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Keywords: A large body of evidence has shown that modulation of the nuclear receptors peroxisome proliferator-activated
Natural compounds receptors (PPARs), the liver X receptors (LXRs), the proprotein convertase subtilisin/kexin type 9 (PCSK9) and
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inflammatory processes by natural compounds has hypolipidemic and anti-atherosclerotic effects. These bene-
ficial outcomes are certainly related to the crucial function of these targets in maintaining cholesterol homeo-
stasis and regulating systemic inflammation. Currently, the therapeutic scenario for cardiovascular diseases
(CVD) offers a plethora of widely validated and functional pharmacological treatments to improve the health
status of patients. However, patients are increasingly sceptical of pharmacological treatments which are often
associated with moderate to severe side effects. The aim of our review is to provide a collection of the most recent
scientific evidence on the most common phytochemicals, used for centuries in the Mediterranean diet and
traditional chinese medicine that act on these key regulators of cholesterol homeostasis and systemic inflam-
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mation, which could constitute important tools for CVD management.

1. Introduction

Despite advances in medicine and drug development, the rising
incidence of cardiovascular diseases (CVD) remains a major global
health problem [1]. Atherosclerosis is a chronic inflammatory disease
characterized by arterial narrowing and restricts blood flow due to the
buildup of cholesterol-rich plaques, and it is associated with clinical
outcomes including ischemic heart disease, ischemic stroke, and pe-
ripheral arterial disease-conditions. Activation of the inflammatory
cascade is a well-established event promoting tissue and organ
dysfunction in several pathological conditions [2] including athero-
sclerosis where it drives initiation, metaphase and advanced stages, and
plaque rupture [3]. Inflammatory factors such as C-reactive protein
(CRP), interleukin 6 (IL-6), and tumor necrosis factor-a (TNF-a) are
consistently elevated in atherosclerosis. In addition, receptors involved
in inflammation, such as the toll-like receptor (TLR), particularly TLR2
and TLR4, are increased in human atherosclerotic plaques [4]. Equally
or more dangerous for the onset and development of atherosclerosis is
dyslipidemia, characterized by high plasma levels of total cholesterol
(TC) and triglycerides (TG) and low levels of high-density lipoprotein
cholesterol (HDL-C). It is known that low-density lipoproteins
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cholesterol (LDL-C) or LDL particles and hypertriglyceridemia or
TG-rich lipoproteins are major risk factors for this pathology [5,6]. The
causal relationship between cholesterol and inflammation is not
completely understood. Growing evidence has revealed that several
molecular mechanisms implicated in cholesterol metabolism participate
in multiple inflammatory signaling pathways [7]. In particular,
inflammation causes significant adverse changes in lipoprotein meta-
bolism, including increased oxidation of LDL and very low-density li-
poproteins (VLDL), all of which are pro-atherogenic [8]. In the context
of cholesterol metabolism, peroxisome proliferator-activated receptors
(PPARs) and liver X receptors (LXRs) are nuclear receptors involved in
regulating cholesterol homeostasis, besides promoting
anti-inflammatory effects. The promotion of peroxisome proliferation by
PPARs increases fatty acid catabolism as a result of enhanced expression
of genes encoding proteins involved in lipid transport and fatty acid
B-oxidation [9]. The distribution and function of PPARs show organ and
cell specificity. PPAR«a is widely expressed in the heart, liver, skeletal
muscle, and cardiovascular system; PPAR(/8 is mainly distributed
throughout the body; PPARy is highly expressed in white adipose tissue
[10-12]. From a mechanistic point of view, PPARs form heterodimers
with the retinoid X receptor (RXR) and bind to specific DNA regions of
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target genes (AGGTCAXAGGTCA, where X is a random nucleotide)
called peroxisome proliferation hormone response elements. Activation
by a ligand induces conformational changes in the PPAR-RXR complex,
ultimately activating the transcription of target genes, including LXRs,
responsible for encoding proteins involved in the cellular cholesterol
efflux process [13]. Notably, PPARs are involved in the regulation of a
large number of genes involved in cellular lipid metabolism and
inflammation in the cardiovascular system [11], showing multiple
anti-atherosclerotic functions, as observed in PPARa ™~ mice with
increased lipogenesis and inflammation [14]. The downregulation of
PPAR« expression has been associated with decreased de novo hepatic
lipogenesis [15], while PPARp activates carnitine palmitoyl transferase
(CPT), which improves fatty acid transport across the mitochondrial
membrane and subsequent p-oxidation [16]. Activated PPARs can
interact with other inflammatory transcription factors, such as activator
protein 1 (AP-1) and nuclear factor-kappa B (NF-kB), causing tran-
scriptional repression [11,17]. For instance, activation of PPARa sup-
presses inflammatory responses in a variety of cells by inhibiting the
TLR4/NF-kB and AP-1 signaling pathways [11,15-18]. In addition,
PPARy activation has been shown to suppress the release of
pro-inflammatory  factors  via  activation @ of  adenosine
monophosphate-activated protein kinase (AMPK) and inhibition of
multiple signaling pathways, including TLR4, mitogen-activated protein
kinase (MAPK), and wingless/integrated (WNT)/p-catenin [11]. There-
fore, PPARs are considered important targets for the treatment of
atherosclerosis and other CVD. LXRs have been identified in two iso-
forms, LXRa and LXRp, which form heterodimers with RXR [19]. Both
agonists and antagonists can modulate the activity of LXRs. After acti-
vation, LXRs bind to the LXR response element in the promoter region of
target genes and regulate their expression. Examples include the aden-
osine triphosphate (ATP)-binding cassette (ABC) transporter genes Al
(ABCA1) and G1 (ABCG1), fatty acid synthase (FAS), sterol regulatory
element-binding protein-1c (SREBP-1c), apolipoprotein E (ApoE), cho-
lesteryl ester transfer protein, and carbohydrate regulatory
element-binding protein, which are involved in cholesterol, fatty acid,
lipid, and glucose metabolism [19]. Studies of LXRs knockout mice have
shown that the absence of both isoforms of LXR associated with the
pathogenesis of several diseases including lipid disorders, diabetes,
atherosclerosis, obesity, cancer and Alzheimer’s disease [20-22]. With
respect to CVD, LXRs may have an impact on atherosclerosis by modu-
lating several pathways involved in cholesterol homeostasis. Activation
of LXRs decreases intestinal absorption of cholesterol and promotes
reverse cholesterol transport by directly activating genes that control
cellular cholesterol efflux, as also recently demonstrated in an in vitro
hepatocyte model [23]. This may account for the reduction in athero-
sclerotic lesions observed with LXR agonists in the LDLR™/~ mouse
model of atherosclerosis [24]. LXRs are also involved in macrophage
functions as they inhibit the action of pro-inflammatory genes that re-
cruit NF-kB-negative coregulatory proteins [25]. In the LDLR ™/~ mouse
model of atherosclerosis, the selective LXR agonist WAY-252623 has
been shown to reduce lesion progression [24]. Because of the crucial
role of these nuclear receptors in the regulation of lipid metabolism and
anti-inflammatory processes, several synthetic modulators of PPARs and
LXRs have been developed in view of their potential in the therapy of
atherosclerosis. However, to date they have shown conflicting thera-
peutic results together with various side effects [26,27]. In the context of
lipid metabolism, proprotein convertase subtilisin/kexin type 9 (PCSK9)
is another important regulator of circulating cholesterol levels. PCSK9 is
a type K serine protease secreted into the plasma by hepatocytes [28]
able to bind to the low-density lipoprotein receptor (LDLR) in liver cells,
preventing its recycling and increasing its degradation in endosomes and
lysosomes. Therefore, by decreasing hepatic LDLR expression, PCSK9
reduces the uptake of circulating LDL particles and LDL-C, ultimately
leading to elevated blood LDL-C levels [28]. Consistently, PCSK9
gain-of-function (GOF) mutations have been shown to cause elevated
plasma LDL-C levels and increased risk of CVD [28]. Conversely,
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loss-of-function (LOF) mutations are associated with lower LDL-C con-
centrations and CVD risk [29]. New pharmacological approaches tar-
geting PCSK9 have been developed to effectively reduce plasma levels of
LDL-C [28]. Currently, three PCSK9 inhibitors are available in market:
two monoclonal antibodies alirocumab and evolocumab [30,31], and a
small interfering RNA (siRNA), namely inclisiran, that inhibits the
synthesis of PCSK9 protein in the liver [32]. PCSK9 inhibitors can be
used as monotherapy or as adjunctive therapy in patients with familial
hypercholesterolemia when maximum tolerated doses of statins com-
bined with ezetimibe fail to achieve LDL-C targets [33] or in combina-
tion with these drugs used at low doses in patients who are intolerant to
statins [33]. Several recent studies have suggested also a direct link
between PCSK9 and inflammation. For example, PCSK9 levels were
associated with white blood cell counts in patients with stable coronary
heart disease (CHD) [34]. An experimental study conducted by Ricci
et al. showed that recombinant PCSK9 induces TNF-oa mRNA in bone
marrow-derived macrophages primarily, but not exclusively, in an
LDLR-dependent manner [35]. The siRNA for PCSK9 protects against
inflammation by inhibiting NF-kB activation in THP-I-derived macro-
phages stimulated by oxidized LDL (0oxLDL) [36]. On the other hand,
there is also evidence that inflammation can influence PCSK9 expression
[37]. The dual effect of PCSK9 on cholesterol homeostasis and inflam-
mation discloses the crucial role of this protein as a pro-atherosclerotic
agent. Indeed, as demonstrated by an in vitro study on macrophages,
PCSK9 is able to downregulate ABCA1 expression reducing cholesterol
efflux, suggesting a relevant influence in the pathogenesis of athero-
sclerosis [38]. Nutrition has been widely described as playing a pivotal
role in the prevention of CVD, which led recent ESC/EAS guidelines to
recommend the use of nutraceuticals as dietary supplements and func-
tional foods for the management of mild dyslipidemia [39]. Nutra-
ceuticals are food supplements recommended to complete the diet by
providing a concentrated source of nutrients or other substances
designed to support health benefits and physiological functions [40,41].
In particular, many nutraceutical compounds have shown beneficial
effects on plasma lipoproteins levels [42]. In recent years, the overall use
of nutraceuticals has become increasingly popular due to their safety
and efficacy (even if they also are associated with some adverse effects
and interactions with other substances and drugs). Patients tend to
prefer them to hypolipidemic drugs, in the belief that they are "natural"
products and therefore not harmful. Moreover, the media often over-
state the potential adverse effects of lipid-lowering medications, espe-
cially statins, which are widely used as they can effectively lower LDL
and prevent CVD [33]. Given the growing interest in anti-atherosclerotic
dietary supplements, the aim of this review is to explore the role of
major nutraceuticals, phytochemicals, and terrestrial and marine plant
extracts in the treatment of atherosclerosis through the modulation of
PPARs, LXRs, and PCSK9, focusing on their effects on the two crucial
aspects of this pathology, lipid metabolism and inflammation (Fig. 1).
The use of novel natural products through the modulation of these tar-
gets represents a readily accessible and safe therapeutic potential for the
treatment of CVD.

2. Literature search methods

With this aim, the literature search was performed by the PubMed
database, considering all manuscripts published in English language
from 2020 until 2024. The following search strategy was applied as
follow: ((natural compounds) OR polyphenols) OR alkaloids) OR
terrestrial and marine plant extracts) AND PPARs) OR LXRs) OR PCSK9)
OR inflammatory markers) AND lipid-lowering) OR anti-
atherosclerosis) OR cardiovascular) OR cardiovascular disorder) OR
cardiovascular health)). The literature search was repeated adding the
keywords “supplementation” and “therapy” using Mesh terms. After this
search, we selected clinical trials, in vivo and in vitro studies in which the
natural compounds of interest were administered as isolated compounds
or food supplements, showing an effect on the targets PPARs, LXRs,
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Fig. 1. Anti-atherosclerotic and hypolipidemic effects of the main classes of natural compounds through modulation of PPARs, LXRs, PCSK9 and inflammatory
markers. This figure schematizes the mechanisms of action of natural bioactive molecules described in this review and their effects on atherosclerosis by targeting
peroxisome proliferator-activated receptors (PPARs), liver X receptor o (LXRx), proprotein convertase subtilisin/kexin type 9 (PCSK9) and inflammatory markers.
Notably, compounds activating PPARs/LXRa pathway lead to an increase in ATP-binding cassette transporter genes G1 (ABCG1) and Al (ABCA1) expression, thus
raising transporters-mediated cholesterol efflux from macrophage to high-density lipoproteins (HDL) and apolipoprotein Al (ApoAl). Moreover, some phyto-
chemicals are able to inhibit PCSK9 expression and secretion, increasing low-density lipoprotein receptor (LDLR) expression and consequently reducing LDL
circulating cholesterol. In addition, all natural compounds considered have been demonstrated to modulate systemic inflammation, in particular by downregulating
nuclear factor kappa B (NF-kB) transcription factor, thus reducing the production of pro-inflammatory cytokines as tumor necrosis factor-o (TNF-a), interleukin 6 and
1B (IL-6, IL-1B) and C-reactive protein (CRP) levels. All these effects result in an enhanced cholesterol efflux and a decreased lipid accumulation leading to a reduction
in foam cell formation, slowing down plaque formation and ameliorating atherosclerosis outcome. Pictures were created by combining images from Smart Servier
Medical Art (https://smart.servier.com, accessed on September 9, 2022). Servier Medical Art by Servier is licensed under a Creative Commons Attribution 3.0
Unported License (https://creativecommons.org/licenses/by/3.0/, accessed on September 9, 2022).

PCSK9 and inflammatory markers, as well as an anti-atherosclerotic enriched with 0.2 % curcumin led to a reduction in serum TC, LDL-C,
and/or lipid-lowering effect. TG, thus decreasing atherogenic index of plasma, but with no effect on
HDL levels [46]. From a mechanistic point of view, curcumin seems to

3. Natural compounds with lipid-lowering and anti- exert a lipid-lowering effect by activating the Nrf/FXR/LXRa pathway,
atherosclerotic effects as observed in a high-fat and high-fructose fed murine model and in
murine hepatocytes [27]. Moreover, both in vitro and in vivo evidence

3.1. Polyphenols reported that curcumin treatment by promoting LXRa activity, increases
the half-life and stability of ABCA1, one of the main transporters

Polyphenolic compounds are an extensive range of plant-derived involved in the antiatherogenic process of cellular cholesterol efflux
molecules found in nuts, herbs, seeds, spices, flowers, stems, roots, [47]. In another study, treatment with curcumin at 10 and 20 pM for 24
fruits and vegetables. They include different classes of compounds such h reduced hepatocytes nuclear factor 1la (HNF-1la) which ultimately
as flavonoids, lignans, tannins and stilbenes and offer several beneficial down-regulated the PCSK9 mRNA expression and secretion in HepG2
effects [43]. A large body of evidence showed that polyphenol-enriched cells, thus increasing LDLR expression and LDL-C uptake. Moreover,
diet (as Mediterranean diet) is associated to antioxidant and curcumin counteracts the increase of statin-induced PCSK9 expression in
ant-inflammatory activity, as well as to a modulation of lipid meta- the same cellular model, enhancing the cholesterol-lowering effect [48].
bolism with positive effects on atherosclerosis and lipid disorders [43, Curcumin plays also an antioxidant and anti-inflammatory role thanks
44]. Here are listed some of the most significant polyphenolic com- to its polyphenolic structure. In vitro studies on THP-I cells evidence an
pounds that have been demonstrated to have an impact on these path- inhibitory activity of curcumin on inflammatory cytokines’ production
ological conditions, as summarised in Table 1. (IL-6, IL-1p, and TNF-a) and M1 macrophage polarization, reducing
Curcumin is a polyphenolic compound majorly found in turmeric foam cell formation in the atherosclerotic plaques. Moreover, the
extracted from Curcuma longa L. (Zingiberaceae) rhizome. Many are the treatment also decreased the TLR-4 expression as well as the inhibition
beneficial effects of this compound that exerts an antioxidant, anti- of extracellular signal-regulated kinases (ERK), c-Jun N-terminal kinases
inflammatory and lipid-lowering activity through different mecha- (JNK), p38, and NF-kB phosphorylation, corroborating the
nisms [86]. Clinical studies conducted on patients suffering from obesity anti-inflammatory and anti-atherosclerotic activity [49]. In vivo there
showed a beneficial effect of curcumin as anti-atherosclerotic agent, are conflicting outcomes regarding curcumin treatment, probably
given its significant impact in reducing LDL oxidation and foam cell because of the poor aqueous solubility and the limited bioavailability of
formation at a daily dose of 500 and 750 mg [45]. A preclinical study this compound after oral administration [50]. For this reason, conju-
conducted on hypercholesterolemic male rabbits showed that a diet gated forms of curcumin have been developed to enhance its
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Table 1 Table 1 (continued)
Summarised anti-atherosclerotic and hypolipidemic effects of polyphenols Polyphenols
included in the review through PPARs, LXRs, PCSK9, and inflammatory markers
modulation. Compound Main natural Biological activity References
source
Polyphenols
of SREBP-2, HNF-1a and
Compound Main natural Biological activity References PCSKO9 in vitro.
source Chlorogenic acid Coffea arabica L. Reduction of hepatic [27,66,67]
Curcumin Curcuma longa L. Reduction of LDL [27,45-51] and canephora LXRa expression in HFD-
oxidation and foam cell Pierre ex A. fed mice.
formation in patients with Froehner Reduction of NPC1L1 and
obesity. HMG-CoA reductase
Reduction of cholesterol, expression in HepG2 cells.
LDL-C, triglycerides in REdUC‘tiOD of CR.P,
hypercholesterolemic cytokines secretion and
mice. lipid peroxidation
Inhibition of Nrf/FXR/ demon_strated in a meta-
LXRa pathway in mice analysis.
with metabolic syndrome. Luteolin Reseda luteola L. Amelioration of [68-70]
Promotion of LXRa and atherosclerosis and
ABCA1 stability in vitro inflammation in ApoE ™/~
and in vivo. HFD-mice.
Reduction of HNF-1a and Suppressio'n of LXR-
downregulation of PCSK9 SREBP-1c in HepG2 cells.
in HepG2 cells. Reduction of total
Inhibition IL-6, IL-1, cholesterol, LDL-C, TG via
TNF-«, TLR4, ERK, JNK, SREBP-2 inhibition in
p38, NF-kB in THP-I cells. T2DM rats.
Resveratrol Veratrum Amelioration of [26,52-54] Naringin and Citrus L. Reduction of plaque [71,72-74]
grandiflorum O. atherosclerosis and lipid Naringenin mfcr0phages, plasma
Loes., Vitis profile in humans. trlglycerlde§ and ,
vinifera L., Activation of PPARa/ Cholesterol/m LDLR 7~
Polygonum PPARy, ABCA1 and anq AQOE’ ~ mice.
cuspidatum ABCG1 in atherosclerotic Inhibition of cholesterol
Siebold & Zucc.  mice model. synthesis through HMG-
Decrease of PCSK9 and CoA reductase, ACAT,
increase of LDLR- PPAR« and y in ApoE ™
mediated cholesterol HFD-fed mice.
uptake in vitro. Increase in cholesterol
Reduction of NF-kB and efflux via LXRa activation
cytokines (IL-6, IL-1p, in murine macrophages.
TNF-) in clinical trials. Reduction of hepatic
Epigallocatechin Camellia sinensis Reduction on LDL [42,55-58] SREBP-1 and -2, PCSK9
gallate (L.) Kuntz oxidation in healthy men. and enhancement of LDLR
Reduction of TG, TC, LDL- expression in obese mice.
C and increase in HDL-C Quercetin Ginkgo biloba L., Increase in ABCA1 and [75-791
in healthy smokers. Hypericum LXRa, reduction of PCSK9
ERK-mediated increase in perforatum L., and cytokines in ApoE ™~
LDLR levels in Sambucus mice.
hepatocytes models. canadensis L. Activation of PPARy-
Upregulation of LDLR FXR(X l?athway with ‘
independent from 67 kDa induction on ABCA1 in
laminin receptor in THP-I-derived foam cells
HepG2 cells. and macrophages.
Inhibition of HNF-1a, Enhancement of
activation of FoxO3a and cholesterol efflux in THP-
reduction of PCSK9 in L
HFD-mice. Reduction of IL-1p, IL-6,
Eugenol Syzygium Decrease of plasma and [59-61] IL-8 and TNFa, via
aromaticum (L.) hepatic LDL-C in vivo. suppression of NF-kB and
Merr. & L.M. Activation of PPARa JAK/STAT pathway in
Perry, Origanum pathway in diabetic rats. thymocytes and
vulgare L. In silico and in vitro splenocytes.
reduction of PCSK9 and Apigenin Matricaria Reduction of total [80-82]
increase in LDLR. chamomilla L. cholesterol, LDL-C and
Emodin Rheum palmatum Beneficial effect in CVDs [62-65] triglyc?r?des i.ﬂ
L., Rheum in preclinical studies. hyperlipidemic rats.

rhabarbarum L., Regulation of TC, TG,
Rheum officinale TNFa and IL-1p through
L., and Rheum PPAR in vitro and in vivo.
rhaponticum L. Enhancement in AMPKa,
LDLR, ABCA1, ABCG1
and downregulation of
SREBP-2, PCSK9 and
HMG-CoA reductase in
hyperlipidemic zebrafish.
Decrease in LDL-C in
HFD-rats and suppression
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Activation of PPARa and y
pathway with a reduced
hepatic lipid
accumulation in HuH7
cells.

Inhibition of IL-1f, IL-6
and prostaglandin E2
release, ICAM-1 and
VCAM-1 expression in
endothelial cells.

(continued on next page)
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Table 1 (continued)

Polyphenols

Compound Main natural Biological activity References
source

Genistein Glycine max (L.) Regulation of lipid [83-85]

metabolism and
inflammation through
PPAR«, PPARy, SREBP-1
in vivo.

Increase in LXRa in
murine fibroblasts and
human hepatocytes.
Decrease of CRP, MMP-9
via ER-p38/ERK1/2-
PPARy-NF-kB pathway
and ERp stimulation.

Merr

Abbreviations: ABCA1, ATP-binding cassette transporter genes Al; ABCG1, ATP-
binding cassette transporter genes G1; ACAT, acyl-coenzyme A (CoA):choles-
terol acyltransferases; AMPK, Adenosine monophosphate-activated protein ki-
nase; ApoE, apoliprotein ECOPD, chronic obstructive pulmonary disease; CRP,
C-reactive protein; CVDs, cardiovascular diseases; ER, estrogen receptor; ERK,
extracellular signal-regulated kinases; FXR, farnesoid X receptor; HFD, high-fat
diet; HMG-CoA, 3-hydroxy-3-methylglutaryl-CoA; HNF-1a, hepatocytes nuclear
factor 1a; ICAM-1, intracellular adhesion molecule 1; IL-1p, interleukin 1p; IL-6,
interleukin 6; IL-8, interleukin 8; JAK/STAT, Janus kinase/signal transducers
and activators of transcription; JNK, c-Jun N-terminal kinases; LDL-C, low-
density lipoprotein cholesterol; LXR, liver X receptor; MMP-9, metalloproteinase
9; NF-kB, nuclear factor kappa B; NPC1L1, Niemann-pick C1-like 1; Nrf, Nuclear
factor erythroid 2-related factor 2; PCSK9, proprotein convertase subtilisin/
kexin type 9; PPAR, peroxisome proliferator-activated receptor; SREBP, sterol
regulatory element-binding protein; T2DM, type 2 diabetes mellitus; TLR4, toll-
like receptor 4; TNF-q, tumour necrosis factor-oa; VCAM-1, Vascular cell adhesion
protein 1.

bioavailability. In this regard, as described by Grafender et al., treatment
with micellar curcumin at a dose of 105 mg/day significantly reduced by
about 10 % PCSK9 plasma concentrations, as well as specific markers of
inflammation [51].

Among polyphenolic non-flavonoid compounds, resveratrol is a
phytoalexin first isolated from the roots of Veratrum grandifiorum O.
Loes. but mostly found in Vitis vinifera L. and Polygonum cuspidatum
Siebold & Zucc. radix [71]. Several beneficial functions of resveratrol
have been described, including amelioration of steatosis, improvement
of lipoprotein metabolism, as well as inflammation [87]. In this regard,
resveratrol supplementation at a mean dose of about 450 mg/day has
been demonstrated to positively impact atherosclerosis and lipid profile,
as highlighted in a review that examined the overall effect of several
clinical trials [52]. Resveratrol treatment at 10 mg/kg of atherosclerotic
mice lowered intestinal fatty acid accumulation via activation of
PPARa/PPARy, stimulating the ABCAl and ABCG1 transporters’
expression [26]. Moreover, in vitro evidence found that resveratrol
treatment decreased PCSK9 levels, enhancing LDL receptor-mediated
uptake through the estrogen receptor alpha (ERa)- and an
LXR-mediated pathway, and it prevented the progression of athero-
sclerosis in va/ApoE_/ ~ mice at a dose of 250 and 500 mg/kg [53]. It is
well-characterized also the ability of resveratrol to inhibit inflammation
as described by Brenjian et al. in a clinical study where patients with
polycystic ovary syndrome treated with 800 mg/day of resveratrol for
40 days showed lower serum levels of NF-kB (—9.96 %) and its down-
stream cytokines IL-6 (—16.29 %), IL-1f (—10.52 %) and TNF-a (—10.13
%) [54].

Epigallocatechin gallate (EGCG) is mainly extracted from green tea
(Camellia sinensis (L.) Kuntze) that has exhibited hypocholesterolemic
properties. A randomized, placebo-controlled clinical trial conducted on
healthy men showed that the supplementation of epigallocatechin at 1
g/day led to a significant reduction in LDL oxidation, suggesting an
antioxidant effect [55]. In addition, an anti-atherogenic role of EGCG
has been demonstrated in a study where male smokers consuming 100
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mL of green tea, containing high amounts of EGCG, three times a day for
one year had lower TG, TC, LDL-C and higher HDL-C compared to
smokers who did not take green tea extract [56]. Mechanistically, EGCG
has been demonstrated to increase LDLR levels in an ERK-dependent
pathway together with a reduction in the formation of ApoB in a hep-
atoma cell line, corroborating its involvement in cholesterol metabolism
modulation [42]. Despite several evidence suggest an interaction with
the 67 kDa laminin receptor, a recent study in HepG2 cells demonstrated
that the EGCG-induced upregulation of LDLR does not occur through
this mechanism [57]. Some researchers have observed that EGCG sup-
plementation in a high-fat diet (HFD)-mice model inhibited HNF-1a and
activated forkhead box class O 3a (FoxO3a), resulting in a reduced
PCSK9 levels and a cholesterol-lowering effect [58]. Despite the several
beneficial effects of EGCG, this molecule is characterized by low stability
and thus poor in vivo bioavailability. For this reason, it may be of great
importance to develop new strategies aimed at enhancing its ability to
reach unaltered its target and exert biological activities [88]. Interest-
ingly, a recent study took into consideration the stability of EGCG pre-
sent in different tea infusions in in vitro model of digestion, showing that
the phytocomplex can carry out a protective role against digestive en-
zymes, leading to an increased biological effect, thus preferring the
administration of the total phytocomplex rather than the isolated
molecule [89]. It needs to be noticed that there have been some concerns
about EGCG consumption related to a potential hepatotoxicity; indeed,
cases of liver injury have been reported after the consumption of this
catechin at high dosages. In this regard, EFSA’s scientific opinion
concluded that EGCG doses equal or above 800 mg/day taken as food
supplement cannot be considered safe, since it has been associated to a
statistically significant increase of serum transaminases in interven-
tional clinical trials [90].

Polyphenolic compounds include also some monoterpenoids as
eugenol, a plant derivative mainly present in essential oils like clove oil
(Syzygium aromaticum (L.) Merr. & L.M.Perry) and oregano essential oil
(Origanum vulgare L.). A large body of evidence demonstrated that
eugenol decreases both serum and hepatic cholesterol levels, protecting
against fatty liver disease and atherosclerosis in vivo [59]. The hypo-
lipidemic function of this compound seems to be related to the activation
of PPARa, whose expression is enhanced after treating diabetic rats with
eugenol for 4 weeks at a dose of 24 mg/kg [60]. In addition, in silico and
in vitro studies found out that eugenol can influence PCSK9 expression
and activity, reducing its production and possibly inducing a
lipid-lowering effect [61]. It is necessary to consider that there are some
concerns about eugenol hepatotoxicity when used as pure compound as
cases of hepatic necrosis have been reported, however only in case of
overdose, while it is not implicated in liver injury if used at therapeutic
doses [91].

Emodin is an anthraquinone extracted from several chinese and eu-
ropean herbs, such as Rheum palmatum L., Rheum rhabarbarum L., Rheum
officinale L., and Rheum rhaponticum L., which showed hypolipidemic
and anti-atherosclerotic activity. Despite it has not been used yet in
clinical trials, preclinical studies highlighted its beneficial effects in
cardiovascular diseases [62]. In particular, there is strong evidence that
the rhubarb extract, in which the predominant anthraquinone is
emodin, regulates levels of TC, TG, TNF-a and IL-1f through pathways
such as PPARa both in vitro and in vivo studies [63]. In this regard, ex-
periments on hyperlipidemic zebrafish interestingly exhibited a
decrease in TG and TC triggered by an enhancement in AMPKa, LDLR,
ABCA1 and ABCG1 expression after emodin treatment for 10 days from a
dose of 0.125 pg/mL, together with a down-regulation of SREBP-2,
PCSK9 and 3-hydroxy-3-methylglutaryl-CoA reductase (HMG-CoA)
expression [64]. The effect on PCSK9 was supported by findings ob-
tained in HepG2 cells treated with elevated cholesterol concentrations
as in vitro model of hyperlipidemia, where cells incubated with
emodin-containing aloe extracts showed a decrease in HNF-1a pathway
and thus cholesterol-lowering effect. The same study displayed a
reduction in total and LDL-C in HFD-rats treated with aloe extracts at
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100 mg/kg [65]. However, EFSA’s expert panel indicates that emodin
present in the extracts should be considered genotoxic and carcinogenic
in the absence of specific data to the contrary, although some un-
certainties still remain [92].

Chlorogenic acid is an ester of caffeic acid that can be found in coffee
beans (Coffea arabica L. and Coffea canephora Pierre ex A.Froehner), but
also in eggplants, peaches and prunes. It is known for its beneficial ef-
fects on CVD and dyslipidemia. Indeed, mice treated with a dose of 90
mg/kg chlorogenic acid for a 12-week period revealed a reduction in
hepatic LXRa expression previously upregulated by HFD, preventing
lipid hepatic accumulation [27]. According to other preclinical studies
conducted on HepG2, chlorogenic acid treatment could reduce intra-
cellular cholesterol levels by inhibiting pregnane X receptor (PXR) and
SREBP-2, as well as the expression of Niemann-pick C1-like 1 (NPC1L1)
and HMG-CoA reductase [66]. A meta-analysis pointed out that
chlorogenic acid beneficial functions are also linked to a reduction in
inflammation and oxidation, demonstrated by a drop in different in-
flammatory markers such as CRP, and different cytokines together with
a reduction in lipid peroxidation [67].

Luteolin is a flavonoid compound that can be found mainly in Reseda
luteola L., but also in a broad number of fruits, vegetables and herbs like
spinach, celery, parsley and carrots. Among its numerous biological
activities, it is mainly studied as a nutraceutical compound for its anti-
inflammatory, anti-diabetic and anti-atherosclerotic properties. There
is not much evidence in vivo, however a study conducted on ApoE ™"~
HFD-mice treated with luteolin-containing extracts showed an amelio-
ration of atherosclerosis and inflammation [68]. Mechanistically,
Luteolin is able to interact with « and p LXR receptors suppressing
LXR-SREBP-1c activation in HepG2 cells, thus reducing lipid accumu-
lation [69]. In addition, in vivo studies revealed that Luteolin adminis-
tration at 50 mg/kg daily for 28 days reduced TC, LDL-C and TG via the
inhibition of SREBP-2 in HFD-induced T2DM rats [70].

Naringin and its aglycone naringenin are flavones mainly found in
citrus fruits (Citrus L.), oranges, grapefruits and tomatoes. These two
bioactive compounds showed antioxidant, anti-inflammatory and
hypolipidemic functions. In this regard, in vivo evidence on male LDLR ~/
~ mice showed a reduction in plaque macrophage content, as well as
plasma TG (—79.4 %) and TC (—83.2 %) after 12 weeks diet supple-
mentation with 3 % w/w of naringenin [72]. A positive effect on
atherosclerosis was observed also in another study in ApoE~/~ HFD-fed
mice treated with naringenin at a daily doses of 25, 50 or 100 mg/kg for
12 weeks [73]. The described effects are mediated by inhibition of
cholesterol synthesis targeting HMG-CoA reductase, acyl-coenzyme A
(CoA): cholesterol acyltransferases (ACAT), PPARa and y, important
regulators of lipid homeostasis. Moreover, naringenin enhanced LXRa
mRNA expression and cholesterol efflux in murine macrophages, thus
opposing foam cell formation [74]. In an obese mice model, naringin
administration at doses of 25, 50 or 100 mg/kg/day for 8 weeks caused a
reduction in hepatic SREBP-1, SREBP-2 and PCSK9 expression, thereby
inducing LDLR expression. A similar finding was observed after treat-
ment with naringenin, the active metabolite of naringin obtained by
hydrolyzation after oral administration in mice models [71].

Quercetin is a flavonoid compound ubiquitous in vegetables and
fruits, especially present in apples, berries, capers, grapes, tomatoes,
onions, nuts and also herbs such as Ginkgo biloba L., Hypericum perfo-
ratum L., Sambucus canadensis L. Naturally, it is mainly found in its
glycosylated form, which is then deglycosylated in the intestine after
absorption. Quercetin is well-known for its anti-inflammatory, antioxi-
dant and anti-atherosclerotic properties, and for this reason widely
employed in traditional medicine and formulas [59]. A preclinical study
performed in ApoE ™~ mice fed with a HFD diet showed that signs of
atherosclerosis were reversed after treatment with quercetin at 12.5
mg/kg/day. The treatment increased the expression of LXRa and
ABCA1l, while reducing the level of PCSK9 and different proin-
flammatory cytokines [75]. According to in vitro studies performed on
THP-I-derived foam cells, quercetin treatment could also activate the
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PPARy-LXRa pathway that consequently induced ABCA1 expression
[76]. A similar result was obtained in another experiment conducted on
RAW264.7 macrophages where incubation with quercetin inhibited
lipid droplet formation induced by oxLDL through upregulation of LXRa,
ABCA1, ABCG1, and downregulation of PCSK9 expression [77]. Recent
evidence supports the involvement of LXRa signaling pathway activa-
tion in the anti-atherosclerotic effect of quercetin, able to enhance
cholesterol efflux in THP-I cells [78]. Quercetin displays a fundamental
role also in the modulation of inflammation, as described by Das et al., as
primary thymocytes and splenocytes from rats treated with quercetin
showed a decrease in both expression and release of several cytokines
such as IL-1f, IL-6, IL-8 and TNF-q, via suppression of NF-kB and Janus
kinase/signal transducers and activators of transcription (JAK/STAT)
pathway. In addition, quercetin’s immunomodulatory function unfolds
also in the prevention of Nod-Like receptor family pyrin domain con-
taining 3 (NLRP3) activation and enhancement of anti-inflammatory
cytokine IL-10 [79].

Apigenin belongs to the flavonoids family and is commonly extracted
from chamomile (Matricaria chamomilla L.) but is present also in many
vegetables and fruits such as celery, onion, orange and malt. This
compound seems to have many positive biological effects as a lipid
metabolism regulator, as well as anti-inflammatory and antioxidant
properties. A preclinical study showed a significant reduction in TC,
LDL-C and TG in a model of hyperlipidemic rats after the treatment with
apigenin at a dose of 50 mg/kg/day for 14 days [80]. Furthermore,
apigenin treatment improved also hepatic lipid accumulation by acti-
vation of the autophagy-mitochondria route in HuH7 cells. Specifically,
this effect was mediated by apigenin-induced up-regulation of the
B-oxidation pathway, thus activation of PPARa and y, with positive
impact on lipid homeostasis maintenance [81]. Apigenin in vitro treat-
ment also induced the inhibition of TNF-a-induced IL-1f, IL-6 and
prostaglandin E; (PGE2) secretion and the decrease in the expression of
intracellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion
molecule-1 (VCAM-1) in endothelial cells [82].

Genistein is an isoflavone present in soy (Glycine max (L.) Merr.) with
many beneficial effects such as cardioprotective, anti-inflammatory, and
antioxidant and estrogenic properties. It is well reported the ability of
soy isoflavones to interact with estrogen receptors, both a and p, leading
to the stimulation of lipolysis, ending in an anti-adipogenic effect. An in
vivo study highlighted the positive influence of genistein supplementa-
tion at 500 mg/kg on the regulation of lipid metabolism and inflam-
matory response, modulating PPARa, PPARy, SREBP-1, as well as TNF-a
and IL-6 mRNA levels [83]. Moreover, murine fibroblasts and HepG2
cells treated with genistein showed increased levels of LXRa expression,
corroborating the evidence of a modulation on lipid metabolism [84].
Another in vitro study showed that genistein decreased the expression of
CRP and metalloproteinase 9 (MMP-9), two markers of inflammation
strongly associated with atherosclerosis, and the effect was mediated by
ER-p38/ERK1/2-PPARy-NF-kB pathway and ERf stimulation [85].

3.2. Alkaloids

Alkaloids are a variety of natural organic molecules that contain at
least one nitrogen atom and different functional groups. They are pro-
duced by a wide range of organisms, mostly plants, but also fungi,
bacteria and animals. Alkaloids’ physiological function has not been
understood yet, and they have been widely used in traditional medicine
because of their multiple biological properties in humans. In this regard,
they have demonstrated to be involved in modulating lipid homeostasis
and inflammatory response, thereby being potentially included in
nutraceuticals for the prevention of atherosclerosis and CVD [26], as
summarised in Table 2.

Tetramethylpyrazine is an alkaloid present in food such as fermented
Japanese food natto and chinese black vinegar, as well as in medicinal
plants such as Ligusticum chuanxiong (for this reason, this compound is
also known as Ligustrazine). Among its biological functions, it has
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Table 2

Summarised anti-atherosclerotic and hypolipidemic effects of alkaloids included
in the review through PPARs, LXRs, PCSK9, and inflammatory markers
modulation.

Alkaloids

Main natural References

source

Compound Biological activity

Tetramethylpyrazine Ligusticum [93-96]

chuanxiong

Amelioration of lipid
metabolism,
inflammatory and
oxidant markers in
animal models.

Increase of PPARs, LXRs
and ABCAL1 expression in
hepatoma cells.
Amelioration of vascular
calcification via PPARy
activation in VSMC cells.
Decrease of TLR4 and NF-
kB expression in HUVEC
cells and in mice.
Reduction of total and
LDL-C in clinical trials.
Reduction of cholesterol
uptake in macrophages.
Activation of PPARax and
y with improvement of
lipid metabolism in
hypercholesterolemic
mice.

Amelioration of
atherosclerosis and
increase in PPARy in
ApoE /™ mice.
Suppression of PCSK9 in
HepG2 cells and in
dyslipidemic subjects.
Reduction of plasma
cholesterol, LDL-C,
triglycerides in a mouse
model of atherosclerosis.
Downregulation of NF-kB
pathway and decrease of
pro-inflammatory
cytokines in HUVEC cells.
Decrease the expression
of ICAM-1, reduce
inflammation and
atherosclerosis.
Inhibition of SREBP-2,
PCSK9 and increase in
LDLR in healthy
volunteers and in
hepatocytes models.
Decrease in lipid droplet,
adipogenesis and
oxidative stress via
PPARy in a model of
Graves’ orbitopathy.
Reduction of CRP and
cytokines secretion and
lipid peroxidation in
clinical trials.
Downregulation of
SREBP-1c, FAS, CD36,
FABP4, PPARa, CPT1 in
vitro and in vivo.

Rhizoma
coptidis,
Berberis L.

Berberine [26,

97-105]

Caffeine Coffea arabica
L. and
canephora
Pierre ex A.
Froehner,
Camellia
sinensis (L.)
Kuntz

[67,106,
107]

Theobroma
cacao L.

Theobromine [108]

Abbreviations: ABCA1, ATP-binding cassette transporter genes Al; CD36, cluster
of differentiation 36; CPT-1, carnitine palmitoyltransferase; CRP, C-reactive
protein; FABP4, fatty acid binding protein 4; FAS, fatty acid synthase; ICAM-1,
intracellular adhesion molecule 1; LDL-C, low-density lipoprotein cholesterol;
LDLR, low-density lipoprotein receptor; LXR, liver X receptor; NF-kB, nuclear
factor kappa B; PCSK9, proprotein convertase subtilisin/kexin type 9; PPAR,
peroxisome proliferator-activated receptor; SREBP, sterol regulatory element-
binding protein; TLR4, toll-like receptor 4.
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described the ability to modulate lipid profile and inflammation, thus
improving atherosclerosis [69]. In this regard, a meta-analysis collecting
studies on animal models showed a significant improvement in endo-
thelial function and a reduction in proliferation and migration of smooth
muscle cells after treatment with tetramethylpyrazine at the dose of 50
mg/kg, with amelioration of inflammatory and oxidant markers and
lipid metabolism [93]. The mechanism underlying these effects seems to
be mediated by activation of PPARs and LXRa genes. This was confirmed
by in vitro evidence where Ligustrazine treatment in hepatoma cells
exhibited an increased expression of PPARy and LXRa, resulting in a
raised expression of the cholesterol transporter ABCA1 [94]. Similarly, a
study conducted on vascular smooth cells showed an amelioration of
vascular calcification after tetramethylpyrazine treatment via PPARy
pathway [95]. The anti-inflammatory effects of Ligustrazine were
elucidated in a study where the alkaloid decreased the Toll-like receptor
4 (TLR4) expression and NF-kB translocation in HUVEC cells and in
C57BL/6 mice [96].

Berberine (BBR) is a plant-derived isoquinoline alkaloid present in
Rhizoma coptidis as well as in several species of Berberis L. and it can be
usually employed as extract. It plays a well-established role in the
regulation of lipid metabolism and inflammation, being currently used
as a hypocholesterolemic agent. BBR has been tested in clinical trials
alone or in combination with other nutraceuticals and according to a
recent meta-analysis, it showed a significant reduction in total and LDL-
C and TG, consistently with the hypolipidemic effect observed in pre-
clinical studies [97,98]. In addition, it was observed a significant
reduction of serum-mediated cholesterol uptake through micro-
pinocytosis and thus intracellular cholesterol content lowering in mac-
rophages treated with berberine [99]. From a mechanistic standpoint,
BBR can interact with many mediators of lipid homeostasis and in-
flammatory response, including PPARs, as demonstrated by many in
vitro studies [100]. Indeed, BBR can interact with PPAR« in the liver
improving lipid oxidation and avoiding lipid accumulation, as well as
with PPARy in the adipose tissue of hypercholesterolemic mice, pro-
moting its remodelling and thermogenesis [26]. In accordance with this
evidence, an in vivo study on ApoE~/~ mice demonstrated a significant
amelioration of atherosclerosis with a concurrent increase in PPARy
expression after treatment with Coptis extract [101]. One of the most
studied BBR targets is PCSK9, a crucial regulator of cholesterol meta-
bolism. In this regard, a wide range of evidence showed that BBR
treatment suppresses PCSK9 expression accelerating the degradation of
HNF-1a protein in a hepatoma cell model [102]. Interestingly, BBR
seems to be able to counteract the statin-mediated PCSK9 plasma levels
increase when given in a nutraceutical combination containing 531.25
mg of BBR [103]. In addition, BBR exerts also an anti-inflammatory and
antioxidant function through the inhibition of the NF-kB signaling
pathway, leading to a reduction in proinflammatory cytokines (IL-6,
IL-8, IL-1B) expression in HUVEC cells [104]. This anti-inflammatory
activity is corroborated by an in vivo study where BBR treatment at
100 mg/kg/day decreased the expression of ICAM-1 and interferon
regulatory factor 3 in partially ligated carotid arteries of mice, sug-
gesting an attenuation of vascular endothelial inflammation with a po-
tential positive impact on atherosclerosis progression [105]. A study
conducted on BBR extracts provides also crucial information about the
bioaccessibility and general safety of this compound. It was shown a
possible interaction with P-gp, responsible for a low intestinal absorp-
tion rate, and with different cytochrome P450 isoforms, suggesting a
strong metabolism and thus a low bioavailability. Moreover, BBR is
characterised by an absence of cytotoxicity at 50 and 100 pg/mL, sug-
gesting a good tolerability. Given this evidence, it may be necessary to
work on BBR formulation to enhance its bioavailability [109].

Caffeine is a trimethylxantine (1,3,7) found in plants, mostly in
coffee (Coffea arabica L. and Coffea canephora Pierre ex A.Froehner) and
tea (Camellia sinensis(L.) Kuntz). It is well-known as a stimulant of the
central nervous system; however, it also seems to have a positive effect
on the cardiovascular system by exerting beneficial functions on lipid
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homeostasis, oxidative stress and inflammatory markers. Caffeine was
administered in healthy volunteers at a dose of 400 mg/kg and the
treatment resulted in the inhibition of SREBP-2, the decrease in PCSK9
levels together with an increase in LDLR expression and LDL-C clear-
ance. In the same study, it was observed that caffeine decreased PCSK9
expression and secretion in two different models of hepatocytes through
inhibition of SREBP-2 [106]. In addition, an in vitro study conducted in a
model of Graves’ orbitopathy caffeine treatment led to a decrease in
lipid droplet formation and inhibition of the PPARy pathway, decreasing
adipogenesis and oxidative stress [107]. Moreover, a clinical trial
showed the anti-inflammatory and antioxidant properties of caffeine, as
it reduced the secretion of the main proinflammatory cytokines, CRP
and lipid peroxidation, carrying out an anti-atherosclerotic action [67].

Theobromine is a dimethylxantine (3,7) in the cacao plant (Theo-
broma cacao L.) that has shown many biological effects, such as regu-
lation of lipid metabolism, and antioxidative and anti-inflammatory
properties. In vitro and in vivo evidence showed that theobromine
treatment resulted in the downregulation of the expression of SREBP-1c,
fatty acid synthase (FAS), CD36, and fatty acid binding protein 4
(FABP4), as well as PPAR«a and carnitine palmitoyltransferase (CPT1),
all genes regulating lipid metabolism and thereby leading to an
improvement in dyslipidemia and amelioration of non-alcoholic fatty
liver disease [108]. Besides the above-mentioned evidence about theo-
bromine effect on lipid metabolism, up to now there is a lack of infor-
mation about its activity on other modulators of cholesterol
homeostasis, such as LXRs and PCSK9, which may be interesting to be
further elucidated.

3.3. Terrestrial and marine plant extracts

Botanical extracts, consisting of a complex mixture of molecules
obtained directly from crude terrestrial and marine plants, are a prom-
ising source of bioactive compounds for research and development of
new drugs [47]. The bioactive components contained in plant extracts,
which have been used for centuries in traditional chinese medicine
[110-112], and extracts from algae growing in the oceans, with their
unique environment and enormous biodiversity, are a rich source of
diverse natural products with proven pharmacological activities [113].
Compared to synthetic compounds, natural extracts cover a wide range
of biodiversity and functionality due to their ability to interact with
multiple proteins or other biological targets [114]. In addition, they
usually do not manifest the side effects commonly associated with syn-
thetics modulating the same targets.

In detail, several compounds found in plant extracts have been
shown to modulate the activity of nuclear receptors and PCSK9, and also
affect inflammation [71,115,116]. In the scenario of dyslipidemic dis-
eases, these natural extracts may thus have potential therapeutic effects
as summarised in Table 3.

Citrus sinensis (L.) Osbeck extracts are known for their abundance of
bioactive compounds, including anthocyanins, flavonoids and phenolic
acids, which offer various health benefits [117]. Several studies have
shown that Citrus sinensis extracts can positively influence lipid meta-
bolism. In in vivo models, these extracts indeed promote lipolysis likely
through the modulation of cellular signaling pathways involved in fat
metabolism by the bioactive compounds [117,118]. Moreover, it was
observed that Moro orange juice (200 mL/daily) induced a significant
reduction of TC (—14 %) and LDL-C (—16.2 %), as well as an increase in
HDL-C (p < 0.05) after a treatment of 28 days in obese and diabetic rats
[119]. Orange extracts have been also shown to actively modulate
PPARs. Specifically, this mechanism seems to be dependent on the effect
of naringenin, that increases AMPK which in turn activates PPARy in
isolated mitochondria from liver, and also decreases the expression of
LXRs, SREBP-1c and SREBP-1a in the liver, preventing steatosis in dia-
betic male rats fed with a HFD, and supplemented with 100 mg/kg/day
of naringenin [116]. Other evidence supports the ability of anthocyanins
to differentially regulate genes such as PPARa, PPARS [116]. The
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Summarised anti-atherosclerotic and hypolipidemic effects of terrestrial and
marine plant extracts included in the review through PPARs, LXRs, PCSK9, and
inflammatory markers modulation.

Terrestrial and marine plant extracts

Extract Main natural Biological References
compounds activity
Citrus sinensis (L.) Anthocyanins, Reduction of body [116-119]
Osbeck flavonoids fat and augmented
(naringenin, lipolysis in vivo.
hesperetin), phenolic Increase in AMPK
acids and activation of
PPARy in isolated
mitochondria.
Prevention of
steatosis by
decrease of LXRs,
SREBP-1c, SREBP-
1ain diabetic male
rats.
Activation of
PPARa and & in
HFD-fed mice.
Reduction of TNF-
a and IL-6 in
macrophages.
Bergamot (Citrus Polyphenols, PPARa-mediated [120-124]
bergamia (Risso) flavonoids hypolipidemic
Risso & Poit)) (neoeriocitrin, effects in rats.
naringin, melitidin), Downregulation of
essential oils PCSK9 with
increase in LDLR
expression and
LDL-C clearance in
HEFD rats.
Reduction of HNF-
la and PCSK9 in
HepG2 cells
Decrease in CRP
secretion in
overweight adults.
Morus alba L. Organic acids, Downregulation of [125,126,
(Moraceae) alkaloids, PCSK9 expression, 127]
isoquercetrin, increase in LDLR
quercetin-3-trigluco- and LDL-C uptake
side, moracetin, rutin, in liver cell model.
cudraflavone B, Inhibition of
prenylflavore, tannic PPARy improving
acid, phosphorous, insulin sensitivity
calcium, iron, and lipid
B-carotene, coumarins, metabolism in
vitamin C, amino diabetic rats.
acids, Reduction of
dihydroxycoumarin, inflammatory
oxyresveratrol, markers (MCP-1,
protein, zinc and mTOR, NF-kB) in
magnesium rats.
Reduction of CRP
and MDA and
increase of HDL-C
in humans.
Aquilaria sinensis Flavonoids, Inhibition of [114,128,
(Lour.) Spreng. triterpenoids, phenolic  atherosclerosis 129]
(Thymelaeaceae) acids progression in

HFD-fed diet
ApoE /" mice.
Reduction of TG,
LDL-C and
increase in HDL-C
reducing CVD risk
in vivo.

Activation of
PPARs leading to
fatty acid
catabolism and
elimination in

(continued on next page)
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Table 3 (continued)

Terrestrial and marine plant extracts

Extract

Main natural
compounds

Biological
activity

References

Magnolia L.
(Magnolia
officinalis)

Garcinia L.
(Clusiaceae)

Brown algae
(Phaeophyceae)

Lignans (honokiol,
obovatolins-A and B,
magnolol)

Hydroxycitric acid
(HCA), Flavonoids

(Garcinia biflavonoid 1

(GB1))

Polysaccharides
(alginate, fucoidan),
proteins
(phycobiliproteins),
polyphenols
(phlorotannins),
carotenoids
(fucoxanthin),
phytosterols
(fucosterol, 24S-sarin-
gosterol), n-3 long-

chain polyunsaturated

fatty acids
(eicosapentaenoic
acid)

differentiated
myoblast cells.
Possible anti-
inflammatory
action via LXRs
activation in
differentiated
myoblast cells.
Modulation of
LXRs, promotion
of cholesterol
efflux via ABCA1
in macrophages.
Downregulation of
PCSK9 in
hepatocytes
model.
Anti-inflammatory
activity by
decreasing IL-1p,
COX-2 and iNOS in
rats.

Reduction of TC,
TG and increase in
HDL-C through
ATP-citrate lyase
inhibition in vitro
and in humans.
Upregulation of
PPAR« expression
in HepG2 cells.
Anti-inflammatory
properties in vitro
and in vivo.
Inhibition of NF-
kB and JAK/STAT
pathway in LPS-
stimulated in
macrophages.
Reduction of MPO
activity, COX-2
and iNOS
expression and IL-
1P levels in vivo.
Improvement of
atherosclerosis
through regulation
of autophagy-
mediated
macrophage
polarization in
LDLR ™/~ HFD
mice.

Reduction of acid
synthase,
diacylglycerol
acyltransferase,
SREBP-1,
perilipin-2 in
NAFLD and NASH
rats.

Activation of LXRs
in a mouse model
of AD.

Modulation of
PPARa/y in 3T3-
L1 cells.
Anti-inflammatory
properties and
enhancement of
cholesterol efflux
in THP-I cells.

[69,130,
131]

[132-135]

[115,
136-139]

Abbreviations: ABCA1, ATP-binding cassette transporter genes Al; AD, Alz-
heimer’s disease; AMPK, Adenosine monophosphate-activated protein kinase;
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ApoE, apoliprotein E; COX-2, Cyclooxygenase-2 CRP, C-reactive protein; CVDs,
cardiovascular diseases; HFD, high fat diet; HDL-C, high-density lipoprotein
cholesterol; HNF-1a, hepatocytes nuclear factor 1a; IL-1f, interleukin 1p; IL-6,
interleukin 6; iNOS, nitric oxide synthases; LDL-C, low-density lipoprotein
cholesterol; LDLR, low-density lipoprotein receptor; LXR, liver X receptor; MCP-
1, monocyte chemoattractant protein-1; MDA, malondialdehyde; MPO, myelo-
peroxidase; mTOR, mechanistic target of rapamycin; NAFLD, non-alcoholic fatty
liver disease; NASH, non-alcoholic steatohepatitis; NF-kB, nuclear factor kappa
B; PLA,, phospholipase A,; PCSK9, proprotein convertase subtilisin/kexin type
9; PPAR, peroxisome proliferator-activated receptor; SREBP, sterol regulatory
element-binding protein; TNF-a, tumour necrosis factor-a.

activation of these receptors promotes fatty acid oxidation and reduces
fat accumulation while improving insulin sensitivity. In addition, Moro
orange extracts have significant anti-inflammatory properties. Chronic
inflammation is often associated with visceral fat accumulation and
altered metabolic conditions. The bioactive compounds in Moro orange,
in particular naringenin and hesperetin, reduce the production of in-
flammatory mediators such as TNF-a and IL-6, tested in vitro [116],
possibly contributing to an improved inflammatory profile and poten-
tially reducing the risk of obesity-related metabolic disorders.

Bergamot (Citrus bergamia (Risso) Risso & Poit) is native to the
Calabria region, in south Italy. Known for its unique chemical compo-
sition, the peel of bergamot is rich in polyphenols, flavonoids, and
essential oils that contribute to its various therapeutic properties [140].
Already used in the nutraceutical field and for the production of
essential oils [120], bergamot has gained attention in recent years for its
potential health benefits, particularly in managing cardiovascular risk
factors. One of the most notable actions of bergamot extract is its
anti-atherogenic and hypocholesterolemic effect. In particular, the fla-
vonoids neoeriocitrin, naringin and hesperetin have been shown to
reduce serum cholesterol levels in in vivo studies as well as in humans (a
reduction in TC from 12.3 % to 31.3 %, in LDL-C from 7.6 % to 40.8 %,
and in TG from 11.5 % to 39.5 % were reported in humans by Itziar
Lamiquiz-Moneo and colleagues), by modulating key enzymes involved
in lipid metabolism: for example is well known the effect of bergamot
extract on HMG-CoA reductase [121,122]. As already observed for Citrus
sinensis extracts, naringenin contained in bergamot extract has shown a
hypolipidemic activity and anti-adiposity effects in rats through PPAR«
regulation mechanism [123]. A recent in vivo study in rats fed with a
hyperlipidemic diet has highlighted the ability of bergamot poly-
phenolic fraction (10 mg/kg given orally for 30 consecutive days) to
modulate also the expression of PCSK9, downregulating its expression
[124]. Moreover, in recent work by Lupo M.G. and colleagues, isolated
compounds from bergamot peel extract, hesperetin-7-O-neohesperido-
side and naringenin-7-O-rutinoside, showed to reduce intracellular ste-
rols and the expression of the PCSK9 transcription factor HNF1-a in
HepG2 cells [122]. These findings support the use of bergamot extracts
as a potential strategy for cholesterol management, complementing
traditional  lipid-lowering  approaches. In  addition, the
anti-inflammatory properties of bergamot extract are of great interest in
the context of cardiovascular health. In a pilot study including 80
overweight adults with the diagnosis of metabolic syndrome, following a
personalized low calories Mediterranean diet, the supplementation with
1 tablet per day for 6 months of a bioactive phytocomplex from
bergamot fruit (200 mg dry extract), particularly rich in flavonoids, has
been shown to reduce the production of inflammatory markers such as
CRP (—40 %) [120]. This activity further supports the cardiovascular
benefits of bergamot extract by reducing the inflammatory processes
that contribute to plaque formation and vascular damage.

Morus alba L., commonly known as white mulberry, is a deciduous
tree native to China, but now widely cultivated in various parts of the
world, particularly in Asia, Europe and North America. The leaves, fruit
and bark of Morus alba have long been used in traditional medicine for
their therapeutic properties. In particular, the plant extract is rich in
bioactive compounds, including organic acids, alkaloids, isoquercitrin,
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quercetin-3-trigluco-side, moracetin, rutin, cudraflavone B, prenyl-
flavone, tannic acid, phosphorous, calcium, iron, -carotene, coumarins,
vitamin C, amino acids, dihydroxycoumarin, oxyresveratrol, protein,
zinc and magnesium [125]. These compounds contribute to Morus alba
wide range of pharmacological effects, including anti-atherosclerotic,
anti-inflammatory, antioxidant, antidiabetic, and lipid-lowering activ-
ities, as demonstrated in several recent in vivo studies on mice and
humans [125,141,142]. These effects could be explained by the modu-
latory action of Morus alba extract of important key regulators of
cholesterol homeostasis. In a study comparing the effects of various
natural extracts, Morus alba leaves extract was found to significantly
downregulate the expression of PCSK9 (—59.3 %) in vitro using liver cell
lines. This resulted in increased LDLR expression, suggesting that Morus
alba extract may contribute to improved LDL clearance and lower
circulating LDL-C levels [126]. In addition, Morus alba showed a mod-
ulation effect on PPARs. A study focusing on a diabetic rat model
demonstrated that Morus alba leaves extract (5 % incorporated in the
diet) down-regulated PPARy activity in the kidney, resulting in
improved insulin sensitivity and lipid metabolism. Activation of PPARy
by Morus alba in this in vivo model also reduced expression of the in-
flammatory marker, monocyte chemoattractant protein-1 (MCP-1),
mechanistic target of rapamycin (mTOR), and the transcription factor
NF-kB, further corroborating the beneficial effects of Morus alba in
metabolic disorders [127]. Furthermore, Morus alba leaves extract (300
mg) administrated for 12 weeks significantly reduced CRP and malon-
dialdehyde (MDA) levels, and significantly increased HDL-C in humans
[125].

Agquilaria sinensis (Lour.) Spreng., from Thymelaeaceae family, also
known as the agarwood tree, is used in traditional chinese medicine for
its therapeutic properties. The tree is native to China, where it has long
been valued for the production of agarwood, its resin secretion. How-
ever, the flowers of Aquilaria sinensis are gaining attention for their
potential health benefits, particularly in the treatment of metabolic
disorders [114]. Agarwood from Agquilaria sinensis at a dose of 75-150
mg/kg per day inhibits atherosclerosis progression in ApoE ™~ mice
under a HFD [128]. This could be due to the presence of bioactive
compounds, including flavonoids, triterpenoids, and phenolic acids, that
have been shown to regulate key modulators involved in lipid meta-
bolism, such as PPARs and LXRs. These compounds indeed help to
reduce TC levels, lower LDL-C, and increase HDL-C, positively impacting
on CVD risk [129]. Most recently, the modulating effects of Aquilaria
sinensis flowers extract on PPARs and LXRs were investigated. In
particular, in vitro activation of PPARs by Aquilaria sinensis flowers
extract promotes fatty acid catabolism and reduces fat accumulation,
thereby improving insulin sensitivity and glucose uptake in differenti-
ated myoblast cells [114]. In the same work, the flowers extract showed
also to activate LXRs, an effect not associated with increased adipo-
genesis [114]. In addition, Aquilaria sinensis leaves and flowers extracts
have been shown to have significant anti-inflammatory properties
[114], probably due to the activity of the bioactive compounds present
in the extracts on PPARs and LXRs, but this association still needs to be
investigated.

Magnolia L. extract, derived primarily from the bark and flowers of
the Magnolia officinalis tree, has been widely traditionally used for its
therapeutic properties. Native to east Asia, the extract of this plant is rich
in bioactive compounds, particularly honokiol and magnolol, which
have been shown to have antioxidant, anti-inflammatory and lipid-
regulating effects [143]. In recent years, research has focused on the
potential of Magnolia extract to modulate lipid metabolism and its
impact on key molecular targets involved in cholesterol homeostasis. In
an in vitro model of macrophages, honokiol has been shown to activate
LXRs, promoting cholesterol efflux and reducing intracellular choles-
terol accumulation by regulating the expression of ABCA1 [69]. How-
ever, further research is needed to confirm its efficacy in vivo. Recently,
Magnolia extract has been also investigated as a natural modulator of
PCSK9. The components obovatolins-A and B and magnolol could
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indeed downregulate PCSK9 expression in HepG2 cells [130]. Further-
more, Magnolia extract has demonstrated in vivo potent
anti-inflammatory properties in rats. In detail, a single dose of Magnolia
officinalis extract decreased the expression of IL-1f, cyclooxygenase-2
and nitric oxide synthase at 6 and 24 h post-treatment, suggesting that
such extract could be an alternative preventive treatment for inflam-
matory diseases [131].

Garcinia L. is a tropical fruit native to Southeast Asia and India. Its
fruit rind is a rich source of several bioactive compounds such as organic
acids, amino acids, benzophenones, xanthones, and flavonoids [132];
the most relevant component is hydroxycitric acid (HCA), which is
widely studied for its anti-atherogenic effect, as its hypolipidemic
property [133]. HCA, by inhibiting ATP-citrate lyase, the enzyme
involved in fatty acid and cholesterol synthesis, promotes a reduction in
plasma lipid profile; as reported in a recent systematic review and
meta-analysis, HCA reduced levels of TC (confidence interval (CI):
—12.39to —0.59, p = 0.032), and TG (CI: —37.84 to —10.58, p < 0.001),
and increased plasma HDL-C levels (CL: 2.01 to 3.89, p < 0.001) [132,
1331, probably due to the action of Garcinia on PPARs. In fact, in an in
vitro study, treatment of HepG2 with Garcinia biflavonoid 1 (GB1), one
of the active chemical components of Garcinia kola, increased the
expression level of PPARa [134]. In addition to its metabolic benefits,
Garcinia exhibits significant anti-inflammatory properties both in vitro
and in vivo [132], thanks to the presence of bioactive compounds such as
HCA, flavonoids, and benzophenones, by targeting pathways involving
PPAR-y and potentially LXRs. These findings position Garcinia as a
promising natural intervention for managing obesity, metabolic syn-
drome, and associated inflammatory conditions. Several compounds
isolated from Garcinia cambogia have also shown anti-inflammatory
activity in vitro. Garcinol (5 pM) inhibited NF-kB and/or JAK/STAT-1
activation in lipopolysaccharide (LPS)-stimulated macrophages [135].
Interestingly, in vivo oral administration of 500 and 1000 mg/kg of an
extract from the peel of the fruit containing 51.2 % HCA showed
anti-inflammatory activity in a rat model of colitis, ameliorating
macroscopic damage and causing a significant reduction in myeloper-
oxidase (MPO) activity and expression of cyclooxygenase (COX)-2 and
iNOS. The extract also reduced IL-1p levels in the colon of rats without
producing toxic effects [135].

With a long fossil history, algae are a widespread group of autotro-
phic organisms, which consist at least of 30,000 species [144]. They are
found worldwide and in all climate zones, from cold polar regions to
warm tropical waters. Algae are classified into three main groups:
Rhodophyceae (red algae), Phaeophyceae (brown algae), and Chlor-
ophyceae (green algae), each of which has specific nutritional, biolog-
ical, and chemical characteristics. Brown algae are known to contain the
highest amount of bioactive compounds [145] among which poly-
saccharides (e.g., alginate, fucoidan), proteins (e.g., phycobiliproteins),
polyphenols (e.g., phlorotannins), carotenoids (e.g., fucoxanthin), phy-
tosterols (e.g., fucosterol and 24S-saringosterol) and n-3 long-chain
polyunsaturated fatty acids (e.g., eicosapentaenoic acid) [146]. Brown
seaweed extracts have been shown to play an important
anti-atherogenic role by regulating autophagy-mediated macrophage
polarization [136], and playing a role in modulating lipid metabolism.
In particular, a nutraceutical formulation containing an algal extract of
Ascophyllum nodosum (L.) Le Jolis and Fucus vesiculosus (L.) (titled in 20
% of polyphenols) reduced mRNA levels of fatty acid synthase, diac-
ylglycerol acyltransferases, the sterol-binding protein SREBP-1, and the
lipid transporter perilipin-2, in rats with non-alcoholic fatty liver disease
(NAFLD) and non-alcoholic steatohepatitis (NASH) [137]. The regula-
tion of lipid metabolism is strictly dependent on the activation of LXRs.
Several marine-derived phytosteroids have indeed been reported as li-
gands of LXRs. Fucosterol and 24S-Saringosterol could promote the
transactivation of both LXR isoforms, a and p. However, saringosterol
from seaweed Sargassum fusiforme (Harv.) Setch., used for centuries in
traditional medicine and known as “antiaging vegetable” [110], acts as a
selective LXRp agonist, making this extract a potential
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anti-atherosclerotic strategy, without showing any potential adverse
effects on liver fat content [138]. Brown seaweed extracts also modulate
PPARs activity. The most potent activator of PPARa/y transcriptional
activity was the organic extract of the brown alga Sargassum yezoense
(Yamada) Yoshida & T.Konno, as observed in 3T3-L1 cells. Additionally,
the brown alga Lessonia spicata Bory de Saint-Vincent extract, because of
its composition rich in polyunsaturated fatty acids, activated all the
three PPARs isoforms [139]. In a recent in vivo work, the seaweed sup-
plementation with Himanthalia elongata (L.) S.F. Gray (192 pg/g sar-
ingosterol and 3760 pg/g fucosterol), a brown seaweed species original
from north Europe, and an extract of Sargassum fusiforme (304 pg/g
saringosterol and 4797 pg/g fucosterol) administered for 12 weeks
increased intracellular content of desmosterol, an LXR agonist with
anti-inflammatory properties, and enhanced cholesterol efflux from
THP-I macrophages [115]. The Himanthalia elongata extract also
reduced pro-inflammatory cytokine production in LPS-stimulated mac-
rophages [115].

3.4. Alpha-linolenic acid

Our discussion about lipid-lowering agents cannot be comprehensive
without considering also alpha-linolenic acid (ALA), an essential fatty
acid of the omega-3 series which can be mostly found in walnuts, flax-
seed, vegetable oils, including sesame oil. Indeed, according to EFSA
statement, dietary supplements with ALA carry out anti-atherosclerotic
and cardioprotective effects potentially reducing the risk of CVD [147].
In this regard, a recent clinical trial highlighted that a long-term sup-
plementation with walnuts entailed a significant reduction in LDL-C
(—9.07 mg/dL (95 % CI: 12.87; —5.73); p = 0.010) in a healthy elder
population [148]. The positive effect of ALA on CVD was observed also
in a ApoE~/~ mice subjected to a HFD supplemented with 5 % w/w
flaxseed oil (containing 3.3 % w/w ALA-plant sterol) for 18 weeks,
showing an improvement in atherosclerosis in terms of lipid profile and
inflammation [149]. Similarly, a study conducted on mice under HFD
showed a reduction in TG levels (—15.67 %) and LDL-C (—10.02 %), a
downregulation of FAS and SREBP-1c, together with an increase in
PPARa« expression [150]. Mechanistically, it has been proved through an
in vitro study on HepG2 cells that ALA is responsible of PPAR« trans-
activation at concentrations ranging from 50 to 125 pM, that may
explain the positive effect on lipid metabolism [151]. Nevertheless, it
was demonstrated by another in vitro study on human macrophages that
the activity of ALA on cholesterol homeostasis is independent from
PPARa and ACAT expression, suggesting the need for further evalua-
tions to better elucidate the molecular mechanism underpinning ALA’s
regulation of cholesterol homeostasis [152]. In addition, the beneficial
effects of sesame oil containing ALA on atherosclerosis, with particular
focus on the modulation of inflammatory biomarkers by regulating
PGE2, NF-kB and PPARy has been recently highlighted [153].

4. Conclusions

The use of dietary supplements and functional foods for the treat-
ment of mild dyslipidemia is a preventive strategy that is nowadays
supported by numerous studies and included in the most recent ESC/
EAS guidelines for the management of CVD [39]. In this context, there is
an increasingly active effort to identify new pharmacological targets
whose modulation leads to the regulation of lipid metabolism, particu-
larly cholesterol homeostasis and the reduction of the inflammatory
state, both phenomena involved in the development and progression of
atherosclerosis [8]. Indeed, a large body of in vivo evidence has shown
that the modulation of PPARs and LXRs nuclear receptors, PCSK9, and
inflammation are of particular interest [18,154,155]. PPARs are
important regulators of lipogenesis and inflammation [14] and LXRs
have an impact on atherosclerosis by modulating several genes involved
in cholesterol metabolism, including efflux [23], the pathway opposing
foam cell formation. PCSK9, beyond its hepatic function, exerts several
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pleiotropic effects on macrophages, in particular the downregulation of
ABCAL1 expression, thus reducing cholesterol efflux, and the enhance-
ment of the inflammatory response. This suggests a relevant influence of
this protein in the pathogenesis of atherosclerosis [38]. For all these
reasons, the targets described in this review provide an important
starting point for the development of new therapeutic strategies based
on the use of natural compounds. The consumption of foods rich in
polyphenols, fundamental components of the Mediterranean diet, and
alkaloids as well as extracts from terrestrial and marine plants, used for
centuries in traditional chinese medicine, have always been known for
their benefits on cardiovascular health, as demonstrated by numerous
studies [26,43,76]. This review focused specifically on natural com-
pounds that have been demonstrated to modulate PPARs and LXRs, the
protein PCSK9 and inflammatory mediators, leading to
anti-atherosclerotic effects [53,72], in order to offer novel plant-based
pharmacological alternatives to current prevention and/or treatment
strategies in CVD. However, the development of treatments based on
natural compounds has some drawbacks, one of which is that natural
products are available in limited quantities, depending on the yield of
the plant and linked to the light and temperature conditions under
which the vegetation grows [144]. In addition, there are also issues of
stability and solubility of some naturally occurring molecules, which are
characterised by poor bioavailability when administered as such in vivo
[50]. In this context, new advanced and more efficient, sophisticated
and accurate extraction methods together with the synthesis of com-
pounds with structures that mimic naturally occurring compounds,
represent good strategies to overcome these problems [23]. However,
these aspects were not explored in this review. Finally, in regard to
natural compounds efficacy, other important aspects that are worth
considering are the characterization of the pharmacokinetic profiles of
the natural compound or extract, with particular attention to metabo-
lites formation [156] and the evaluation of clinical efficacy in
placebo-controlled, double-blind studies. The phytochemicals included
in this review represent a picture of the compounds of current scientific
interest and, in our opinion, might represent an important starting point
for the development of new strategies for anti-atherosclerotic preven-
tion or treatment based on natural compounds.
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