alcoholic steatohepatitis, fibrosis and liver injury in mice. JHEP reports : 2115 
innovation in hepatology. 2019;1:418-29. 2116 
[327] Byun JH, Lebeau PF, Platko K, Carlisle RE, Faiyaz M, Chen J, et al. Inhibitory Antibodies against PCSK9 2117 
Reduce Surface CD36 and Mitigate Diet-Induced Renal Lipotoxicity. Kidney360. 2022;3:1394-410. 2118 
[328] Seidah NG, Garçon D. Expanding Biology of PCSK9: Roles in Atherosclerosis and Beyond. Curr 2119 
Atheroscler Rep. 2022;24:821-30. 2120 
[329] An D, Wei X, Li H, Gu H, Huang T, Zhao G, et al. Identification of PCSK9 as a novel serum biomarker 2121 
for the prenatal diagnosis of neural tube defects using iTRAQ quantitative proteomics. Sci Rep. 2122 
2015;5:17559. 2123 
[330] Tereshkina YA, Torkhovskaya T, Tikhonova E, Kostryukova L, Sanzhakov M, Korotkevich E, et al. 2124 
Nanoliposomes as drug delivery systems: safety concerns. Journal of Drug Targeting. 2022;30:313-25. 2125 
[331] Stroes E, Colquhoun D, Sullivan D, Civeira F, Rosenson RS, Watts GF, et al. Anti-PCSK9 antibody 2126 
effectively lowers cholesterol in patients with statin intolerance: the GAUSS-2 randomized, placebo-2127 
controlled phase 3 clinical trial of evolocumab. Journal of the American College of Cardiology. 2128 
2014;63:2541-8. 2129 
[332] Koren MJ, Lundqvist P, Bolognese M, Neutel JM, Monsalvo ML, Yang J, et al. Anti-PCSK9 2130 
monotherapy for hypercholesterolemia: the MENDEL-2 randomized, controlled phase III clinical trial of 2131 
evolocumab. Journal of the American College of Cardiology. 2014;63:2531-40. 2132 
[333] Raal FJ, Stein EA, Dufour R, Turner T, Civeira F, Burgess L, et al. PCSK9 inhibition with evolocumab 2133 
(AMG 145) in heterozygous familial hypercholesterolaemia (RUTHERFORD-2): a randomised, double-2134 
blind, placebo-controlled trial. The Lancet. 2015;385:331-40. 2135 
[334] Blom DJ, Djedjos CS, Monsalvo ML, Bridges I, Wasserman SM, Scott R, et al. Effects of evolocumab 2136 
on vitamin E and steroid hormone levels: results from the 52-week, phase 3, double-blind, randomized, 2137 
placebo-controlled DESCARTES study. Circulation research. 2015;117:731-41. 2138 
[335] Robinson JG, Nedergaard BS, Rogers WJ, Fialkow J, Neutel JM, Ramstad D, et al. Effect of evolocumab 2139 
or ezetimibe added to moderate-or high-intensity statin therapy on LDL-C lowering in patients with 2140 
hypercholesterolemia: the LAPLACE-2 randomized clinical trial. Jama. 2014;311:1870-83. 2141 
[336] Koren MJ, Giugliano RP, Raal FJ, Sullivan D, Bolognese M, Langslet G, et al. Efficacy and safety of 2142 
longer-term administration of evolocumab (AMG 145) in patients with hypercholesterolemia: 52-week 2143 
results from the Open-Label Study of Long-Term Evaluation Against LDL-C (OSLER) randomized trial. 2144 
Circulation. 2014;129:234-43. 2145 
[337] Roth EM, Taskinen M-R, Ginsberg HN, Kastelein JJ, Colhoun HM, Robinson JG, et al. Monotherapy 2146 
with the PCSK9 inhibitor alirocumab versus ezetimibe in patients with hypercholesterolemia: results of a 2147 
24 week, double-blind, randomized Phase 3 trial. International journal of cardiology. 2014;176:55-61. 2148 
[338] Moriarty PM, Thompson PD, Cannon CP, Guyton JR, Bergeron J, Zieve FJ, et al. Efficacy and safety of 2149 
alirocumab vs ezetimibe in statin-intolerant patients, with a statin rechallenge arm: the ODYSSEY 2150 
ALTERNATIVE randomized trial. Journal of clinical lipidology. 2015;9:758-69. 2151 



75 
 

[339] Ginsberg HN, Rader DJ, Raal FJ, Guyton JR, Baccara-Dinet MT, Lorenzato C, et al. Efficacy and safety 2152 
of alirocumab in patients with heterozygous familial hypercholesterolemia and LDL-C of 160 mg/dl or 2153 
higher. Cardiovascular drugs and therapy. 2016;30:473-83. 2154 
[340] Cannon CP, Cariou B, Blom D, McKenney JM, Lorenzato C, Pordy R, et al. Efficacy and safety of 2155 
alirocumab in high cardiovascular risk patients with inadequately controlled hypercholesterolaemia on 2156 
maximally tolerated doses of statins: the ODYSSEY COMBO II randomized controlled trial. European heart 2157 
journal. 2015;36:1186-94. 2158 
[341] Stroes E, Guyton JR, Lepor N, Civeira F, Gaudet D, Watts GF, et al. Efficacy and safety of alirocumab 2159 
150 mg every 4 weeks in patients with hypercholesterolemia not on statin therapy: the ODYSSEY CHOICE 2160 
II study. Journal of the American Heart Association. 2016;5:e003421. 2161 
[342] Robinson JG, Farnier M, Krempf M, Bergeron J, Luc G, Averna M, et al. Efficacy and safety of 2162 
alirocumab in reducing lipids and cardiovascular events. New England Journal of Medicine. 2163 
2015;372:1489-99. 2164 
[343] Cui Y, Zhao X, Qi L, Li X, Huang Z, Yang G, et al. A Potential Long-Acting LDL-Cholesterol–Lowering 2165 
PCSK9 Monoclonal Antibody: Randomized, Placebo-Controlled Phase 1 Studies. JACC: Asia. 2021;1:411-5. 2166 
[344] Wang T, Town T, Alexopoulou L, Anderson JF, Fikrig E, Flavell RA. Toll-like receptor 3 mediates West 2167 
Nile virus entry into the brain causing lethal encephalitis. Nature medicine. 2004;10:1366-73. 2168 
[345] Cameron J, Ranheim T, Kulseth MA, Leren TP, Berge KE. Berberine decreases PCSK9 expression in 2169 
HepG2 cells. Atherosclerosis. 2008;201:266-73. 2170 
[346] Tai MH, Chen PK, Chen PY, Wu MJ, Ho CT, Yen JH. Curcumin enhances cell‐surface LDLR level and 2171 

promotes LDL uptake through downregulation of PCSK9 gene expression in HepG2 cells. Molecular 2172 
nutrition & food research. 2014;58:2133-45. 2173 
[347] Kourimate S, Le May C, Langhi C, Jarnoux AL, Ouguerram K, Zaïr Y, et al. Dual mechanisms for the 2174 
fibrate-mediated repression of proprotein convertase subtilisin/kexin type 9. Journal of Biological 2175 
Chemistry. 2008;283:9666-73. 2176 
[348] Mayne J, Dewpura T, Raymond A, Cousins M, Chaplin A, Lahey KA, et al. Plasma PCSK9 levels are 2177 
significantly modified by statins and fibrates in humans. Lipids in health and disease. 2008;7:1-9. 2178 
[349] Duan Y, Chen Y, Hu W, Li X, Yang X, Zhou X, et al. Peroxisome proliferator-activated receptor γ 2179 
activation by ligands and dephosphorylation induces proprotein convertase subtilisin kexin type 9 and low 2180 
density lipoprotein receptor expression. Journal of Biological Chemistry. 2012;287:23667-77. 2181 
[350] Graversen CB, Lundbye-Christensen S, Thomsen B, Christensen JH, Schmidt EB. Marine n-3 2182 
polyunsaturated fatty acids lower plasma proprotein convertase subtilisin kexin type 9 levels in pre-and 2183 
postmenopausal women: A randomised study. Vascular pharmacology. 2016;76:37-41. 2184 
[351] Oh Y, Jin Y, Park Y. Synergic hypocholesterolaemic effect of n-3 PUFA and oestrogen by modulation 2185 
of hepatic cholesterol metabolism in female rats. British Journal of Nutrition. 2015;114:1766-73. 2186 
[352] Bjermo H, Iggman D, Kullberg J, Dahlman I, Johansson L, Persson L, et al. Effects of n-6 PUFAs 2187 
compared with SFAs on liver fat, lipoproteins, and inflammation in abdominal obesity: a randomized 2188 
controlled trial. The American journal of clinical nutrition. 2012;95:1003-12. 2189 
[353] Mbikay M, Sirois F, Simoes S, Mayne J, Chrétien M. Quercetin-3-glucoside increases low-density 2190 
lipoprotein receptor (LDLR) expression, attenuates proprotein convertase subtilisin/kexin 9 (PCSK9) 2191 
secretion, and stimulates LDL uptake by Huh7 human hepatocytes in culture. FEBS open bio. 2014;4:755-2192 
62. 2193 

 2194 

  2195 



76 
 

Table 1. Clinical trials of anti-PCSK9 monoclonal antibodies.  2196 

Antibody Study Description of Study  Refs 

Evolocumab  GAUSS-2 

Phase III 

Monthly or biweekly administration effectively reduces 

plasma LDLc (37-39 compared to ezetimibe) in a 

randomized clinical trial of 307 statin-intolerant patients 

with hypercholesterolemia 

[331] 

Evolocumab  MENDEL-2  

Phase III 

 

Monthly or biweekly administration reduces plasma LDLc 

(38-40% compared to ezetimibe) in a randomized clinical 

trial of 614 patients as a favorable monotherapy  

[332] 

Evolocumab RUTHERFORD-2 

Phase III 

Monthly or biweekly administration remarkably reduces 

plasma LDLc (59.2%-61.3%) in a randomized clinical 

trial of 331 patients with heterozygous familial 

hypercholesterolemia 

[333] 

Evolocumab DESCARTES 

Phase III 

Monthly administration remarkably attenuates plasma 

LDLc (57.5%) in a randomized clinical trial of 901 

patients with high levels of LDLc 

[334] 

Evolocumab LAPLACE-2 

Phase III 

Monthly or biweekly administration remarkably decreases 

plasma LDLc (68.3-76% compared to high statin) in a 

randomized clinical trial of 2067 elderly patients with 

hypercholesterolemia or dyslipidemia 

[335] 

Evolocumab TESLA-B 

Phase III 

Monthly administration reduces plasma LDLc (30.9%) in 

a randomized clinical trial of 49 patients with 

heterozygous familial hypercholesterolemia 

[333] 

Evolocumab OSLER-2 

Phase III 

Monthly administration markedly decreases plasma LDLc 

(52.3%) in a randomized clinical trial of 1104 patients 

with dyslipidemia or hypercholesterolemia  

[336] 

Evolocumab  FOURIER  

Phase III 

Alleviated cardiovascular events after 26 months of 

administration and reduced plasma LDLc (59%) in a 

randomized clinical trial of 27000 participants with 

established atherosclerosis  

[133] 

Alirocumab 

 

ODYSSEY 

MONO 

Phase III 

Upon biweekly administration reduces plasma LDLc 

(32%) in a randomized clinical trial of 103 patients with 

hypercholesterolemia 

[337] 

Alirocumab 

 

ODYSSEY 

ALTERNATIVE 

Phase III 

 

Upon biweekly administration attenuates plasma LDLc 

(52.2%) in a randomized clinical trial of 314 statin-

intolerant patients with hypercholesterolemia  

[338] 

Alirocumab 

 

ODYSSEY FH 

Phase III 

 

Upon biweekly administration attenuates plasma LDLc 

(49%) in a randomized clinical trial of 800 statin-

intolerant patients with heterozygous familial 

hypercholesterolemia  

[339] 

Alirocumab ODYSSEY 

COMBO II 

Phase III 

Upon biweekly administration attenuates plasma LDLc 

(30%) in a randomized clinical trial of 720 patients with 

hypercholesterolemia 

[340] 

Alirocumab ODYSSEY 

CHOICE II 

Phase III 

Upon monthly administration attenuates plasma LDLc 

(51.7%) in a randomized clinical trial of 200 patients with 

heterozygous familial/primary hypercholesterolemia 

[341] 

Alirocumab ODYSSEY 

LONG TERM 

 

Upon biweekly administration significantly reduces 

plasma LDLc (61.3%) in a randomized clinical trial 

2341 patients with a high risk of CVD and heterozygous 

familial hypercholesterolemia 

[342] 
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Tafolecimab  Phase I 60 Chinese patients with hypercholesterolemia and 58 

healthy individuals received a single dose of tafolecimab, 

which significantly lowered plasma LDLc levels in 

healthy and patient groups with moderate adverse events  

[343] 

 2197 

Table 2. Therapeutic compounds modulating PCSK9 expression levels.  2198 

Compounds Mechanism of Action  Refs 

Berberine Downregulates PCSK9 expression by reducing 

SREBP2 and HNF1α levels, increases liver 

LDLR and reduces plasma LDLc in C57BL/6 

mice and HepG2 cells  

[49, 344, 345] 

Curcumin Polyphenolic compound elevates LDL uptake via 

suppression of liver PCSK9 expression in human 

Huh7 and HepG2 cells  

[346] 

Fenofibrate  Activates PPARα, and suppresses promoter 

activity and expression of PCSK9, attenuating 

PCSK9 protein in human hepatocytes 

[347] 

Slightly reduces plasma levels of PCSK9 in type 

2 diabetic patients  

[225] 

Gemfibrozil  Downregulates PCSK9 expression in human 

HepG2 cells 

[348] 

Glitazones  Blocks liver secretion of PCSK9 by attenuating 

PPARγ activity 

[349] 

N–3 polyunsaturated fatty acids Reduces PCSK9 levels in plasma in pre- and 

postmenopausal females 

[350] 

Downregulates liver-specific expression of 

SREBP2 and PCSK9, thereby, reducing plasma 

levels of PCSK9 and LDLc 

[351, 352] 

Quercetin  Downregulates liver expression of PCSK9 and 

upregulates LDLR expression, thereby, enhancing 

hepatic uptake of LDL in human Huh7 cells  

[353] 

Quercetin-3-glucoside Upregulates LDLR expression and blocks hepatic 

secretion of PCSK9 via downregulation of sortilin 

expression to enhance liver uptake of LDL in 

animal models  

[353] 

Abbreviations: PPARα, peroxisome proliferator-activated receptor alpha; PPARγ, peroxisome proliferator-activated 2199 

receptor gamma 2200 
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• Figure Legends 2202 

Figure 1: Primary biological structure and processing of PCSK9.  2203 

The ER releases immature preproprotein PCSK9 which contains a signal peptide (SP). 2204 

Subsequent sequential cleavage steps produce proprotein which is ultimately cleaved into 2205 

propeptide and mature PCSK9 enzyme.   2206 

 2207 

Figure 2: LDLR-LDL and PCSK9-LDLR interactions and internalization.  2208 

In the absence of PCSK9, LDL binds with LDLR prior to internalization by clathrin-coated 2209 

endosomes, leading to the fusion with lysosomes and degradation of LDL with recycling 2210 

of LDLR. In the presence of PCSK9, the complex of PCSK9-LDLR is internalized, where 2211 

LDLR is degraded within endolysosomes, resulting in LDL accumulation in the plasma 2212 

and increased risk of CVD.  2213 

 2214 

Figure 3: Lipoproteins, lipids, and cardiac lipotoxicity.  2215 

Both albumin-bound fatty acids (FA) and free FA, as well as those from lipoproteins, can 2216 

be released from capillaries to enter cardiomyocytes, where they ignite cardiac lipotoxicity 2217 

as a result of excessive accumulation of FA. However, physiological levels of FA are 2218 

essential for cardiac contractile function and energy metabolism.  2219 

Abbreviation:  ACSL1, acyl-CoA synthetase long-chain family member 1; CPT-1 and 2, 2220 

carnitine palmitoyltransferase I and 2; DAG, diacylglycerols, FATP1, fatty acid transport 2221 

protein 1; MAG, monoacylglycerols; TAG, triacylglycerol.  2222 
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 2223 

Figure 4: PCSK9, increased risk of atherosclerosis and CVD.  2224 

Increased plasma PCSK9 levels foster LDLR degradation within the liver, which in turn, 2225 

boosts circulatory LDL levels, leading to onset and progression of atherosclerotic lesions 2226 

and other CVD.  2227 

 2228 

Figure 5: Mechanisms of HSP27, siRNA, and vaccines 2229 

Immune complex of HSP27 and NF-κB activation trigger upregulation of LDLR at 2230 

the gene expression level through unknown mechanism(s). After the entrance of siRNA 2231 

into hepatocytes, RISC complex binds to the guide strand of siRNA and degrades 2232 

complementary PCSK9 mRNA, thereby, preventing its protein expression. Also, delivery 2233 

of vaccines into body cells will induce formation of anti-PCSK9 antibodies which will bind 2234 

to extracellular PCSK9 and limit their functions on cell-surface LDLRs in the liver.  2235 

Abbreviation: RISC, RNA-induced silencing complex.   2236 

 2237 

Figure 6: Natural PCSK9 inhibitors.   2238 

A panel of natural PCSK9 inhibitors targeting PCSK9 at different stages of PCSK9 2239 

processing including expression, maturation, release, and LDLR interaction. 2240 


