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Abstract

Proprotein convertase subtilisin/kexin type 9 (PCSK9) is a critical regulator of cholesterol metabolism in hepato-

cytes with profound implications for cardiovascular health. This review explores the intricate regulatory network

that controls hepatic PCSK9 expression and explores how these molecular insights can be translated into nutraceuti-
cal applications. The precise control of PCSK9 involves complex interactions among transcription factors, signaling
pathways, epigenetic modifications, and post-transcriptional mechanisms. Although pharmaceutical PCSK9 inhibitors
demonstrated remarkable efficacy, their high cost has stimulated interest in natural alternatives. Bioactive compounds
such as berberine, piceatannol, gallic acid, and organosulfur derivatives from garlic have demonstrated the ability

to modulate PCSK9 expression through diverse mechanisms, often targeting the same molecular pathways as con-
ventional drugs. These nutraceuticals not only inhibit PCSK9 but also enhance the expression and activity of the low-
density lipoprotein receptor, offering a promising approach to reduce cardiovascular risk with potentially fewer side

of hypercholesterolemia.

effects and greater accessibility. Understanding the precise mechanisms of these natural compounds advances
the development of targeted dietary strategies to complement conventional pharmacotherapy in the treatment
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Introduction

The discovery of proprotein convertase subtilisin/kexin
type 9 (PCSK9) in 2003 marked a significant milestone
in the understanding of cholesterol metabolism and car-
diovascular disease. Initially identified by Seidah et al.
as part of a gene family upregulated during apoptosis
in neurons, PCSK9 was soon recognized for its pivotal
role in lipid metabolism, particularly in the regulation
of low-density lipoprotein receptors (LDLR) on hepato-
cytes [1, 2]. The identification of PCSK9 as the third
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gene responsible for autosomal dominant hypercholes-
terolemia was a groundbreaking discovery, as it linked
gain-of-function mutations in PCSK9 to familial hyper-
cholesterolemia, while loss-of-function mutations were
associated with lower LDL cholesterol (LDL-C) levels
and reduced cardiovascular risk [3, 4]. This understand-
ing spurred the rapid development of PCSK9 inhibi-
tors, a new class of lipid-lowering drugs that have shown
remarkable efficacy in reducing LDL cholesterol levels by
50-60% and decreasing cardiovascular events [2, 3]. The
clinical approval of monoclonal antibodies such as evo-
locumab and alirocumab in 2015, following successful
trials, underscored the therapeutic potential of targeting
PCSK9 [2, 3]. Beyond its role in cholesterol metabolism,
PCSK9 has been implicated in various pathological pro-
cesses, including atherosclerosis, inflammation, and even

©The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13020-025-01178-y&domain=pdf

Park et al. Chinese Medicine (2025) 20:121

cancer, as it influences the degradation of several recep-
tors beyond LDLR, such as CD36 and MHC-I, which
are involved in fatty acid uptake and immune responses,
respectively [5, 6].

PCSK9, a crucial regulator of cholesterol metabolism,
is primarily synthesized in the liver, where it modulates
plasma cholesterol levels by promoting the degradation
of LDLRs, thus limiting hepatic clearance of circulating
LDL-C [7, 8]. Beyond its canonical role in cholesterol
metabolism, PCSK9 has been implicated in various
aspects of hepatic pathophysiology, including lipid
metabolism, inflammation, cellular migration, and can-
cer progression [7, 9]. PCSK9 inhibitors have demon-
strated remarkable efficacy in reducing LDL-C levels and
improving cardiovascular outcomes. Monoclonal anti-
bodies (evolocumab and alirocumab) reduce LDL-C lev-
els up to 60% and have shown significant reductions in
cardiovascular events [10, 11]. Additionally, siRNA-based
inclisiran achieves approximately 50% LDL-C reduction,
though its cardiovascular outcome data are still being
evaluated [12]. Emerging oral PCSK9 inhibitors, such as
the macrocyclic peptide MK-0616 currently in phase III
trials, represent another promising therapeutic approach
[13]. While these pharmaceutical PCSK9 inhibitors have
demonstrated substantial clinical efficacy, their high cost
and limited accessibility highlight the potential value of
natural compounds as complementary or alternative
therapeutic strategies.

The precise control of PCSK9 expression in hepato-
cytes involves a complex interplay of transcriptional
regulators, post-transcriptional mechanisms, and sign-
aling pathways. Transcription factors such as HNFla/f
and SREBPs act as positive regulators of PCSK9 expres-
sion [14—16], whereas Farnesoid X Receptor (FXR) exerts
inhibitory effects [17, 18]. In addition, microRNAs [19],
histone modifications [20], and various signaling cas-
cades, including the Janus kinase (JAK)/STAT [21], PI3K/
Akt [22], and Suppressor of Cytokine Signaling-3 (SOCS-
3) pathways [23], fine-tune PCSK9 levels in response to
metabolic demands and environmental cues.

Although pharmaceutical PCSK9 inhibitors have dem-
onstrated remarkable efficacy in reducing LDL-C levels,
their high cost and limited accessibility have spurred
interest in alternative approaches. Nutraceuticals—bio-
active compounds derived from food sources—have
emerged as promising alternatives for modulating PCSK9
expression with potentially fewer side effects and greater
accessibility [24, 25]. Importantly, patients presenting
with dyslipidemia typically exhibit multiple metabolic
risk factors rather than isolated cholesterol abnormali-
ties, including insulin resistance, hypertension, obesity,
and hepatic steatosis [26]. Nutraceuticals offer distinct
advantages in this context through their pleiotropic
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effects on metabolism, addressing multiple cardiovascu-
lar risk factors simultaneously [26]. For instance, berga-
mot polyphenolic fractions have demonstrated efficacy
not only in reducing LDL-C and triglycerides but also in
improving insulin sensitivity, reducing hepatic steatosis,
and enhancing endothelial function [27]. Similarly, com-
pounds containing chlorogenic acid and luteolin have
shown beneficial effects on glucose metabolism, hepatic
functionality, and vascular parameters in subjects with
pre-obesity and metabolic syndrome [28]. This synergis-
tic approach is particularly valuable given that nutraceu-
tical combinations can result in enhanced bioavailability
and action on multiple molecular targets, offering consid-
erable advantages over single-compound interventions in
managing the complex metabolic phenotype commonly
observed in dyslipidemic patients [26]. Compounds such
as berberine [25, 29], piceatannol [30], gallic acid [31],
and organosulfur derivatives from garlic [32] can regulate
PCSK9 through various mechanisms, often targeting the
same molecular pathways as pharmacotherapy.

This review explores the intricate regulatory network
that controls hepatocyte PCSK9 expression and exam-
ines how these molecular insights can be translated into
nutraceutical applications. By elucidating the precise
mechanisms through which natural compounds modu-
late PCSK9, more targeted and effective dietary strategies
can be developed to complement conventional pharma-
cotherapy in the treatment of hypercholesterolemia and
associated cardiovascular risks.

Pathological roles of hepatic PCSK9

Molecular mechanisms and therapeutic potential of PCSK9
in cholesterol regulation

PCSK9 plays a critical role in the regulation of choles-
terol metabolism in hepatocytes by modulating the deg-
radation of LDLR. PCSK9 binds to LDLR on the surface
of hepatocytes, leading to its degradation in lysosomes,
which impairs the clearance of circulating LDL-C from
the plasma [5, 19, 33]. This mechanism is central to the
pathophysiology of hypercholesterolemia and related
cardiovascular diseases, as gain-of-function mutations
in PCSK9 can lead to familial hypercholesterolemia,
whereas loss-of-function mutations are associated with
hypocholesterolemia [34, 35]. In the context of non-alco-
holic fatty liver disease (NAFLD), PCSK9 is upregulated
by treating with olanzapine, which enhances hepatic
sterol regulatory element—binding protein 1c (SREBP-1c)
expression, leading to increased cholesterol intake and
lipid synthesis, thereby contributing to hepatic steatosis
[36]. Furthermore, the interaction of PCSK9 with other
proteins, such as CAP1 and HLA-C, influences its abil-
ity to degrade LDLR, with CAP1 enhancing the function
of PCSK9 by stabilizing its closed conformation, which
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is necessary for targeting the PCSK9-LDLR complex to
degradation compartments [37]. The therapeutic inhibi-
tion of PCSK9 through monoclonal antibodies or siRNA
has proven effective in reducing LDL-C levels and the
incidence of atherosclerosis, highlighting its potential as
a target for treating hypercholesterolemia and possibly
other liver-related pathologies [5, 33].

Direct role of PCSK9 in LDLR degradation

PCSK9 plays a direct role in the degradation of LDLR
in hepatocytes by binding to LDLR and promoting their
lysosomal degradation, thereby preventing receptor recy-
cling to the cell surface and reducing LDL-C uptake [38,
39]. This interaction is crucial for maintaining cholesterol
homeostasis because PCSK9 binding to LDLR leads to
the translocation of the complex to endosomes, where the
acidic environment strengthens the binding affinity, pre-
venting LDLR recycling [40]. Structural studies, includ-
ing molecular dynamics simulations, have revealed that
the variants of PCSK9 can significantly alter the binding
affinity and structural flexibility of the LDLR-PCSK9
complex, which is essential for its degradation function
[41, 42]. In addition, the C-terminal Cys/His-rich domain
of PCSK9, particularly the M2 subdomain, is critical for
LDLR degradation, potentially involving interactions
with other proteins such as HLA-C, which may guide
the complex to lysosomal compartments [37]. The role
of PCSK9 in LDLR degradation is further supported by
genetic studies showing that gain-of-function mutations
in PCSK9 lead to reduced LDLR levels and increased
plasma LDL-C, whereas loss-of-function mutations have
protective effects against hypercholesterolemia [8]. These
findings have driven the development of therapeutic
strategies targeting PCSK9, such as monoclonal antibod-
ies and siRNA therapies, which aim to inhibit its func-
tion and, enhance LDLR recycling and reduce LDL-C
levels [38, 39]. Moreover, novel approaches like heterobi-
functional molecules are being developed to accelerate
PCSK9 clearance, offering alternative methods to miti-
gate its impact on LDLR degradation [43]. Interestingly,
gender differences have been observed in the effects of
PCSK9, with female mice exhibiting specific shedding
of LDLR ectodomains, a process influenced by hepatic
cholesterol levels and potentially modulated by estrogen
[44]. Collectively, the direct role of PCSK9 in LDLR deg-
radation is a pivotal mechanism in lipid metabolism, with
important implications for cardiovascular health and
therapeutic interventions.

Mechanisms underlying statin resistance and the PCSK9
paradox

In the context of PCSK9 and hepatocytes, statin resist-
ance involves complex interactions that affect cholesterol
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homeostasis and LDLR regulation [45]. Despite being
effective in lowering LDL-C levels, statins paradoxically
increase circulating PCSK9 levels, which can limit their
efficacy by promoting LDLR degradation, thus reduc-
ing cholesterol clearance from the bloodstream [46].
The multichannel model of cholesterol regulation sug-
gests that different lipoprotein particles are metabolized
through distinct pathways within hepatocytes, which
may explain the sustained increase in LDLR numbers
despite the presence of statins and PCSK9 inhibitors [47].
In addition, statins induce PCSK9 expression through
mechanisms involving geranylgeranyl isoprenoids and
hepatic Rapla, which regulate PCSK9 at the post-tran-
scriptional level [46]. This induction can be mitigated
by targeting Rapla, which lowers PCSK9 levels and
improves statin efficacy. Furthermore, statins suppress
IDOL expression, another negative regulator of LDLRs,
thereby contributing to increased LDLR expression and
enhanced cholesterol clearance [48]. The combination of
statins with PCSK9 inhibitors, such as the anti-PCSK9
antibody 1B20 has been shown to enhance the LDL-C-
lowering effect, constituting a promising strategy for
overcoming statin resistance and reducing cardiovas-
cular risk [49]. This comprehensive approach highlights
the potential of combined therapies to optimize choles-
terol management and address the limitations of statin
monotherapy.

PCSKO9 roles beyond cholesterol metabolism

PCSK9 plays multifaceted pathological roles in hepato-
cytes, affecting cholesterol metabolism, liver diseases,
and cancer. Primarily synthesized in the liver, PCSK9
regulates cholesterol levels by promoting the degrada-
tion of LDLRs, thereby elevating circulating LDL-choles-
terol [33, 50]. Beyond cholesterol homeostasis, PCSK9 is
increasingly recognized as a contributor to chronic liver
diseases. It influences inflammation, fatty acid metabo-
lism, and carcinogenesis within hepatic tissues [33]. In
hepatocytes, PCSK9 affects cellular processes such as
migration and cholesterol efflux; for example, the gain-
of-function mutation PCSK9-D374Y impairs these func-
tions by modulating extracellular signal-regulated kinase
activity [51]. In NAFLD, PCSK9 contributes to hepatic
steatosis through receptor-dependent and -independent
pathways, upregulating genes associated with lipid syn-
thesis and cholesterol biosynthesis [36]. In hepatocellu-
lar carcinoma, PCSK9 exhibits dual roles: it can promote
tumor growth by inhibiting apoptosis through the Bax/
Bcl-2/Caspase pathway [52] and also acts as a tumor sup-
pressor by interacting with GSTP1 and inhibiting the
c-Jun N-terminal kinase signaling pathway [53]. In addi-
tion, PCSK9 influences metabolic dysfunction—associ-
ated steatotic liver disease, with its hepatic expression
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levels correlating with disease severity and affecting
bariatric surgery outcomes [54]. In liver cancer cells,
PCSKO9 inhibition has been shown to induce metabolic
exhaustion and cell death via ferroptosis, highlighting its
potential as a therapeutic target [55]. Collectively, these
studies underscore the complex and multifaceted roles
of PCSK9 in hepatic pathophysiology, extending beyond
its traditional role in cholesterol regulation to encom-
pass broader implications in liver disease and cancer
progression.

In addition to its hepatic functions, PCSK9 also plays
important roles in vascular pathophysiology, the expres-
sion of PCSK9 in vascular wall cells is indeed directly
related to the occurrence of atherosclerosis and aneu-
rysms, as evidenced by multiple studies. In the context
of atherosclerosis, PCSK9 is expressed by various cell
types within the vascular wall, including endothelial cells,
smooth muscle cells, and macrophages, and is found
within atherosclerotic plaques [56]. This local expression
of PCSK9 contributes to vascular inflammation and the
progression of atherosclerosis through mechanisms that
are both dependent and independent of LDLR pathways
[57, 58]. Specifically, PCSK9 has been shown to induce
senescence and apoptosis in vascular smooth muscle
cells, which are critical processes in the development of
degenerative vascular diseases such as atherosclerosis
and aneurysms [59]. Furthermore, PCSK9’s interaction
with other receptors, such as CD36 and LRP-1, suggests
its involvement in LDLR-independent pathways that
exacerbate vascular inflammation and lesion formation
[9]. Experimental models have demonstrated that PCSK9
can increase the infiltration of inflammatory monocytes
into atherosclerotic lesions, further promoting inflam-
mation and plaque instability [57]. These findings under-
score the potential of PCSK9 as a therapeutic target not
only for lowering systemic LDL levels but also for miti-
gating local vascular inflammation and the progression of
vascular diseases [60]. Recent clinical studies in morbidly
obese patients have revealed that PCSK9 plays a distinct
role in liver fat accumulation independent of its effects
on liver damage progression. Hepatic PCSK9 protein
expression decreases significantly with increasing stea-
tosis severity, while circulating PCSK9 levels positively
correlate with the degree of hepatic fat accumulation
[61]. This paradoxical relationship suggests that as liver
steatosis progresses, increased PCSK9 secretion into the
bloodstream occurs, which subsequently promotes LDL
receptor degradation and elevates circulating cholesterol
levels, thereby contributing to increased cardiovascular
risk in obese populations. Importantly, PCSK9’s hepatic
expression correlates with genes involved in de novo
lipogenesis, including FASN and PPARYy, indicating its
direct involvement in lipid metabolism pathways rather
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than inflammatory processes [61]. Therefore, the expres-
sion of PCSKO9 in vascular wall cells is intricately linked to
the pathogenesis of atherosclerosis and aneurysms, high-
lighting its multifaceted role in cardiovascular biology.

Regulators of PCSK9 expression in hepatocytes

The expression and activity of PCSK9 in hepatocytes
are tightly regulated by a complex network of transcrip-
tional, post-transcriptional, and signaling regulators that
respond to a variety of physiological and pathological
stimuli [62]. A comprehensive understanding of these
regulatory pathways is crucial for the development of
targeted therapies for hypercholesterolemia and related
cardiovascular diseases. This section examines the
diverse regulators of PCSK9 expression in hepatocytes,
including transcription factors, signaling pathways, epi-
genetic modifications, and post-transcriptional regula-
tors. Table 1 and Fig. 1 provide a detailed summary of
these regulator factors, their effects on PCSK9 expres-
sion, mechanisms of action, and physiological relevance,
detailing their effects on PCSK9 levels and improving
lipid metabolism through pharmacological and nutraceu-
tical interventions.

Hepatocyte nuclear factor 1 (HNF1)

HNF1 plays an important role in regulating the expres-
sion of PCSK9 in hepatocytes. HNF1, particularly its
a and P isoforms, acts as a transcriptional regulator by
binding to specific elements in gene promoters, including
that of PCSKO9, to modulate their expression [14, 15]. The
transcription of PCSKO9 is partially controlled by a HNF1
binding site located in the proximal region of its pro-
moter, which is essential for the statin-induced increase
in PCSK9 expression [15]. This regulation is important
because PCSK9 is involved in LDLR degradation, thereby
influencing LDL-C levels in the plasma [17, 18]. Studies
have shown that the knockdown of HNFla or HNF1f
in hamsters can blunt the statin-induced increase in
PCSK9 levels, suggesting that both isoforms are posi-
tive regulators of PCSK9 transcription [15]. In addition,
HNFla interacts with other transcription factors, such
as SREBP2, which regulates PCSK9 expression through
a sterol regulatory element in its promoter [16, 63]. This
interaction highlights the complex regulatory network
involving HNF1a in maintaining cholesterol homeostasis
and highlights its potential as a target for the treatment
of hypercholesterolemia and related cardiovascular dis-
eases [36, 47].

Sterol regulatory element-binding protein-1c (SREBP-1c)

SREBP-1c plays a relevant role in the transcriptional
regulation of PCSK9 in hepatocytes by interacting with
sterol regulatory elements (SREs) within the PCSK9
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Table 1 Regulators of PCSK9 Expression in Hepatocytes
Regulator Effect on PCSK9 Mechanism of action Significance References

Transcription factors

Hepatocyte nuclear factor 1 Positive « Binds to HNF1 binding site
(HNF-1a/B) in PCSK9 promoter
« Essential for statin-induced eleva-
tion of PCSK9
Sterol regulatory element-bind-  Positive « Activates PCSKO transcription
ing protein-1c (SREBP-1¢) through sterol regulatory ele-
ments (SREs) in promoter region
« Regulated by insulin via PI3K
pathway
Farnesoid X receptor (FXR) Negative « Natural (CDCA) and synthetic
(GW4064) FXR agonists decrease
PCSK9 expression
Signaling pathways
Janus Kinase (JAK1/JAK2) Negative - Oncostatin M (OM) activates JAK
« Suppresses PCSK9 via MEK1/ERK
signaling pathway
Suppressor of cytokine signal-  Positive « Inhibits STAT3 phosphorylation
ing-3 (SOCS-3) « Induces PCSK9 expression
« Activates SREBP-1 pathway
PI3K/Akt pathway Negative + H,S and DADS inhibit PCSK9
via PI3K/Akt-SREBP-2 signaling
Epigenetic regulators
Histone modifications Positive - Statins increase:
- H3K4me3
- H3K9 acetylation at PCSK9
promoter
«Via SET1/COMPASS proteins
and acetyltransferases
Post-transcriptional regulators
MicroRNAs Negative + Multiple miRNAs target 3-UTR
of PCSK9 mRNA:
- miR-99a-5p
- miR-221-5p, miR-342-5p
- miR-363-5p, miR-609
- miR-765, miR-3165
-miR-191, miR-222, miR-224
Long Non-coding RNAs
LASER Positive + Binds to LSD1 in nucleus
- Affects HNF-1a gene promoter
methylation
liINCRNA-p21 Negative « Acts as molecular sponge

for miR-221
+Induces PCSK9 promoter de-
acetylation through SIRT1

- Knockdown of HNF1a/B blunts
statin-induced increase in PCSK9
levels

+ Modulated by dietary factors:

- n-3 PUFAs reduce PCSK9 expres-
sion

- Fructose increases PCSK9 expres-
sion

+ Reduces LDLR degradation

« Enhances clearance of LDL
cholesterol

« OM treatment reduces:

- Liver PCSK9 mRNA by 69%

- Protein by 41% in hypercholes-
terolemic hamsters

« Retroviral overexpression:

- Increases PCSK9 mRNA (3.48-
fold)

- Increases protein levels

- Enhances de novo lipogenesis

«Increases LDLR levels
« Enhances lipid uptake with-
out causing lipid accumulation

- Enhances transcriptional activity
of PCSK9

- Potentially counteracts choles-
terol-lowering effects of statins

+ Reduces PCSK9 expression

« Increases LDLR expression

- Enhances LDL-C uptake

« Expression altered in patients
undergoing PCSK9 inhibitor
therapy

- Positively correlated with plasma
PCSK9 levels

«Increased by statin treatment

- Inhibits atherosclerosis develop-
ment

« Regulates miR-221/SIRT1/PCSK9
axis

[14,15,48,63,96, 115]

[16, 17,49, 64,65, 99]

[17,18, 62,66, 67]

[21, 68, 69]

[23,70-72]

[22,67,73,74]

[20, 63]

[19,75-77,79]

PCSK9: Proprotein convertase subtilisin/kexin type 9; LDLR: Low-density lipoprotein receptor; LDL-C: Low-density lipoprotein cholesterol; CDCA: Chenodeoxycholic
acid; H,S: Hydrogen sulfide; DADS: Diallyl disulfide; PUFAs: Polyunsaturated fatty acids; LASER: Long non coding RNA in Lipid Associated Single nucleotide
polymorphism gEne Region; LSD1: Lysine-specific demethylase 1

promoter region [16]. Along with SREBP-1c, SREBP-2
can activate the transcription of PCSK9 by binding to
these SREs, as demonstrated in HepG2 cells where the
presence of sterols influences PCSK9 expression through
these transcription factors [16]. Insulin is a key regulator

of SREBP-1c¢, enhancing its transcriptional activity in
hepatocytes through the phosphatidylinositol 3-kinase
pathway. This leads to increased levels of the nuclear
mature form of SREBP-1c, thereby influencing the
expression of lipid metabolism-related genes, including
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Fig. 1 Regulatory Network of PCSK9 Expression in Hepatocytes. This illu

stration depicts the complex regulatory network of PCSK9 expression

in hepatocytes, displaying a hepatocyte with a plasma membrane and nucleus along with the transcription of the PCSK9 gene, subsequent
mRNA processing, and translation into the mature PCSK9 protein by various regulating factors. Transcription factors (HNF1a/@, SREBP-1c,

and phosphorylated STAT3) increase PCSK9 expression by binding to specific elements in the PCSK9 promoter region. Conversely FXR,
activated by bile acids, suppresses PCSK9 transcription. In signaling pathways, the activation of JAK1/JAK2 by Oncostatin M induces the MEK1/
ERK pathway, which suppresses transcription factors and consequently downregulates PCSK9 expression. SOCS-3 promotes PCSK9 expression

by inhibiting JAK/STAT3 phosphorylation. The activation of the PI3K/Akt
Histone modifications such as H3K4me3 and H3K9 acetylation at the PC
the perspective of post-transcriptional regulation, microRNAs such as m

pathway inhibits PCSK9 expression through SREBP-2 signaling modulation.
SK9 promoter region enhance the PCSK9 transcriptional activity. From
iR-99a-5p and miR-221-5p target the 3'-UTR of PCSK9 mRNA and suppress

PCSK9 expression, thereby leading to increased LDLR recycling. Activation pathways are indicated by arrows (=), and inhibitory actions are

represented by blocked lines (L), with this integrated network highlighti

PCSK9 levels. Created with BioRender.com. Accessed on 09 April 2025

PCSK9 [64, 65]. The regulation of PCSK9 by SREBP-1c is
also modulated by dietary factors; for instance, n-3 poly-
unsaturated fatty acids can reduce PCSK9 expression,
whereas dietary fructose can upregulate it, indicating that
SREBP-1c-mediated pathways are sensitive to nutritional
inputs [17]. Furthermore, the use of PCSK9 inhibitors
such as monoclonal antibodies can decrease the expres-
sion of SREBP-regulated genes, including PCSK9, sug-
gesting the occurrence of a feedback mechanism where
reduced PCSK9 activity alters the SREBP-1c activity and
its downstream targets [49].

Farnesoid X receptor (FXR)

FXR, a nuclear receptor activated by bile acids, plays
a significant role in regulating PCSK9 expression in
hepatocytes, which is crucial for maintaining cholesterol
homeostasis. PCSK9, a serine protease, promotes the
degradation of low-density lipoprotein receptors (LDLR)
in the liver, thereby influencing plasma cholesterol levels
[17, 18]. FXR, has been implicated in the transcriptional

ing potential targets for therapeutic interventions aimed at modulating

regulation of several genes involved in lipid metabolism,
including PCSK9. Chenodeoxycholic acid, a potent natu-
ral FXR agonist, specifically decreases PCSK9 mRNA
and protein levels in human hepatocytes by approxi-
mately 59%. Similarly, GW4064, a synthetic FXR ago-
nist, has been shown to elicit comparable reductions in
PCSK9 expression [66]. This regulatory effect is part of
a broader metabolic network that includes other nuclear
transcription factors such as SREBPs [17]. FXR activation
can decrease PCSK9 expression, which in turn reduces
LDLR degradation, thereby increasing the clearance of
LDL-C from the bloodstream [62]. This mechanism is
particularly relevant for therapeutic strategies aimed at
lowering LDL-C levels, as PCSK9 inhibitors is known to
effectively reduce cardiovascular risk by increasing LDLR
availability [18, 62]. Moreover, the modulation of PCSK9
by FXR and other factors is not only crucial for choles-
terol metabolism but also affects other pathways, such as
inflammation and stress response, indicating a broader
impact on hepatic and systemic metabolic processes [67].
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Janus kinase (JAK)

In their studies with oncostatin M (OM), a member of
the interleukin-6 cytokine family, Cao et al. [21] dem-
onstrated that JAK, specifically the JAK1 and JAK2 iso-
forms, plays a pivotal regulatory role in the suppression
of PCSK9 expression in hepatocytes. When HepG2 cells
were treated with OM, PCSK9 mRNA, and protein levels
steadily decreased to approximately 40% of the control
levels within 24 h, whereas the LDLR protein expression
increased, suggesting that JAK activation plays a critical
role in regulating cholesterol metabolism [21]. This func-
tion was confirmed by means of both pharmacological
inhibition studies, where JAK inhibitor I and a JAK2-spe-
cific inhibitor prevented OM-mediated PCSK9 suppres-
sion, and siRNA-mediated silencing of JAK1 and JAK2,
which restored PCSK9 expression in OM-treated cells
[21, 68]. Notably, although OM induced transient phos-
phorylation of STAT proteins, the suppressive effect on
PCSK9 was mediated by the MEK1/ERK signaling path-
way downstream of JAK, as confirmed both in vitro and
in hypercholesterolemic hamsters where OM treatment
reduced liver PCSK9 mRNA by 69% and protein by 41%
[21, 69].

Suppressor of cytokine signaling-3 (SOCS-3)

SOCS-3 represents a critical regulatory pathway in the
expression of PCSK9 in hepatocytes, as demonstrated by
Ruscica et al. in their research on the interplay between
inflammatory cytokines and lipid metabolism [23].
SOCS3, a negative regulator of the JAK/STAT pathway,
induces PCSK9 expression at mRNA and protein levels
in HepG2 cells, suggesting an important link between
inflammation and cholesterol metabolism. This rela-
tionship was established through the retroviral over-
expression of SOCS3 in HepG2 cells (HepG2SOCS3),
which resulted in a considerable induction of PCSK9
mRNA (3.48-fold) and increased amounts of cellular and
secreted PCSK9 protein [23]. The underlying mechanism
most likely involves the inhibition of STAT3 phosphoryl-
ation, since SOCS3 overexpression completely abrogates
basal STAT3 activation [23, 70]. Interestingly, this find-
ing was confirmed through pharmacological inhibition
using the STAT3 inhibitor MD77 and the JAK inhibitor
JAK1, which produced similar effects on PCSK9 expres-
sion [23]. The physiological relevance of this regulatory
pathway was validated in ob/ob mice, which exhibited
higher hepatic levels of SOCS3 and correspondingly
increased PCSK9 expression [23, 71]. Furthermore,
SOCS3-induced PCSK9 expression was accompanied by
the activation of the SREBP-1 pathway and enhanced de
novo lipogenesis, leading to an increased apoB secretion
and intracellular triglyceride accumulation [23, 72].
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PI3K/Akt signaling pathway

As a key component of the PI3K/Akt signaling pathway,
Akt plays an important role in regulating PCSK9 expres-
sion in hepatocytes, particularly through its interac-
tion with SREBP-2. The PI3K/Akt pathway is crucial for
the modulation of lipid metabolism, as demonstrated in
studies involving HepG2 cells [73]. For instance, hydro-
gen sulfide inhibits PCSK9 expression via the PI3K/Akt-
SREBP-2 signaling pathway, which in turn increases the
LDLR levels and enhances lipid uptake without caus-
ing lipid accumulation [22]. Similarly, diallyl disulfide, a
compound derived from garlic, modulates lipid metabo-
lism by inhibiting PCSK9 expression and promoting LDL
uptake through the activation of the PI3K/Akt-SREBP2
pathway [73]. These findings highlight the importance
of the PI3K/Akt pathway in the regulation of PCSK9 for
modulating cholesterol levels in the blood [34, 74]. The
regulation of PCSK9 by Akt and its downstream effects
on SREBP-2 suggest a complex interplay that affects not
only cholesterol metabolism but also other metabolic
pathways in hepatocytes [67].

Histone modifications

Histone modifications play a critical role in the regula-
tion of PCSK9 expression in hepatocytes, particularly in
response to statin treatment and the action of specific
regulatory proteins. Atorvastatin, a commonly used sta-
tin, increases the enrichment of H3K4me3 and acetyla-
tion of H3K9 at the PCSK9 promoter in HepG2 cells by
upregulating the expression of SET1/COMPASS pro-
teins, such as SET1b and MLLI, and acetyltransferases
like CREB-binding protein and P300/CBP-associated
factor, which facilitate histone modifications [20]. These
modifications are crucial as they enhance PCSK9 tran-
scription, which can counteract the cholesterol-lowering
effects of statins by increasing PCSK9 expression and
subsequently reducing LDLR levels on hepatocytes [20].
In addition, SREBPs, particularly SREBP-2, are key tran-
scription factors regulating PCSK9 by binding to SRE
in its promoter. This interaction is further enhanced by
Histone Nuclear Factor P, which, along with its cofactor
NPAT, recruits histone acetyltransferase cofactors such
as TRRAP to mediate histone H4 acetylation, thereby
promoting PCSK9 transcription [63]. The sterol-depend-
ent regulation of PCSK9 is predominantly mediated by
SREBP-2, which is crucial for the transcriptional activa-
tion of PCSK9 in response to cholesterol levels [16].

Non-coding RNAs (ncRNAs)

Non-coding RNAs (ncRNAs), including microRNAs
(miRNAs), long non-coding RNAs (IncRNAs), and circu-
lar RNAs (circRNAs), have emerged as critical regulators
of PCSK9 expression and cholesterol metabolism. These
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molecules provide an additional layer of post-transcrip-
tional regulation that fine-tunes PCSKO levels in response
to various physiological and pathological conditions.

MicroRNAs (miRNAs) regulating PCSK9

In the regulation of PCSK9 expression in hepatocytes,
several miRNAs have been identified as key modula-
tors. MiR-99a-5p directly binds to the 3'-UTR of human
PCSK9 mRNA, leading to a considerable downregulation
of PCSK9 expression [19]. This interaction results in the
upregulation of LDLR and enhanced uptake of LDL-C in
human hepatocytes, suggesting its potential as a thera-
peutic target for hypercholesterolemia [19]. In addition,
a high-throughput screening identified other miRNAs,
including miR-221-5p, miR-342-5p, miR-363-5p, miR-
609, miR-765, and miR-3165, which also target the
3'-UTR of PCSK9Y, reducing its expression and conse-
quently increasing LDLR expression on hepatic cells [75].
Furthermore, miR-191, miR-222, and miR-224 interact
with the 3'-UTR of PCSK9, decreasing the PCSK9 lev-
els in HepG2 cells, which further supports their role in
the post-transcriptional regulation of PCSK9 [76]. The
expression of miR-191-5p and miR-224-5p was found
to be altered in patients undergoing PCSK9 inhibitor
therapy, indicating their involvement in the regulation of
circulating PCSKO9 levels [77]. Additional miRNAs have
been identified that modulate PCSK9 expression through
both direct and indirect mechanisms. MiR-27a reduces
LDLR levels approximately 40% by direct binding to its 3’
non-coding region (3'UTR), and through indirect bind-
ing manner stimulates a threefold elevation in PCSK9
[78]. The PCSK9-C1420G haplotype has been linked to
lower plasma PCSK9 and LDLC levels. Decourt et al.
discovered in 2020 that the ¢.571C and ¢.234 T polymor-
phisms in the PCSK9 3'UTR are in close linkage disequi-
librium with C1420G, and the variant containing c.571C
had a 6.7 percent reduction in luciferase activity. Their
findings showed that inhibiting hsa-miR-1228-3p and
hsa-miR-143-5p had no impact on the haplotype display-
ing the c.*571C allele, indicating that hsa-miR-1228-3p
and hsa-miR-143-5p reduce PCSK9 expression through
targeting its 3'UTR [79].

Long non-coding RNAs (IncRNAs) and PCSK9 regulation

Long non-coding RNAs have emerged as important reg-
ulators of cholesterol homeostasis through their modu-
lation of PCSK9 expression. LASER (long non coding
RNA in Lipid Associated Single nucleotide polymor-
phism gEne Region) is highly expressed in both hepato-
cytes and peripheral mononuclear cells. Clinical studies
showed that LASER expression is positively correlated
with plasma PCSK9 levels in statin-free patients [80].
Mechanistically, LASER binds to LSD1 (lysine-specific
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demethylase 1) in the nucleus, and LASER knock-down
enhances LSD1 targeting to genomic loci, resulting in
decreased histone H3 lysine 4 mono-methylation at the
HNEF-1a gene promoter regions, subsequently affect-
ing PCSK9 expression [80]. Another important IncRNA
is lincRNA-p21, which acts as a molecular sponge for
miR-221 to induce de-acetylation of the PCSK9 promoter
sequence through SIRT1, thereby inhibiting atheroscle-
rosis development [81].

Therapeutic implications of ncRNAs

The discovery of ncRNAs regulating PCSK9 has opened
new therapeutic avenues for cholesterol management.
Different ncRNAs play important roles in the progression
of inflammatory atherosclerosis through targeting genes
related to the PCSK9 pathway at the post-transcriptional
level [82]. Statin treatment increased LASER expression,
accompanied with increased PCSK9 expression, suggest-
ing a feedback regulation that may partly explain statin
escape during anti-cholesterol treatment. Therapeutic
targeting of LASER might be an effective approach to
augment the effect of statins on cholesterol levels in
clinics [80]. Similarly, LincRNA-p21 shows promise as a
therapeutic target for preventing atherosclerosis devel-
opment through its regulation of the miR-221/SIRT1/
PCSK9 axis [81].

Therapeutic agents targeting PCSK9
PCSK9 inhibitors represent a revolutionary class of
lipid-lowering therapeutics that have transformed car-
diovascular disease management. Two fully human
monoclonal antibodies, alirocumab and evolocumab, are
currently approved for clinical use and demonstrate sig-
nificant efficacy in reducing LDL-C and cardiovascular
events [83]. PCSK9 inhibitors function by blocking the
PCSK9 protein, which normally promotes degradation
of LDL receptors on hepatocyte surfaces. Alirocumab
and evolocumab modulate the upregulation of recycling
and expression of LDL-C receptors at the cell surface,
and increase LDL-C clearance from circulation [83]. By
inhibiting PCSK9, these agents increase the number of
LDL receptors available for cholesterol uptake, resulting
in enhanced clearance of LDL-C from the circulation.
Both alirocumab and evolocumab demonstrate sub-
stantial LDL-C lowering effects. Pooled results showed
significant efficacy of evolocumab/alirocumab in reduc-
ing low-density lipoprotein cholesterol with a weighted
mean difference of— 37.92% (95% confidence inter-
val— 43.06% to— 32.78%) [84]. A recent comparative
analysis showed that alirocumab 75 mg was superior
to inclisiran 300 mg in reducing LDL-C in 24 weeks,
achieving reductions of approximately 51.54% com-
pared to 41.34% with inclisiran [85]. Beyond LDL-C
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reduction, PCSK9 inhibitors provide comprehensive
lipid profile improvements (Fig. 2A). These agents sig-
nificantly reduced apolipoprotein B (weighted mean
difference — 33.67%, 95% CI— 38.12% to— 29.22%) and
lipoprotein(a) (weighted mean difference — 16.94%, 95%
CI—- 26.20% to— 7.69%) [84]. Meta-analysis data demon-
strate that alirocumab/evolocumab showed significant
efficacy in reducing Lp(a) with a weighted mean differ-
ence of — 20.10% (95% confidence interval — 25.59% to
—14.61%) (Fig. 2A) [86].

The cardiovascular benefits of PCSK9 inhibitors extend
beyond lipid lowering. In randomized controlled tri-
als, alirocumab and evolocumab have been reported to
reduce the risk of recurrent cardiovascular disease in
patients following an acute coronary event and second-
ary prevention populations when added to background
statin therapy [83]. Importantly, alirocumab reduced risk
of peripheral artery disease events (hazard ratio 0.69,
95% CI 0.54—0.89; P=0.004), with benefits particularly
pronounced in patients with elevated lipoprotein(a) lev-
els (Fig. 2B) [87].

PCSK9 inhibitors demonstrate favorable safety profiles
across diverse patient populations. Analysis suggests that
alirocumab and evolocumab are generally safe and well
tolerated and that their addition to background lipid-
lowering therapy is not associated with an increased risk
of adverse events or toxicity. However, some differences
exist between agents. Alirocumab treatment significantly
reduced the risk of serious adverse events compared
to control treatment (risk ratio 0.937; 95% confidence

(See figure on next page.)
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interval 0.896-0.980), while no significant difference
was observed with evolocumab treatment [83] (Fig. 2C).
Additionally, evolocumab showed early worsening of
diabetes mellitus (OR 2.3, 95% CI 1.26 to 4.2, p=0.041),
particularly in the initial weeks of treatment, though this
effect diminished with longer therapy duration [88]. The
most common adverse effect is injection site reactions,
with PCSKO9 inhibitors associated with local injection site
reactions (OR 1.54, 95% CI 1.37 to 1.73, p<0.01), driven
primarily by alirocumab use [88] (Fig. 2C). In pediatric
populations with familial hypercholesterolemia, PCSK9
inhibitors show promise, with evolocumab/alirocumab
significantly reducing LDL-C and other lipid param-
eters while being generally well tolerated [84]. When
compared to other lipid-lowering agents, PCSK9 inhibi-
tors demonstrate superior efficacy (Fig. 2D). Alirocumab
was superior to inclisiran in improving the lipid profile,
especially in reducing LDL-C, total cholesterol and tri-
glycerides [85]. Beyond lipid lowering, PCSK9 inhibitors
demonstrate beneficial effects on atherosclerotic plaque.
The addition of PCSK9 inhibitors to statin therapy
showed similar impact to ezetimibe in reducing plaque
and lipid burdens, though more evidence is needed to
confirm plaque composition effects (Fig. 2D) [89].

Natural compounds that modulate PCSK9

in hepatocytes

PCSK9 has emerged as a key therapeutic target in cho-
lesterol management due to its role in regulating LDLR
degradation and thereby increasing circulating LDL-C

Fig. 2 Clinical efficacy, safety profile, and comparative effectiveness of PCSK9 inhibitors in cardiovascular disease management. A Lipid-lowering
efficacy of approved and investigational PCSK9 inhibitors. Data represent percentage reductions in low-density lipoprotein cholesterol

(LDL-C), apolipoprotein B (Apo B), and lipoprotein(a) [Lp(a)] from baseline. Evolocumab data derived from the FOURIER trial (n=27,564, median
follow-up 2.2 years); alirocumab data from ODYSSEY OUTCOMES trial (n= 18,924, median follow-up 2.2 years); MK-0616 represents phase 3 data
from the CORAref study. Values shown as percentages with 95% confidence intervals where available. B Cardiovascular outcomes from landmark
randomized controlled trials. Hazard ratios (HR) with 95% confidence intervals (Cl) for major adverse cardiovascular events (MACE), defined

as the composite of cardiovascular death, myocardial infarction, stroke, unstable angina requiring hospitalization, or coronary revascularization.
Data from FOURIER (evolocumab) and ODYSSEY OUTCOMES (alirocumab) trials. Number needed to treat (NNT) calculated for overall population
and high-risk subgroups. *Asterisk indicates statistically significant mortality benefit observed exclusively with alirocumab treatment (P =0.026).
Peripheral artery disease risk reduction represents additional clinical benefit beyond primary MACE endpoint. C Safety and tolerability profile
based on systematic review and meta-analysis of 39 randomized controlled trials encompassing > 66,000 patient-years of exposure. Left panel
displays most frequent treatment-emergent adverse events with relative risk (RR) or odds ratio (OR) compared to placebo or standard care.

Right panel presents long-term safety outcomes from extended follow-up studies (up to 8 years available data). Liver safety assessed by alanine
aminotransferase (ALT) elevations > 3 x upper limit of normal (ULN). Mortality benefit data represent post-hoc analysis with 15% relative risk
reduction. Creatine kinase (CK) elevations and myalgia rates derived from real-world pharmacovigilance data. D Head-to-head comparison

of lipid-lowering therapies showing relative efficacy, cardiovascular outcomes, dosing frequency, and economic considerations. LDL-C reduction
percentages represent pooled data from randomized trials. Cardiovascular outcomes expressed as hazard ratios for MACE where available. Dosing
abbreviations: Q2W, every 2 weeks; QM, monthly; Q6M, every 6 months. Cost-effectiveness ratios calculated using incremental cost-effectiveness
ratio methodology with quality-adjusted life years (QALY) as effectiveness measure. *Values represent healthcare economic evaluations based

on $100,000 per QALY willingness-to-pay threshold from societal perspective. Apo B: apolipoprotein B; Cl: confidence interval; CK: creatine kinase;
HR: hazard ratio; LDL-C: low-density lipoprotein cholesterol; Lp(a): lipoprotein(a); MACE: major adverse cardiovascular events; NNT: number
needed to treat; OR: odds ratio; PCSK9: proprotein convertase subtilisin/kexin type 9; QALY: quality-adjusted life years; RR: relative risk; ULN: upper
limit of normal
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ﬂvolocumab (Repatha®m

LDL-C Reduction
:59% (95% Cl: 50-60%)

Apo B Reduction: 34.2%
La(a) Reduction: 25-36%

Trial: Fourier (n=27,564)

wedian follow-up: 2.2 yearsj

ﬂlirocumab (Praluent®)\

LDL-C Reduction
1 57-63%

Apo B Reduction: 54.95%

La(a) Reduction: 17.3-29%

Trial: Obesity outcomes
(n=18,924)

wedian follow-up: 2.2 yearsj

/ MK-0616 (Oral) \

LDL-C Reduction
:41.2-60.9%

Dose Raange: 6-30 mg/day
Status: Phase 3 (CORAreef)

Planned n: < 17,000 patients

k First PCSKQ inhibitor /

B.
Major Adeverse Cardiovascular Events (MACE)
Outcome Evolocumab HR (95% CI) Alirocumab HR (95 CI) P-value
Primary MACE 0.85 (0.79-0.92) 0.85 (0.78-0.93) <0.001
Myocardial Infarction 0.73 (0.65-0.82) 0.86 (0.77-0.96) <0.01
Stroke 0.79 (0.66-0.95) 0.73 (0.57-0.93) <0.05
All-cause Mortality 1.04 (0.91-1.19) 0.85 (0.73-0.98) 0.026*
Number Needed to Treat: 36 patients (overall), 27-30 (high-risk)
Peripheral Artery Disease : 21% additional risk reduction
C.

N

/ Common Adverse Events

Injection Site Reaction:
Alirocumab: 3.8% vs 2.1% placebo
Evolocumab: 2.1% vs 1.6% placebo

New-onset Diabetes:
No significantincrease
RR 1.05 (95% CI: 0.95-1.16. p=0.32)

Muscle Symptoms:
Real-world: 12.8% Myalgia
CK elevation: No significant increase

Follow-up Duration: Up to 8 years available

Liver Safety:
ALT >3x ULN: 1.7% vs 1.4% placebo

Mortality Benefit:
Alirocumab: 15% reduction
(OR 0.79, 95% CI: 0.67-0.94)

Key Finding : No new safety signals with extended
follow-up (FOURIER-OLE: 5 years)

D.

Treatment LDL-C Reduction CV Outcomes Dosing Cost-Effectiveness
Evolocumab 61.84% HR 0.85 (MACE) Q2W/QM injection  $1,725-2242/year*
Alirocumab 57-63% HR 0.85 (MACE) Q2W injection $2,300-4,000/year*

Inclisiran 50.07% No outcomes data Q6M injection Under evaluation

Ezetimibe 24.49% HR 0.94 (IMPROVE-IT) Daily oral < $100/year

High-intensity Statins 50-55% HR 0.75-0.85 Daily oral < $50-200/year

*Value-based pricing benchmarks for cost-effectiveness at $100,000/QALY threshold

Fig. 2 (Seelegend on previous page.)

levels. Although pharmaceutical PCSK9 inhibitors, such
as monoclonal antibodies, have demonstrated substantial
clinical efficacy, there is growing interest in natural com-
pounds that can modulate PCSK9 expression or activity
with fewer side effects and greater accessibility [90, 91].
This section explores a variety of phytochemicals and
plant extracts that exhibit PCSK9-inhibitory properties

through various mechanisms, including transcriptional
regulation, post-translational modification, and protein
stability modulation. In addition to suppressing PCSK9,
many of these natural compounds also upregulate LDLR
expression and enhance its functional activity, promoting
more efficient LDL-C clearance and reducing cardiovas-
cular risk. Importantly, several of these compounds have
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been shown to counteract statin-induced upregulation
of PCSKY, suggesting potential as adjunctive therapies
that enhance the lipid-lowering effects of existing phar-
macological treatments. Table 2 and Fig. 3 provide a
comprehensive summary of these natural PCSK9 modu-
lators, detailing their sources, molecular mechanisms,
and biological effects, highlighting diverse approaches
by which plant-derived compounds can influence cho-
lesterol homeostasis through the PCSK9-LDLR axis.
For this review, natural compounds were selected based
on the following criteria: (1) documented evidence of
PCSK9 modulation in peer-reviewed literature published
between 2008 and 2025; (2) availability of mechanistic
data demonstrating direct or indirect effects on PCSK9
expression, activity, or stability; (3) evidence from either
in vitro hepatocyte studies or in vivo animal/human stud-
ies; and (4) compounds with established safety profiles
and potential for clinical translation. We focused pri-
marily on compounds with well-characterized molecular
mechanisms and excluded those with limited or conflict-
ing evidence. This selection approach ensures a compre-
hensive yet focused examination of the most promising
natural PCSK9 modulators while acknowledging that the
rapidly expanding field may contain additional candi-
dates not covered in this review.

Organosulfur compounds (OSCs)

Garlic-derived OSCs have shown potential in regulating
PCSKY, thereby offering therapeutic benefits for cardio-
vascular health. Studies have demonstrated that com-
pounds such as S-ethyl-L-cysteine, S-allyl-L-cysteine, and
diallyl trisulfide effectively inhibit PCSK9 activity, as evi-
denced by their low in vitro IC50 values, suggesting their
potential to enhance LDLR function and reduce circulat-
ing LDL-C levels [32]. Furthermore, these OSCs amelio-
rate metabolic syndrome-related conditions in animal
models by downregulating PCSK9 mRNA expression and
upregulating LDLR expression, thereby improving lipid
profiles and reducing inflammation [92]. In addition,
garlic-derived OSCs like propyl-propane thiosulfonate
and propyl-propane thiosulfinate exhibit anti-inflamma-
tory properties, which could further contribute to car-
diovascular health by modulating immune responses and
reducing oxidative stress [93]. The modulation of cho-
lesterol biosynthesis by OSCs, particularly allicin, which
inhibits the early steps of the pathway, further under-
scores their role in managing cholesterol levels [94].

Berberine

Berberine, a natural isoquinoline alkaloid, has shown
efficacy in controlling PCSK9 through various mecha-
nisms. Berberine acts as a natural PCSK9 inhibitor, which
contributes to its hypolipidemic effects by enhancing
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the expression of LDLR and reducing PCSK9 expres-
sion and secretion, thereby promoting cholesterol clear-
ance from the bloodstream [25, 29]. Clinical studies and
meta-analyses have shown that berberine significantly
reduces total cholesterol (TC), LDL, and triglycerides
(TG) and increases high-density lipoprotein levels, either
alone or in combination with other nutraceuticals [95].
The molecular mechanisms behind these effects include
the downregulation of PCSK9 through pathways such as
ERK1/2 signaling and the ubiquitin—proteasome degra-
dation pathway. These mechanisms are also influenced
by transcription factors like HNFlx and SREBP-2 [96,
97]. In animal models, berberine attenuates atheroscle-
rotic lesions and hepatic steatosis by downregulating
PCSK9 expression, further supporting its role in cardio-
vascular protection [96]. Moreover, the effectiveness of
berberine on PCSK9 is enhanced when delivered using
nanotechnology-based systems, which improves its phar-
macokinetic profile and bioavailability [98]. However,
some studies have reported that berberine can increase
PCSK9 levels through SREBP-2 activation, suggesting
a complex interaction that depends on the context and
dosage [99].

Tetrahydroberberrubine (THBru)

THBru, a derivative of berberine with higher bioavail-
ability and lower toxicity, can improve hyperlipidemia
by activating the AMPK/SREBP2/PCSK9/LDL receptor
signaling pathway [100]. Feng et al. revealed that THBru
effectively alleviates hyperlipidemia and obesity induced
by a high-fat diet in mice by decreasing serum TC, TG,
and LDL-C levels [100]. Molecular docking and cellu-
lar thermal shift assays mechanistically confirmed that
THBru directly binds to AMPK with a binding energy
of — 6.6 kcal/mol, activating this master metabolic regu-
lator [100, 101]. Activation of AMPK by THBru leads to
downregulation of SREBP2 and PCSK9 expression and
upregulation of LDLR levels, thereby enhancing hepatic
LDL clearance [16, 100]. In addition, THBru regulates
cholesterol homeostasis by decreasing HMGCR, a rate-
limiting enzyme in cholesterol synthesis, and increasing
CYP7A1, which is key in cholesterol-to-bile-acid conver-
sion [100, 102]. Notably, THBru reduces statin-induced
PCSK9 expression, suggesting its potential as a combina-
tion therapy to enhance statin efficacy.

Piceatannol (PT)

PT, a naturally occurring stilbenoid found in grapes,
berries, and peanuts, shows potential in overcom-
ing statin resistance in hypercholesterolemia through
novel epigenetic mechanisms. PT effectively inhib-
its PCSK9 through p300 histone acetyltransferase
(HAT) inhibition [30]. In vitro studies using HepG2
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Table 2 Natural PCSK9 modulators: mechanisms and biological effects

Compound Source Mechanism of action Biological effects References
Organosulfur compounds Garlic « Inhibit PCSK9 activity - Enhance LDL receptor func- [32,92-94]

Berberine

Tetrahydroberberrubine (THBru)

Piceatannol (PT)

Gallic acid (GA)

Ellagic acid

Schisandrin A

Geranylgeranyl isoprenoids

Dendrobium nobile Lindl. alka-

loids (DNLA)

Clerodane-type diterpenes

Goldenseal, Barberry, Oregon
grape

Berberine derivative

Grapes, berries, peanuts

Fruits, vegetables, tea

Fruits, vegetables, nuts

Schisandra chinensis

Mevalonate pathway derivatives

Traditional Chinese herb

Casearia grewiifolia

- Downregulate PCSK9 mRNA
expression

- Reduce PCSK9 expression

and secretion

- Downregulate PCSK9

via ERK1/2 pathway

+ Modulate HNF1a and SREBP-2

- Activate AMPK/SREBP2/PCSK9/
LDL pathway

- Directly bind to AMPK (binding
energy: —6.6 kcal/mol)

- Downregulate SREBP2

and PCSK9 expression

« Inhibit p300 histone acetyl-
transferase (HAT)

« Bind to p300 HAT domain
(IC50: 19.89 uM)

« Block p300 recruitment

to PCSK9 promoter

- Epigenetically regulate PCSK9
expression

« Inhibit PCSK9 mRNA expres-
sion and protein

« Activate FOXO3 and suppress
HNF1a

- Directly bind to PCSK9 active
pocket (—5.36 kcal/mol)

- Activate EGFR-ERK1/2 pathway

« Reduce PCSK9 expression
and secretion

« Inhibit HNF1a

« Promote FoxO3 expression

« Inhibit PCSK9 protein stabiliza-
tion

« Destabilize free PCSK9 protein
in proteasome

« Protect LDLR from lysosomal
degradation

- Activate Rapla

« Inhibit RhoA-ROCK pathway

- Enhance lysosomal degrada-
tion of PCSK9

- Post-transcriptionally regulate
PCSK9 stability

« Downregulate PCSK9 expres-
sion

« Inhibit SREBP2 and HNF1a

+ Modulate LXRa/IDOL/LDLR
pathway

« Suppress LXRa expression

« Inhibit PCSK9 mRNA expres-
sion

tion

+ Reduce circulating LDL
cholesterol

- Improve lipid profiles

+ Reduce inflammation

+ Enhance LDLR expression
- Reduce TC, LDL, and TG
«Increase HDL levels

- Attenuate atherosclerotic
lesions

+ Reduce hepatic steatosis

- Alleviate hyperlipidemia

and obesity

+ Decrease serum TC, TG,

and LDL-C

+ Upregulate LDL receptor levels
« Enhance hepatic LDL clear-
ance

+ Reduce statin-induced PCSK9
expression

« Suppress statin-induced PCSK9
expression

- Stabilize LDLR expression

- Improve cholesterol clearance
+ Reduce plasma LDL-choles-
terol

« Enhance hepatic LDLR stabi-
lization

« Enhance LDLR protein accu-
mulation

- Extend LDLR mRNA half-life
(0.59hto 1.02 h)

« Promote LDL uptake

- Improve cholesterol metabo-
lism

- Manage NAFLD

- Upregulate LDLR protein levels
+ Decrease aortic plague deposi-
tion

+ Reduce hepatic lipid accumu-
lation

- Ameliorate atherosclerosis

«Increase LDLR expression

- Enhance LDL uptake

- Reduce serum lipid profiles

« Attenuate increases in body
weight

+ Reduce hepatic injury markers

« Suppress statin-induced PCSK9
elevation

« Enhance LDL-C lowering

- Potentially enhance statin
efficacy

«Increase LDLR expression

« Promote LDLR recycling

+ Decrease HMGCR

«Increase CYP7A1

« Reduce statin-induced PCSK9
expression

- Potential lipid-lowering effects

[25,29,95-99]

[100-102]

[30, 48, 103]

[31,104-108]

[105,109]

[110,111]

[46,112]

[118]

[119]
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Table 2 (continued)

Page 13 of 19

Compound Source

Mechanism of action

Biological effects References

Lindenane sesquiterpenoid Chloranthus japonicus

- Reduce PCSK9 levels

+Increase LDL uptake [120]

dimers « Particularly effective: shizukaol  « Upregulate LDLR expression
F and chlorahololide D (69.0% - Demonstrate lipid-lowering
and 72.8% inhibition at 5 uM) effects
+ Show anti-inflammatory
properties
Neolignans Penthorum chinense - Downregulate PCSK9 activity - Increase LDL-cholesterol [121]

- Dibenzoxepine-type lignan uptake
(IC50:5.13 uM) « Influence PPARy-LXR-ABCA1
« Penthorin A (IC50: 15.56 uM) pathway

« Methyl gallate (IC50: 11.66 uM)
« Upregulate LDLR via SREBP2

Welsh onion extract (WOE) Welsh onion

« Attenuate PCSK9 and SREBP2
expression

« Contain kaempferol

and p-coumaric acid

- Affect cholesterol efflux
+ Regulate multiple genes
in cholesterol metabolism

+ Prevent LDLR degradation [110,113]
- Stabilize LDLR protein
» Maintain LDLR levels

under lipid depletion

« Inhibit PCSK9 transcription
and protein expression

Pigeon pea extract (MECC) Cajanus cajan L. leaves

« Decrease PCSK9 mRNA

«Increase LDLR mRNA and pro-  [114, 115]

and mature protein (up to 54%) tein
« Inhibit PCSK9 promoter activity -« Enhance cell-surface LDLR

« Reduce nuclear HNF-1a levels

- Improve LDL uptake by up to

- Contain cajaninstilbene acid 43%

as active component

Black raspberry extract (BRE) Black raspberry

- Suppress PCSK9 expression
- Counteract statin-induced
PCSK9 increase

- Show selective gene regula-
tion

- Enhance LDLR expression

+ Promote LDL uptake

« Lower serum LDL cholesterol
+ Modulate gut microbiota

and bile acid profiles

« Improve cardiovascular health
markers

[116,117]

PCSK9: Proprotein convertase subtilisin/kexin type 9; LDLR: Low-density lipoprotein receptor; LDL-C: Low-density lipoprotein cholesterol; TC: Total cholesterol; TG:
Triglycerides; HDL: High-density lipoprotein; SREBP: Sterol regulatory element-binding protein; HNF1a: Hepatocyte nuclear factor 1a; AMPK: AMP-activated protein

kinase; FoxO3: Forkhead box O3; NAFLD: Non-alcoholic fatty liver disease

cells showed that PT suppresses statin-induced PCSK9
expression and stabilizes LDLR expression, leading
to improved cholesterol clearance. Mechanistically,
PT acts as a potent p300 HAT inhibitor, with an IC,,
value of 19.89 pM. It competitively binds to the p300
HAT domain and blocks its recruitment to the PCSK9
promoter region, thereby preventing PCSK9 transcrip-
tion [30, 103]. Unlike other PCSK9 inhibitors that act
through transcription factors such as SREBP2 and
HNF1a, PT regulates PCSK9 expression epigenetically,
representing a unique mechanism of action. In vivo,
high-fat diet-induced hypercholesterolemic mice coad-
ministered simvastatin and PT for 10 weeks exhib-
ited considerably reduced plasma LDL-C levels and
enhanced hepatic LDLR stabilization compared with
simvastatin monotherapy. These findings establish PT
as a promising nutraceutical candidate for managing
hypercholesterolemia, particularly in cases of statin
resistance or intolerance, through its novel epigenetic
control of the p300—PCSK9-LDLR axis [30, 48].

Gallic acid (GA)

GA, a naturally occurring polyphenolic compound found
in fruits, vegetables, and tea, can improve cholesterol
metabolism by effectively regulating the PCSK9-LDLR
axis. Zhang et al. reported that GA promotes LDL uptake
in HepG2 cells through two mechanisms: enhancing
LDLR protein accumulation via the EGFR-ERK1/2 sign-
aling pathway and inhibiting PCSK9 expression [31].
In vitro studies showed that GA specifically binds to
the extracellular domain of EGFR with a binding energy
of — 6.97 kcal/mol, activating the EGFR-ERK1/2 path-
way, which subsequently extends LDLR mRNA half-life
from approximately 0.59 to 1.02 h, improving its stabil-
ity and increasing LDLR protein accumulation [31, 104].
Mechanistically, GA also inhibits PCSK9 mRNA expres-
sion and protein accumulation through two distinct
pathways: activating forkhead box O3 (FoxO3) and sup-
pressing HNF1a, both of which are critical transcription
factors regulating PCSK9 expression [31, 105]. Molecu-
lar docking studies further revealed that GA can directly
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Fig. 3 Mechanistic Actions of Key Nutraceuticals in PCSK9 Modulation. This figure summarizes the mechanisms by which various natural
compounds and plant extracts modulate PCSK9 expression and activity in hepatocytes. Natural compounds (berberine, THBru, DNLA, gallic

acid, ellagic acid, and Neolignans) and plant extracts (Welsh onion and pigeon pea) modulate the PCSK9 transcription factors such as HNF1q,
SREBP2, and FoxO3. From the pathway perspective, natural compounds suppress PCSK9 expression by regulating the AMPK pathway (THBru),
ERK1/2 pathway (berberine, ellagic acid, and gallic acid) and RhoA-ROCK pathway (geranylgeranyl isoprenoids). Piceatannol inhibits p300 histone
acetyltransferase, thereby inhibiting PCSK9 expression. In addition, nutraceuticals (organosulfur compounds and clerodane-type diterpenes

and Welsh onion extract) inhibit PCSK9 mRNA expression. Schisandrin A and geranylgeranyl isoprenoids inhibit the maturation and stabilization

of PCSK9 protein. Nutraceuticals (berberine, ellagic acid, Welsh onion extract, pigeon pea extract, and black raspberry extract) inhibit the secretion
of PCSK9 protein into the extracellular space, where it activates LDLR recycling. Geranylgeranyl isoprenoids also activate Rap1a, promoting PCSK9
degradation. These nutraceuticals enhance the reduction of PCSK9-mediated degradation of LDLR, thereby leading to hepatic LDL-cholesterol
uptake. These regulatory actions may act as potential complementary or alternative approaches for managing hypercholesterolemia and related

cardiovascular diseases. Activation pathways are indicated by arrows (=), and inhibitory actions are represented by blocked lines (1). Created

with BioRender.com. Accessed on 09 April 2025

bind to the active pocket of PCSK9 with a binding energy
of — 5.36 kcal/mol, potentially blocking the PCSK9-
LDLR interaction and reducing LDLR degradation.
Therefore, GA can be envisaged as a promising natural
compound for managing NAFLD associated with choles-
terol metabolism disorders, particularly since cholesterol
dysregulation is increasingly recognized as a key factor in
NAFLD pathogenesis [106, 107]. Compared with phar-
matherapy, GA offers advantages including minimal side
effects, cost-effectiveness, and ready availability in com-
mon foods and beverages, particularly tea, where the GA
content can range from 0.1 to 2% [108]. Owing to the
multiple mechanisms through which GA improves LDL
uptake, including the transcriptional regulation of PCSK9
and post-transcriptional stabilization of LDLR, GA is a
valuable nutraceutical for cholesterol management and
NAFLD prevention.

Additional natural PCSK9 modulators
Several other natural compounds have demonstrated
PCSK9-inhibitory properties through diverse mecha-
nisms. Ellagic acid, a polyphenol abundant in fruits and
nuts, markedly reduces PCSK9 expression and secre-
tion while increasing LDLR protein levels through dual
mechanisms involving HNFla inhibition and FoxO3
activation, with dose-dependent effects confirmed in
both HepG2 cells and ApoE—/—mice [105, 109]. Schisan-
drin A, from Schisandra chinensis, uniquely upregulates
LDLR by destabilizing free PCSK9 protein in the protea-
some rather than affecting transcription, thereby protect-
ing LDLR from lysosomal degradation [110, 111].
Geranylgeranyl isoprenoids represent a novel mecha-
nistic approach, as these mevalonate pathway-derived
molecules regulate PCSK9 through the GGPP-Rapla
pathway. Wang et al. demonstrated that Rapla activation
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enhances lysosomal degradation of PCSK9 and can sup-
press statin-induced PCSK9 elevation, suggesting poten-
tial for combination therapy [46, 112]. Plant extracts
such as Welsh onion extract, containing kaempferol
and p-coumaric acid, effectively attenuate PCSK9 and
SREBP2 expression while maintaining LDLR levels [110,
113]. Similarly, pigeon pea (Cajanus cajan L.) extract
reduces PCSK9 mRNA by up to 54% through HNFla
reduction, with cajaninstilbene acid identified as the pri-
mary bioactive component [114, 115]. Black raspberry
extract demonstrates particular promise in combina-
tion with statins, counteracting statin-induced PCSK9
increases while providing additional cardiovascular ben-
efits through gut microbiota modulation [116, 117].
Specialized plant-derived compounds include clero-
dane-type diterpenes from Casearia grewiifolia, linde-
nane sesquiterpenoid dimers from Chloranthus japonicus
(particularly shizukaol F with 69.0% PCSK9 inhibition),
neolignans from Penthorum chinense with IC50 values
as low as 5.13 uM, and alkaloids from Dendrobium nobile
that modulate multiple pathways including LXRa/IDOL/
LDLR and SREBP2/HNF1a [118-121]. These compounds
collectively demonstrate the rich diversity of natural
PCSK9 modulators and their potential for developing
novel therapeutic strategies for cholesterol management.

Conclusions
The complex regulatory network controlling hepato-
cyte PCSK9 expression represents a promising target for
the therapeutic treatment of hypercholesterolemia and
associated cardiovascular diseases. This review high-
lights the diverse mechanisms involved inPCSK9 regula-
tion, including transcriptional control by factors such as
HNF1la/p and SREBPs, post-transcriptional modulation
by microRNAs, epigenetic regulation through histone
modifications, and modulation through multiple signal-
ing pathways such as JAK/STAT, PI3K/Akt, and SOCS-3.

Natural compounds offer remarkable advantages as
PCSK9 modulators, including greater accessibility and
multitargeted actions that address various aspects of lipid
metabolism. For instance, berberine and its derivative
tetrahydroberberrubine acts on the PCSK9-LDLR axis
through AMPK activation and ERK1/2 pathway modu-
lation. Polyphenolic compounds like piceatannol offer
novel epigenetic mechanisms by inhibiting p300 histone
acetyltransferase, whereas GA and ellagic acid regulate
PCSK9 through FoxO3 activation and HNFla suppres-
sion. Plant extracts, such as those from Welsh onion,
black raspberry, and Dendrobium nobile effectively coun-
teract statin-induced PCSK9 elevation, suggesting their
potential as complementary therapies.

The translation of these regulatory insights into nutra-
ceutical applications represents a frontier in precise
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nutrition for cardiovascular health. Future research
should focus on optimizing delivery systems to enhance
bioavailability, determining effective dosages through
rigorous clinical trials, and investigating potential syn-
ergistic effects between different natural compounds. In
addition, personalized approaches that consider genetic
variations in the PCSK9 pathway could maximize thera-
peutic outcomes.

By bridging fundamental molecular biology with trans-
lational nutritional science, natural PCSK9 modulators
offer promising strategies to complement pharmather-
apy, potentially increasing the accessibility of PCSK9-
targeted therapies to broader populations and addressing
the growing global burden of cardiovascular diseases.
These nutraceutical strategies are particularly valuable
for individuals with statin intolerance or those seeking
integrative approaches to LDL-C management, though
careful consideration of potential interactions and effects
remains important given their comparable molecular
mechanisms of action.
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