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Growing attention is now being given to the possible preventive/alternative ways to avoid illness onset. Changes in lifestyle and
food habits are taking over from the conventional pharmaceutical-based approach, especially for chronic pathologies.
Nutraceuticals have been proposed as key tools for the prevention and cure of some pathological conditions. This is leading
research to develop new formulations based on these pharma-foods addressed in a specific way to prevent and cure health issues,
which, in turn, will have an effect on therapy-related costs sustained by any National Health Organization. According to existing
regulations, nutraceuticals cannot be categorized as either food or drugs but, by definition, often inhabit a grey area in between
the two, being assimilated into food supplements, notwithstanding the beneficial properties that they can provide for some
pathological conditions. A nutraceuticals-based approach for health management, in particular for some pathological conditions,
has resulted in a worldwide growing ‘nutraceutical’ revolution. An outstanding example is the approach to the ‘metabolic
syndrome’, which includes overweight, obesity and cardiovascular-related diseases, causing a sort of cascade of chronic health
conditions, which is becoming a norm in modern life. Hypercholesterolaemia is one of these. It represents an example of a
pathology that can be linked to both a poor lifestyle and dietary habits. The nutraceutical approach to hypercholesterolaemia is
described in the present review as a possible alternative to the conventional drug-based therapy.
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Introduction
Nutraceutical, is a term coined in 1989 by Stephen DeFelice,
and combines the words ‘nutrient’ (a nourishing food or food
component) with ‘pharmaceutical’ (a medical drug), and in-
dicates that these products have a potential application in
pathological conditions, and hence should be treated in a
similar way to pharmaceuticals (Colonna et al., 2013). Ac-
cording to the original definition, they are ‘a food or part of
a food that provides medical or health benefits, including
the prevention and/or treatment of disease’. However, the
term nutraceutical is often used in a misleading and overlap-
ping way with regard to dietary supplements, functional
foods, prebiotics, probiotics and/or herbal products. Table 1
presents the accepted definitions of nutraceutical used in
the publication of results, together with the commonly ac-
cepted definitions of functional food, dietary supplements
and phytochemicals (herbal products).

The current European regulations consider nutraceuticals
as belonging to the same category as food supplements. The
Directive 2002/46/EC on food supplements and novel foods,
recently modified by the new European Parliament and
Council Regulation (EU) 2015/2283, which defines new
foods categories, completes the classification of food supple-
ments, but it still does not mention the term ‘nutraceutical’.
Article 3 (par. iv) of this regulation seems to be potentially ap-
propriate to assess the identity of nutraceuticals, since they
are extracts from vegetal or animal foodstuff matrices, and
have also the added value of possessing beneficial properties
for health. The Dietary Supplement Health and Education
Act (DSHEA 1994) defines dietary supplements as a category
of food. According to the Food and Drugs Administration
(FDA) a ‘dietary supplement’ is a product intended to supple-
ment one or more nutrients, with the aim of increasing their
total daily intake (Zeisel 1999). A ‘functional food’ is instead
defined as a food product to be taken as a part of the usual diet
in order to have beneficial effects that go beyond basic nutri-
tional needs. Functional foods can be enriched with ingredi-
ents (micronutrients) that are not usually present in a
particular food, or contain a larger than usual amount of a
specific nutrient.

Based on the definitions reported in Table 1,
nutraceuticals, as per their definition, differ from dietary
supplements and other food supplements notwithstanding
the fact that the form they are administered as can be the
same (e.g. pills, tablets, capsules or liquid). The main differ-
ences can be summarized as follows: (i) nutraceuticals do

not only supplement the diet but also help and/or assist
the prevention and/or treatment of some diseases and
health issues; (ii) nutraceuticals are intended for use as a
conventional food or as an item of meal or diet; (iii)
nutraceuticals are active substances extracted from vegetal
(as phytocomplexes) or animal origin food concentrated
and administered in a suitable pharmaceutical form; (iv)
scientific evidence has substantiated the effectiveness of a
nutraceutical in the context of a specific health issue; (v)
food supplements are formulations, often multi-
component, micro-nutrient based, containing dietary ingre-
dients, for example, vitamins, minerals, amino acids, or
other botanical or dietary substances, which are not specifi-
cally addressed to prevent and/or cure an health issue; (vi)
food supplements and herbal products should be used when
necessary to add/supplement the body with one or more
micro or macro nutrients for which there is the need of;
and (vii) food supplements, pro/pre biotics and/or herbal
products do not need to possess a clinically proven efficacy
on a specific health condition, but can help to prevent ill-
ness or provide micro nutrients as an integral part of a diet.

The difference between food/dietary supplements and
nutraceuticals is quite clear; nutraceuticals are closer to phar-
maceuticals, since they must have clinically proven efficacy
towards a specific pathological condition and, hence, a valid
help in both disease prevention and therapy. They, when
looked at as pharma-foods, position themselves in the space
‘beyond the diet before the drugs’, as defined by Ettore
Novellino in 2012, this quote being widely accepted as proper
term of reference for nutraceuticals (Santini 2014).
Nutraceuticals can help in fighting some of the major health
challenges of the century, for example metabolic syndrome,
obesity, cardiovascular diseases, osteoporosis, diabetes and,
among these, hypercholesterolaemia, which is one of the
main health risks. The aim of this review is to summarize
the positive outcome and mechanism of action of some of
the most well-known lipid-lowering nutraceuticals on
hypercholesterolaemia.

Nutraceuticals and
hypercholesterolaemia: the terms of
reference
Hypercholesterolaemia is a pathological condition that is in-
dicated by high levels of lipids, for example cholesterol,

Tables of Links

TARGETS

ACAT 2 CYP7A1

AMPK HMG-CoA reductase

CYP2D6 PSCK9

CYP3A4 SREBP

LIGANDS

Cholesterol

HMG-CoA

These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://www.guidetopharmacology.org,
the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Southan et al., 2016) and are permanently archived in the Concise Guide
to PHARMACOLOGY 2015/16 (Alexander et al., 2015).
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tryglicerides and/or fat phospholipids, in the blood. This can
be also due to a prolonged increase in insulin levels as well as
a high level of O-GlcNAc (O-linked β-N-acetylglucosamine)
transferase, which can lead to dyslipidaemia. In developed
countries, dyslipidaemias are often due to both poor dietary
habits and lifestyle, and are linked to the so called ‘metabolic
syndrome’, a worldwide epidemic disease mainly associated
with the increased onset of health conditions and mortality.
This type of dyslipidaemia is characterized by high triglycer-
ide and low HDL cholesterol (HDL-C) levels and/or is trig-
gered by different cardio metabolic risk conditions, which
include obesity, insulin resistance, hypertension, cardiovas-
cular disease and type 2 diabetes.

The possibility of implementing a non-pharmacological
nutraceutical based treatment for hypercholesterolaemia is
getting increasing attention, and is considered to be an im-
portant preventive action to take when hypercholesterolae-
mia is mild or moderate, representing a low and/or moderate
risk factor (Volpe and Sotis 2015), and when there is no
evidence of organ damage. A nutraceutical approach, which
can or cannot include statins, has been suggested by the inter-
national guidelines for the treatment of dyslipidaemia (Reiner
et al., 2011), and could help to confront the hypercholesterol-
aemia and, at the same time, any possible unwanted side
effects (Afilalo et al., 2008). Figure 1 shows the roles of the
key players in this scenario: safety and proven efficacy based
on scientific evidence must substantiate the clinical use of
an alternative therapy based on nutraceuticals, given that:
(i) safety and the mechanism of action are clearly assessed;
(ii) efficacy is assessed; and (iii) no unwanted side effects are

observed. Nevertheless, not all nutraceuticals with lipid-
lowering effect are clearly endorsed by the guidelines. As an
example, the guidelines for the use of plant sterols/stanols
are controversial (Weingärtner et al., 2014). Another relevant
aspect is the dose to be administered to obtain efficacy and
not cause any unwanted side effect or toxicity. If in fact it is

Figure 1
The key players that must be substantiated before the clinical use of
nutraceuticals in therapy.

Table 1
Definitions accepted for nutraceuticals and dietary/food supplements

Nutraceutical Food or part of food that provides medical or health benefits,
including the prevention and/or treatment
of a disease.

DeFelice 1995

Nutraceutical A diet supplement that delivers a concentrated form of a
biologically active component of food in a nonfood matrix to
enhance health.

Zeisel 1999

Nutraceutical Definition 1: a specially treated food, vitamin, mineral, herb etc,
that you eat or drink in order to improve your healthDefinition 2: a
foodstuff (as a fortified food or dietary supplement) that provides
health benefits in addition to its basic nutritional.

Merriam-Webster Online Dictionary 2014

Dietary supplement A product (other than tobacco) in the form of a capsule, powder,
softgel or gelcap intended to supplement the diet to enhance
health that bears or contains one or more of the following dietary
ingredients: a vitamin, mineral, amino acid, or other botanical or
dietary substance.

Dietary Supplement Health and Education
Act (DSHEA), 1994; Merriam Webster
Dictionary 2014.

Phytochemical Substances found in edible fruit and vegetables that can be
ingested daily (in quantities of g) by humans and that exhibit a
potential to favourably modulate human metabolism to prevent
cancer and other diseases (isoflavones, resveratrol, garlic allyl
sulphides, tomato lycopene, onion quercetin, etc.).

Bloch and Thomson 1995

Functional food Nutrient consumed as part of a normal diet but delivering one or
more active ingredients (that have physiological effects and may
enhance health) within the food matrix.

Zeisel 1999

Functional food Any food or ingredient that has a positive impact on an individual’s
health, physical performance or state of mind, in addition to its
nutritive value.

Hardy 2000
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true that ‘All things are poison andnothing is without poison;
only the dosemakes a thing not a poison’, as stated by Paracel-
sus, even a drug like digitalis from Digitalis purpurea, which is
used to increase cardiac contractility (being a positive
ionotrope) and as an antiarrhythmic agent to control the
heart rate, can become an health threat depending on the
dose. The same considerations hold true for supplements
and nutraceuticals, and care should be paid to this aspect
when using them as preventive or therapeutic tools.

Figure 2 defines the schedule that should be followed in
the identification of a potential health condition target and
then the subsequent steps for the identification and develop-
ment of a correct, safe and effective nutraceutical. Many dif-
ferent steps are involved, each requiring different
professional expertise. The first step is the identification of
the epidemiological target, followed by the identification
and fractioning of the starting food matrix. The study of bio-
activity and safety are a must, as well as identifying the meta-
bolic profile of the phytocomplex, if the starting material is a
foodstuff of vegetal origin. The study of the mechanism of ac-
tion is then followed by (i) the establishment of the proper
formulation and (ii) the fine tuning to develop the correct
pharmaceutical form for the particular use and dosage; the
bioavailability of the nutraceutical being developed should
be considered; clinical trials are performed to assess its
efficacy.

Figure 3 summarizes the possible approaches to hyper-
cholesterolaemia. If it has already reached an advanced stage
and organ damage is apparent then it is primarily treated with
pharmaceuticals. This being the case, statins are at the fore-
front of strategies to manage it even if these drugs are not al-
ways well tolerated; quite high discontinuation rates have
been observed in patients starting statin therapy
(Vinogradova et al., 2015). Furthermore, many patients are

considered statin-resistant because they fail to achieve an ad-
equate reduction in LDL cholesterol (LDL-C) levels or are sub-
jected to adverse effects, for example myopathy and
increased activity of liver enzymes. The resistance to statins
has been associated with many different causes, including
polymorphisms in 3-hydroxy-3-methylglutaryl CoA reduc-
tase, P-glycoprotein, cholesterol 7 α-hydroxylase (CYP7A1),
apolipoprotein E, proprotein convertase subtilisin/kexin type
9 (PCSK9), LDL receptor, lipoprotein A and cholesteryl ester
transfer protein (Reiner 2014).

For people showing an intolerance to statin therapy, and
that qualify for pharmacological treatment due to their obvi-
ous, high cardiovascular risk, the most appropriate alterna-
tives are cholesterol absorption inhibitors or the new PCSK9
inhibitors. They have been shown to act by decreasing the
degradation of LDL receptors, increasing the recirculation of
the receptor to the surface of the hepatocytes and, hence, low-
ering LDL-C levels in the bloodstream (Brendan et al., 2015).

Nevertheless, based on their ability to lower LDL-C with
no adverse side effects, the use of nutraceuticals should be
considered: (i) in individuals with high cholesterol levels at
intermediate or low global cardiovascular risk, who do not
qualify for pharmacotherapy; and (ii) as a support to pharma-
cological therapy in high and very high risk patients who fail
to achieve LDL-C goals with statins or are statin intolerant.
Due to the possible resistance connected to the statin ther-
apy, the interest both from pharmaceutical research and from
patients requesting supplementary and/or alternative treat-
ments is growing. Some functional foods and nutraceuticals
have been shown to be effective, safe, with high bioavailabil-
ity and, at the same time, are well tolerated in patients, as
documented by clinical trials showing a reduction in the total
cholesterol (TC) level and an effect on both HDL-C and LDL-
C respectively.

Figure 2
Nutraceutical development pathway.
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A large number of nutraceuticals claimed to have lipid-
lowering activity are currently available both in pharmacies
and as over the counter products (OTC) even though, in most
cases, their lipid-lowering activity has not been completely
assessed and has not been adequately correlated with a con-
crete reduction in cholesterol level and absence of risk due
to their use.

For subjects with a history of statin intolerance, drugs like
ezetimibe, which has proven efficacy and safety, are an im-
portant alternative to statins. Moreover, a PCSK9 antibody
molecular biology-based treatment represents a challenging
opportunity for statin-intolerant subjects (Chait and Eckel
2016). These pharmacological options for lowering lipids
need endpoint studies and these are now been undertaken.
While for drugs, it is clear that rigid endpoints studies need
to be performed prior to market circulation, for diet/food sup-
plements and nutraceuticals this is not the case. This makes
the evidence for the efficacy and safety of the latter weaker,
and also emphasizes the need for clinical data substantiating
any claim related to cholesterol-lowering efficacy.

In the following, some alternative approaches to statins
for the prevention and treatment of hypercholesterolaemia
are described.

Red yeast rice
Extracts of red yeast rice fermented by Monascus purpureus
(responsible for the reddish colour of cooked fermented rice),
produce fungal secondary metabolites; they contain sterols,
isoflavones, mono unsaturated fatty acids and monacolin K,
also known as lovastatin. Red yeast rice also contains other
monacolin-related substances whose mechanism of action
has been correlated to their ability to inhibit 3-hydroxy-3-
methylglutaryl CoA reductase, which may either have lipid-
lowering effects or potentiate the monacolin K effects
(Gerards et al., 2015). The mechanism of action is known;
monacolin K (lovastatin) acts as an inhibitor of the

hydroxymethylglutaryl-CoA (HMG-CoA) reductase. With re-
spect to statins, red yeast rice may be less likely to deplete
mevalonate metabolites distal to HMG-CoA reductase, such
as ubiquinone and GTP-binding regulatory proteins, which
are believed to mediate the adverse effects of statins on mus-
cle (Lachenmeier et al., 2012).

In human studies, the bioaivalability values for both lov-
astatin and its active metabolite, lovastatin acid, were higher
in volunteers receiving red yeast rice capsules or powder than
in those receiving lovastatin in the same pharmaceutical
form. This has been correlated to a higher dissolution rate
and lower degree of crystallinity in red yeast rice containing
products (Chen et al., 2013).

In 2016, a study analysed in a systematic way, 10 random-
ized controlled trials involving 905 Chinese subjects with
dyslipidaemia: the use of red yeast rice (monacolin K) and
simvastatin were compared, and no statistically significant
difference in any of the outcomes examined was observed,
suggesting that the use of red yeast rice as an alternative to
simvastatin is not supported on current evidence (Ong and
Aziz 2016).

Notwithstanding the efficacy of red yeast rice
nutraceuticals, it is evident that in commercially available
products, composition uniformity, purity, labelling and
safety often cannot be guaranteed (Klimek et al., 2009). An-
other concern regards the possible presence in some red yeast
rice preparations of citrinin, a secondary toxic metabolite of
microfungine origin responsible for hepatic and kidney inju-
ries (Avula et al., 2014). The limit values for this contaminant
have been set by the European Commission in 2014
(European Commission 2014). Citrinin, a nephrotoxic myco-
toxin that has been proven to be genotoxic at high concen-
trations in cultured human lymphocytes, has been
identified in red yeast rice samples and represents a threat
for the consumers’ health even if acute toxicity is quite a rare
event (Pascual-Ahuir et al., 2014).

A cause and effect relationship has been established by
European Food Safety Authority (EFSA) between the

Figure 3
Hypercholesterolaemia: possible alternative approaches.
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consumption of monacolin K from red yeast rice and mainte-
nance of normal blood LDL-C levels, given that daily dietary
intake level is at least 10 mg.day-1 of monacolin K from
fermented red yeast rice based preparations (Agostoni et al.,
2011a). This value has been determined based on the average
values reported in two double-blind, randomized, placebo-
controlled trials, which observed a reduction in TC and
LDL-C of 16 and 22%, respectively, induced by administering
a dose of around 7.5 mg.day-1 of the active principle for 12-
weeks (Heber et al., 1999), and 20% and 26% for TC and
LDL-C, respectively, by administering a dose of about
11.4 mg of active principle for 8 weeks (Lin et al., 2005). The
FDA admitted that red yeast rice (powder) that contains more
than 0.4% monacolin K (lovastatin) can reduce cholesterol,
while the United States District Court of Utah outlined that
red yeast rice products when containing significant amounts
of lovastatin, for example>0.4%, should not be considered as
dietary supplements but should be treated like drugs and be
subjected to their regulations.

Possible unwanted side effects, mainly due to lovastatin,
have been reported, for example myopathy and abnormal
liver function. The incidence of kidney damage was evalu-
ated in 2895 subjects, liver damage in 2895 patients and
muscle symptoms in 105 patients. Liver abnormalities and
kidney injury were assessed in 14 and 8 studies respectively
(Gerards et al., 2015).

A recent warning report issued by the German Federal In-
stitute for Drugs and Medical Devices, on the consumption
of red yeast rice cholesterol lowering products outlines safety
requirements as set by the EuropeanRegulation for use of food
supplements with high doses of active compounds (European
Parliament Directive 2002/46/EC 2002). In particular, the
content of monacolin K, should be considered a drug at levels
higher than 5 mg.day-1 as a results of existing scientific data,
which support a pharmacological effect at this dose, as re-
cently observed by the german expert panel of the Bundesamt
für Verbraucherschutz und Lebensmittelsicherheit und das
Bundesinstitut für Arzneimittel und Medizinprodukte (see
BVL/BfArM 2016). The exact amount of monacolin K in red
yeast rice has been found to be highly variable, ranging from
3 to 30 mg.day-1 depending on the brand (report by Avis Du
Conseil Superieur De La Sante 2016). This report follows the
opinion of the Autorité française de Sécurité sanitaire de
l’Alimentation, de l’Environnement et du Travail (ANSES
2014), which seems to suggest that high levels of monacolin
K in red yeast rice-containing products available as over the
counter food supplements, should be treated with caution
due to their variable monacolin K content.

Berberine
Berberine is an alkaloid drug that can be found in plants be-
longing to the Berberis species; it is usually found in the roots,
rhizomes, stems and bark isolated from the Chinese herb
Coptis chinensis. Using HepG2 human hepatoma cells, it has
been demonstrated that berberine extracts inhibit cholesterol
synthesis in a similar manner to the AMP-activated protein
kinase (AMPK) activator 5-aminoimidazole-4-carboxamide
1-β-ribofuranoside. Activation of AMPK has recently been
confirmed by measuring the phosphorylation of acetyl-CoA

carboxylase, a substrate of AMPK, correlated with a subse-
quent increase in fatty acids oxidation (Brusq et al., 2006).

The mechanism of action seems to involve a decrease in
plasma cholesterol in hypercholesterolaemic patients, medi-
ated by increasing the hepatic LDL receptor expression. This
effect can be attributed to the inhibition of the transcription
of the mRNA encoding the proprotein convertase
subtilisin/kexine type 9, which helps the transition of the he-
patic LDL-C receptor from the cell surface towards the lyso-
somes. This can increase the half-life of the receptor, which
captures LDL-C from the bloodstream and sends it to the bile
for its elimination. Based on this mechanism, experimental
results on hamsters fed berberine, 50 mg kg�1 twice a day, in-
dicated a reduction in TC up to 27%, a LDL-C lowering of
0.4%, a TG lowering of 0.22%, while no change in HDL-C
was observed with reference to baseline (Brusq et al., 2006).
A recent randomized single-blind study by parallel group, fo-
cused on the use of a nutraceutical based protocol (500 mg
berberine plus red yeast rice and other components vs. pla-
cebo) involving 80 elderly dyslipidaemic patients intolerant
to statins with high total cholesterolaemia and high LDL-C
(Marazzi et al., 2011). A statistically significant reduction in
total cholesterolaemia (20%) and LDL-C (31%) was obtained
with the nutraceutical, suggesting that berberine-based
nutraceuticals may be used to obtain acceptable plasma
LDL-C levels. Berberine-based nutraceuticals showed both
high safety and tolerance, even though there is a lack of stud-
ies on the possible matrix-related unwanted side effects and
on contaminants presence in the vegetal matrix. The effects
have also been shown to be independent of dose: 500 mg
day�1 in combination with red yeast rice and other
nutraceuticals induced a reduction of approximately 20% of
the LDL-C and 25% of triglycerides in patients with either
pure hypercholesterolaemia, mixed dyslipidaemia, type 2
diabetis or hepatopathy (Cicero et al., 2015).

The potential therapeutic uses of berberine as a nutra-
ceutical is, however, limited by its low oral bioavailability,
attributed to an unclear mechanism of intestinal metabo-
lism, poor absorption and intestinal first-pass effect (Liu
et al., 2016). Many studies have been conducted to explore
the possibility to increase bioavailability by reducing the in-
testinal first-pass metabolism with the use of permeation en-
hancers (Fan et al., 2013), P-glycoprotein inhibitors and
microparticle delivery systems (Zhu et al., 2013). No serious
side effects associated with the use of berberine have been
reported according to a recent survey, even though these
might include constipation, diarrhoea, abdominal disten-
sion and bitter taste in the mouth (Dong et al., 2013). More-
over, possible berberine-drug interactions should be taken
into account, considering that this compound can decrease
CYP2D6, CYP2D9 and CYP3A4 activities in healthy subjects
(Mannarino et al., 2014). Finally, it is evident that there is a
need for quality, larger controlled trials with a better meth-
odological approach using standardized preparations to fur-
ther quantify the therapeutic effect of berberine (Jiarong
et al., 2015). According to the EFSA, the claim that berberine
extracts lower cholesterol has not been properly assessed,
and this compound can be a source of concern, as outlined
by a report from EFSA Scientific Cooperation group (ESCO
2012). Similarly, the FDA has not yet approved berberine
for any prescription or OTC drug use.
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Plant sterols/stanols
The first mechanism of action proposed for plant
sterols/stanols was their possible competition with intestinal
cholesterol for incorporation into micelles. In recent years,
the focus has been on the role of sterol transporters localized
in the enterocyte membranes as a means to reduce intestinal
cholesterol absorption. More recently, the existence of a di-
rect secretion of cholesterol from the circulation into the in-
testinal lumen has been described. Inhibition of intestinal
cholesterol absorption can lower the concentration of LDL-
C and other ApoB100-containing lipoprotein fractions. How-
ever, the cholesterol absorption process is known to involve
many steps, the final being the esterification by acyl-CoA
cholesterol acyltransferase-2 in the enterocytes, and the sub-
sequent incorporation into chylomicrons, which involves
the microsomial triglyceride transfer protein, to be finally re-
leased into the lymph (Smet et al., 2012). Recently, the
European Atherosclerosis Society Consensus Panel on Phy-
tosterols appraised evidence relevant to a beneficial effect in
lowering cardiovascular risk of plant sterols and/or plant
stanols, when used as a food supplement to reduce plasma
LDL-C levels. In particular, plant sterols/stanols taken at a
dose of 2 g day-1 can inhibit the absorption of cholesterol
and lower LDL-C levels by 8 to 10% and reduce plasma tri-
glycerides by 6–9% in hypertriglyceridaemic patients, and
evoke no unwanted side effects in long-term human studies
(Gylling et al., 2014). At this dose, the plant sterol/stanol-
mediated LDL-C lowering effect is additive to that of statins
in dyslipidaemic subjects, mediating an effect equivalent to
doubling the dose of statin. Plant sterols/stanols can qualify
as a potential nutraceutical source in subjects with moderate
to high cholesterol levels who do not qualify for pharmaco-
therapy, and also as a support to pharmacological therapy in
moderate/high risk patients who fail to achieve LDL-C targets
on statins or are statin intolerant. It must be noted, however,
that there is lack of information, since no randomized con-
trolled clinical trial data are available to establish any clinical
benefit from the use of these substances. A major concern is
their possible negative interaction with fat-soluble vitamins
absorption, as this has been reported for plant sterols based
food supplements. Nevertheless, observational studies seem
to suggest an independent association between plasma levels
of plant sterols and the risk of coronary heart disease. In vivo
studies in animals fed high doses of plant sterols seem to
show an opposite effect, namely an amelioration of the
development of new plaques and the onset of lipid lesions
(Rocha et al., 2011). Many different factors can affect the effi-
cacy and safety of plant sterols both in free and esterified
forms. It has been reported that plant sterols, at doses in the
range 1–3 g day-1 as part of a healthy diet and lifestyle, are
useful dietary components for lowering LDL-C. At the same
time, a negative effect represented by the reduction in the ab-
sorption of plants sterols induced by carotenoid-rich should
be taken into account (Berger et al., 2004).

Experimental studies and clinical trials have lead to spec-
ulation that plant sterols might be atherogenic, raising con-
cerns and safety issues on the use of plant sterols in to
prevent adverse cardiovascular events. The use of plant ste-
rols for this reason has become controversial, and the need
for shared guidelines for the use of these substances for

medical purposes has been raised (Weingärtner et al., 2014).
Notwithstanding the possible negative implications, the use
of plant sterols as cholesterol-reducing substances has been
explored and positive outcomes have been reported. A com-
parative meta analysis on eight eligible clinical trials (on a to-
tal of 263 subjects, lasting 4 and 6 weeks, in the year range
1992–2013) resulted in it being concluded that plant sterol
doses in the range 1.0 to 3.0 g day-1, administered with meals,
decreased LDL-C concentrations on average by 120mg·L�1

(�0.31 mmol·L�1) compared with a placebo (Shaghaghi et al.,
2013).

Phytosterols dose–response relationship for their choles-
terol lowering effect has been evaluated in several meta-
analyses by calculating averages for different dose ranges or
by applying continuous dose–response functions. Both ap-
proaches have advantages and disadvantages. A recent
meta-analysis based on a total of 124 studies revealed that
an average phytosterol dose in the range 0.2–9.0 g day-1 (with
phytosterol intakes in the range 0.6–3.3 g day-1) resulted in a
gradual reduction in the LDL-C cholesterol level by 6–12%.
The same study also reported that the LDL-C lowering effect
of both plant sterols and stanols continues to increase up to
intakes of approximately 3 g day-1 to get an average reduction
effect up to 12% (Rouyanne et al., 2014).

The effective use of plant sterols/stanols as food supple-
ments or ingredients in functional foods is, however, quite
limited due to their low solubility in fats and insolubility in
water. The availability is consequently moderate to low, sug-
gesting that in order to enhance the lowering effect on cho-
lesterol absorption there is need for research on how to
maximize their availability and solubility in mixed bile salt
micelles within the small intestine (e.g. emulsification,
microemulsion and esterification).

Dietary fibres
The term ‘dietary fibre’ indicates in general plant substances
resistant to digestion in the human small intestine. Soluble fi-
bres include psyllium, pectin, flaxseed, β glucans and guar
gum. Fibres like cellulose, lignins and wheat bran are
insoluble. It has been observed that diets high in total dietary
fibre are associated with a reduced cholesterol level in the
bloodstream and reduced onset of cardiovascular disease
(Liu et al., 2006).

At the same time, the role of dietary fibre on mineral bio-
availability has been extensively studied outlining that while
in vitro studies show mineral binding properties, both animal
and human studies did not assess negative effects on mineral
absorption, and in some cases reported absorption enhancing
properties. A recent report outlines how dietary fibres could
have negative effects on mineral absorption in the gastroin-
testinal tract due to mineral binding or physical entrapment,
even though colonic fermentation of dietary fibres can re-
lease the boundminerals and facilitate their absorption (Baye
et al., 2015).

In general, the health benefits of dietary fibres have been
associated with: (i) their ability to act as bile acid
sequestrants; (ii) their ability to up-regulate LDL receptors;
and (iii) the increase in LDL-C clearance. They can inhibit
the synthesis of hepatic fatty acids and, as secondary effects,

BJP A Santini and E Novellino

1456 British Journal of Pharmacology (2017) 174 1450–1463



reduce the absorption of macronutrients and improve intesti-
nal motility.

The proposed mechanism of action for soluble fibres has
been associated with the binding of bile acids during the
intraluminal formation of micelles, and this seems connected
to a physical entrapment rather than chemical binding
(Anderson and Tietyen-Clark 1986). The effect could stimu-
late the increase of bile acid synthesis, as well as a reduction
in the hepatic cholesterol content, an up-regulation of
LDL-C receptors and an increased LDL-C clearance (Brown
et al., 1999).

Another mechanism has also been reported to justify the
existing difference in the effects of soluble and insoluble fi-
bres on LDL-C. Soluble fibres, while contributing to an in-
crease in intraluminal viscosity and the binding of bile
acids, can also entrap cholesterol in the small intestine and
reduce, by slowing it, the absorption of macronutrients.
While, the non-soluble fibres did not show any effect on
LDL-C, the dietary fibres caused a reduction in TC, of about
17 mg·L�1 g�1 of intake, and a reduction in LDL-C reduction
of about 22 mg·L�1 g�1 intake (Kris-Etherton et al., 1988).

However, according to a recent EFSA opinion, no cause
and effect relationship between the consumption of dietary
fibre and blood cholesterol concentration has been
established (Agostoni et al., 2011b). The FDA suggestion is
that the addition of soluble fibre to a diet, that is low in satu-
rated fat and cholesterol, may help to reduce the risk of car-
diovascular diseases under precise conditions. In particular,
dietary intake levels associated with reduced risk of cardiovas-
cular diseases should include ≥3 g day�1 of [β]-glucan soluble
fibre from either whole oats or barley, or a combination of
whole oats and barley and/or an amount ≥ 7 g day�1 of solu-
ble fibre from psyllium seed husk (Health claims 2008). A
pooled analysis of 10 prospective cohort studies revealed a
12% reduction in the risk for coronary events and 19% for
coronary deaths, for each 10 g day�1 increment in dietary fi-
bre (Bazzano et al., 2003; Pereira et al., 2004). Controlled stud-
ies have demonstrated a limited, even if statistically
significant, reduction in LDL-C by approximately 5–7%
when ingesting soluble fibre with food. A meta-analysis of
67 trial studies showed that ingestion of soluble fibre,
2–10 g day�1, was associated with a small but significant,
7%, reduction in LDL-C. A daily intake of 5 to 10 g of soluble
fibre as a therapeutic option to enhance a reduction in LDL-C
has been suggested, even if the palatability of foods contain-
ing fibre can be a limiting factor for patients along with a pos-
sible increase in flatulence as a result of colonic fermentation
(NCEP 2001).

β-Glucans
The β-glucans are a group of β-D-glucose polysaccharides that
occur naturally in the cell walls of cereals, yeast and fungi.
They have a linear backbone with 1–3 β-glycosidic bonds
but differ with respect to solubility, viscosity, branching struc-
ture and properties, causing diverse physiological effects.
There has been recently a growing interest in barley as a ther-
apeutic food due to its high content of β-glucan, a viscous sol-
uble fibre recognized for its cholesterol-lowering properties
(Ho et al., 2016). A systematic review and meta-analysis of

randomized controlled trials investigating the cholesterol-
lowering potential of barley β-glucan on LDL-C, non-HDL-C
and apolipoprotein B for cardiovascular disease risk reduction
indicated that an average dose of 6.5 to 6.9 g day�1 of barley
β-glucan for 4 weeks significantly reduced LDL-C (average
�0.25 mmol·L�1), non-HDL-C (�0.31 mmol·L�1), with no
significant changes to apoB levels compared with control di-
ets. In 2006, the FDA (2006) endorsed a health claim on the
relationship between β-glucan soluble fibre from whole oat
sources and reduced risk of coronary heart disease by adding
barley as an additional source of β-glucan soluble fibre.

Similarly, the EFSA in 2011 published an opinion follow-
ing a request from the European Commission, which ap-
proved the substantiation of the claim related to β glucans
from oat and barley as able to maintain normal blood choles-
terol concentrations as well as the claim related to a reduction
in the post-prandial glycaemic response (EFSA Scientific
Opinion 2011).

Polyphenols in green tea and grapes
Polyphenols are a family of substances of vegetal origin
whose main feature is the presence of multiple phenolic
groups with an antioxidant effect. Polyphenols are present
in tea (the highest amount being found in green tea) as well
as in many of the food in a typical Mediterranean diet, for
example olives, olive oil, grapes, wine, fruits and vegetables.
While evidence from existing studies indicates that phytates
and polyphenols have an inhibitory effect on the absorption
of large minerals, polyphenols have been postulated to be
able to inhibit HMG-CoA reductase, as well as acetyl-CoA
acetyltransferase 2 and microsomal triacylglycerol transport
protein, justifying their hypocholesterolaemic effect (Amiot
et al., 2016; Pang et al., 2016).

Red grape juice polyphenols have been shown to reduce
circulating levels of LDL-C and to increase LDL-C receptor ac-
tivity. The effect of these polyphenols on intracellular choles-
terol homeostasis, human hepatocarcinoma HepG2 and
promyelocytic leukaemia cell lines has been studied. Cell
lines incubated in serum-free medium, with or without
LDL-C, in the presence or absence of red grape juice, revealed
that in the presence of LDL-C, red grape juice increased both
the activity and cell surface expression of the LDL-C receptor.
In a similar way, wine polyphenols, for example resveratrol
and quercertin, have been shown to increase LDL-C receptor
binding activity and gene expression, suggesting that red
wine polyphenols are able to regulate major pathways in-
volved in lipoprotein metabolism (Dàvalos et al., 2006). In
the same study, it was observed that in cells exposed to
LDL-C, red grape juice increased the levels of the active form
of sterol regulatory element-binding protein-1 and mRNA ex-
pression of the LDL-C receptor and hydroxyl methyl glutaryl-
CoA reductase.

The green tea cathechins as well as cathechins present, in
different amounts, in all tea varieties, have a recognized
cholesterol-lowering activity, which has been attributed to
the up-regulation of the hepatic LDL-C receptor (Bursill
et al., 2007). Catechins belong to the chemical family of the
flavanols, which constitute the main components of soluble
solids in green tea being mainly constituted of
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epigallocatechin gallate, epigallocatechin, epicatechin gal-
late, which contribute to about 50% of the total, and
epicatechin (Henning et al., 2005). In an in vivo study con-
ducted in hypercholesterolaemic rats, it was observed that a
nutraceutical based on an ethanolic extract of green tea,
when administered for 8 weeks, reduced the TC level, by up
to 15.4%. the LDL-C by about 21.5%, and triglycerides by
about 12.9%, when compared to the effects of a placebo
(Yousaf et al., 2014). The mechanism of action was confirmed
to be related to sterol regulatory element-binding proteins
(SREBP 2) and LDL-receptor activation (Kuhn et al., 2004)
and also to the CYP7A1 activation (Jiao et al., 2010).

While epidemiological studies associate polyphenol-
based food supplements with a decreased risk of developing
hypercholesterolaemia, intervention studies, in general, do
not confirm these beneficial effects, probably due to different
doses, possible interaction with the food matrix, and mainly
their moderate bioavailability (Bohn 2014). Endogenous fac-
tors, namely microbiota and digestive enzymes can affect the
bioaccessibility, uptake and metabolism of polyphenols.
Dietary fibre, minerals and protein-rich meals are likely to de-
crease polyphenol bioaccessibility, while digestible carbohy-
drates, lipids and hydrophobic polyphenols, may enhance
polyphenol availability. Following epithelial uptake, poly-
phenols may reduce phase II metabolism and excretion,
enhancing bioavailability.

A recent study (on rats) examined the toxicity of tea poly-
phenols and showed the toxicity level is low, but also indi-
cated that attention should given to their dosage, which can
be a risk in concentrated products based on green tea extracts
(GenLiang et al., 2015).

The oral bioavailability of the green tea catechins (e.g.
epigallocatechin gallate) is in general low, resulting in
systemic catechin levels in humans many fold less than
the concentration determined in in vitro systems (Sherry
Chow et al., 2005).

The availability increases with consumption on an empty
stomach, and this has been correlated to catechin degrada-
tion in the lumen. On the other hand, green tea catechins
are stable in acidic conditions and are more stable when pH
values increase (>6.5). Risks associated with their consump-
tion are, however, not completely absent. Among the hazards
to be considered for nutraceuticals based on green tea ex-
tracts, are the possible contamination with ochratoxin A.
This secondary metabolite is produced by naturally occurring
mycotoxins, and it is a widespread food contaminant; its
maximum safe level in foodstuff is set by the European Com-
mission; it has been found in grapes, as well as in green tea,
cereals and grains (Santini et al., 2015).

Flavonoids
There is, in general, controversy about flavonoid-based food
supplements/nutraceuticals with reference to their
cholesterol-lowering effects. This is due to factors like absorp-
tion and bioavailability. Some studies suggest that no effect or
threat on health are present, while in vitro and in vivo data give
contradictory results regarding safety, as shown in earlier
clinical studies with β-carotene supplements, which seem to
stress the need for caution when using flavonoid

supplements (Harnly 2016). One criticism, in particular, is
whether the concentrations in one nutraceutical or food sup-
plement based on these substances can really exceed the dose
received from a daily diet that includes fruit and vegetables.
The absorption of diet flavonoids is considered to be limited
since food flavonoids are bound to glycosides. Consequently,
it has been observed that only the aglycones pass freely into
the blood stream from the gut wall, since no enzymes are se-
creted in the gut that can possibly cleave the glycosidic
bonds. However, this opinion has been partially overwritten
by studies on specific flavonoids, which have a bioavailability
higher than previously believed (Kroft 2016). Therefore, the
potential health benefits of individual flavonoids, as well as
any potential harmful attributes, need to be characterized
and completely assessed. As an example of efficacy, a citrus
bioflavonoid, namely naringenin, which has be shown to be
effective in reducing Acyl-CoA cholesterol acyltransferase ac-
tivity, caused a marked decrease in plasma cholesterol levels
in rats. This could be a possible explanation for the mecha-
nism of action, which it is still to be completely cleared. In a
similar way, guineensine, isolated from one pepper variety
(Piper longum), inhibited acyl-CoA cholesterol acyltransferase
activity in a dose-dependent manner with an IC50 value of
3.12 μM. Hence, the efficacy of guineensine as a cholesterol-
lowering efficient nutraceutical should be further explored
as (Lee et al., 2004).

Strangely, Mollace and colleagues, observed that a nutra-
ceutical based on a bergamot polyphenols extract reduced
LDL-C (>30%) and TG levels (>40%) (Mollace et al., 2011).
These results, however, are contradictory with those reported
previously, which failed to demonstrate any effect in subjects
treated with two different polyphenols (namely hesperidin
and naringin) compared with a group on placebo (Demonty
et al., 2010). From the available data, it appears some
bioflavonoids have the ability to lower cholesterol levels,
but at the same time also indicate the lack of information
on their bioavailability, unwanted side effects and presence
of contaminants in the original vegetal matrix. Studies are
needed to assess these aspects related to the safe use of
bioflavonoids as nutraceuticals.

Apple polyphenolic extract
The hypothesis that polyphenolic compounds, for example
quercetin, (�)-epicatechin, (+)-catechin, procyanidins, an-
thocyanins, dihydrochalcones (phloridzin) and phenolic
acids, play a key role in the healthy properties of apples has
been associated with an important effect on cholesterol me-
tabolism (Alonso-Salces et al., 2004).

Apples varieties, however, differ widely in their poly-
phenolic composition: an in vitro study showed that the
Annurca apple, the only cultivar native to the Campania
region in Southern Italy, listed as a Protected Geographical
Indication product [Commission Regulation (EC) No.
417/2006], has the highest polyphenolic concentration.
The same study outlined how its polyphenols are unequiv-
ocally more effective on cholesterol metabolism, compared
with the other more common commercially available culti-
vars, for example Red Delicious, Granny Smith, Fuji and
Golden Delicious (Tenore et al., 2013). Polyphenols occur
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as a mix of dimers (mostly procyanidin B2), trimers (e.g.
procyanidin C1), tetramers, pentamers and higher molecu-
lar weight oligomers. In the Annurca variety, the polyphe-
nolic fraction is the richest in procyanidins, revealing an
uncommon polyphenolic profile, in particular dimers and
oligomers with 6 < n < 8, compared with the other above
mentioned apple varieties. This corresponded to the
highest hypolipidaemic effect in vitro. In vitro test on hu-
man HepG2 using the above mentioned apple cultivars
polyphenolic extracts (at a concentration of 1 μM) indi-
cated Annurca as the leader in increasing TC levels in the
medium (5.5 times compared with the other varieties), in-
dicating an important inhibition of cell cholesterol uptake.
Using the same cell model system, the Annurca polyphe-
nolic extract showed a higher capacity to increase apo-AI
levels (twofold), and to decrease LDL-C concentrations
(48%), in medium containing HepG2 cells (Tenore et al.,
2014). Among all the procyanidin oligomers, the dimers
(procyanidin B2) are the most effective in decreasing
LDL-C (60%), and increasing Apo-AI (85.7%), while the
oligomers 6 < n < 8 are mainly responsible for increasing
(almost nine times the control) the TC, in the cell culture
medium. These observations are consistent with previous
data on HepG2 cells treated with catechins extracted from
green tea, which are able to induce a substantial (30%)
lowering of cell cholesterol content, and activation of
SREBP-1 transcription factor, which caused a marked up-
regulation of LDL receptors (Christina and Paul 2006).

In a similar way to Annurca catechins, the statins, the
first-line lipid-lowering drug therapy, indirectly increase the
SREBP-2 expression, which in turn leads to the over-
expression of LDL-receptors, the event mostly responsible
for the effective lowering of plasma LDL-C (DeBose-Boyd
et al., 2001). Therefore, it can be reasonably hypothesized
that dimeric procyanidins from apples as well as the ones
from green tea, have a statin-like LDL-C lowering effect. How-
ever, in contrast to statins, which do not substantially in-
crease the HDL-C plasma level (values on average below
10%), the apple dimeric procyanidins are fully able to in-
crease the apo-AI protein concentration in the cell medium
(71.4%) in a HepG2 cell culture. The unique distribution of
the polyphenolic fraction in the Annurca apple (28.5%
procianidin B2 and 10.9% of oligomers with 6 < n < 8) can
be associated with the high potency at lowering the LDL-C
and in increasing the Apo-AI. Both these fractions seem to
be responsible, with different mechanisms of action, for the
plasma cholesterol-lowering effect. Dimers are readily
absorbed in the gut, quickly reaching the liver where they
act indirectly by increasing the number of LDL receptors
(Yasuda et al., 2011); the oligomers, on the other hand, which
are confined to the gut, act locally by a mechanism similar to
β-cyclodextrin, trapping the cholesterol molecules and this
way reducing their absorption (Leifert and Abeywardena
2008). Statins are known to inhibit the biosynthesis of cho-
lesterol in the liver, an effect sensed by the SREBP pathway,
which in turn induces the over-expression of the LDL recep-
tor (DeBose-Boyd et al., 2001). Based on this, it can be reason-
ably hypothesized that dimeric procyanidins (procyanidins
B2) present in Annurca apples may exert a statin-like LDL-C
lowering effect. However, in contrast to statins, which do
not substantially increase the plasma HDL-C levels (<10%),

the apple dimeric procyanidins are fully able to increase the
apo-AI protein concentration (85.7%) in the cell medium of
a HepG2 cell culture.

To verify these properties of the Annurca apple in vivo,
a 12-week clinical trial on humans has been carried out.
Recent interesting results indicate that Annurca apples
(200 g day�1) fed to patients with mild hypercholesterolae-
mia (in a range between 2.10 and 2.50 g·L�1) showed the
highest hypocholesterolaemic effect, documented by a TC
reduction of 8.3%, when compared with a same quantity
(g day�1) of Granny Smith and Red Delicious varieties,
which resulted in a TC reduction of 4.4% and 3.1% respec-
tively. Fuji and Golden Delicious obtained a TC reduction
level of 2.0% and 1.3% respectively. The Annurca apple
also reduced the LDL-C by 14.5%, and increased HDL-C
by 15.2% (Tenore et al., 2016). Based on these findings, a
nutraceutical product named AppleMets®, containing only
the Annurca polyphenolic extract, has been prepared in
our laboratories and tested on a large cohort of mildly
hypercholesteroleamic healthy subjects in a clinical trial.
Preliminary results indicate that administering two
400 mg capsules day�1, taken with the two main daily
meals, resulted, on average, in a TC reduction of 25%, an
increase in HDL-C levels of 49.2%, a reduction in LDL-C
37.5%, and caused no alteration in either triglyceride or
sugar levels compared to baseline, taking into account that
an intake of procyanidins below 1000 mg day�1 is gener-
ally considered to be safe in humans, does not cause any
significant haematological, clinical, chemical, histopatho-
logical or urinary effects [Commission Regulation (EC)
No. 258/1997].

Based on the previous findings, the intake of apples alone
cannot guarantee a preventive effect on adverse cardiovascu-
lar events; however, this nutraceutical polyphenolic extract
could have a significant effect on health. This is further
outlined by the ratio of LDL-C/HDL-C in the plasma samples
of patients treated with this nutraceutical, which decreased
from 6.26 to 2.30, indicating a reduction in cardiovascular
risk, which is considered relevant if this value is around 3
(Millán et al., 2009).

In the United States, a Granny Smith apple polyphenolic
extract (Applephenon®), generally recognized as safe by the
FDA, has entered the market as a nutraceutical aimed at re-
ducing the serum cholesterol level, and at preventing obesity.
The hypocholesterolaemic effect of this product has been
documented by a randomized human placebo-controlled in-
tervention study that used different dosages. With the
maximum dose administered (1500 mg day-1), a modest re-
duction in TC (5%) and LDL-C (8%), and increase in HDL-C
increase (5%) was obtained (Nagasako-Akazome et al.,
2005). The quite large difference in the cholesterol-lowering
effect of Granny Smith- and Annurca apple-based
nutraceuticals can be attributed to the different polyphenolic
composition of the two varieties. The Annurca apple-based,
polyphenolic extract nutraceutical reduces the TC and en-
ables a correct healthy lipidic balance to be reached in the
bloodstream in favour of the ‘good’ cholesterol. Also, in con-
trast to the hydroxymethyl-glutaryl-CoA reductase inhibi-
tors, the nutraceutical made from apple polyphenolic
extract, has not been found to have any adverse effects, such
as myopathy and diabetes.
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Conclusions
Many food supplements which claim to have a cholesterol-
lowering effect are nowadays available on the market as
OTC products and are often wrongly labelled as
nutraceuticals, giving confusing information and indicating
the need for a shared regulation for these last. However, any
possible beneficial effect of nutraceuticals on hypercholester-
olaemia, either as a supporting and/or therapeutic tool,
should be always considered with regard to possible un-
wanted side effects, safety and bioavailability, especially in
non-statin tolerant patients eligible for an alternative ap-
proach to their health condition. In mild and moderate hy-
percholesterolaemia, a nutraceutical preventive approach
would be a highly desired option.

Based on the alternative approaches described for hyper-
cholesterolaemia, it can be concluded that red yeast rice, ber-
berine, dietary fibre, phytosterols, polyphenols and Annurca
apple extracts show promising clinical results and are likely
to have a beneficial effect. Nevertheless, the potential of red
yeast rice as a cholesterol lowering agent is due mainly to lov-
astatin (monacolin K), and the exact dose administered in the
commercially available products is controversial. Berberine
has a limited oral bioavailability and some unwanted adverse
effects have been reported. The Annurca apple phytocomplex
nutraceutical could conceivably be very effective in hyper-
cholesterolaemia, especially in statin non-tolerant subjects.
Notwithstanding this, a pharmacological approach, which
adopts non-statin drugs, for example ezetimibe and PCSK9
antibody treatment, represents a solid and scientifically sub-
stantiated approach to dyslipidaemic statin non-tolerant sub-
jects. Further studies are needed to completely assess the
potential of nutraceuticals for the prevention and treatment
of hypercholesterolaemia, but they represent powerful tools
to be taken into account to combat this health issue, which
is considered among the highest of health risk factors.
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