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Abstract: Atherosclerotic cardiovascular disease (ASCVD) remains the major mortality cause in de-
veloped countries with hypercholesterolaemia being one of the primary modifiable causes. Lifestyle
intervention constitutes the first step in cholesterol management and includes dietary modifications
along with the use of functional foods and supplements. Functional foods enriched with plant
sterols/stanols have become the most widely used nonprescription cholesterol-lowering approach,
despite the lack of randomized trials investigating their long-term safety and cardiovascular efficacy.
The cholesterol-lowering effect of plant-sterol supplementation is well-established and a potential
beneficial impact on other lipoproteins and glucose homeostasis has been described. Nevertheless,
experimental and human observational studies investigating the association of phytosterol supple-
mentation or circulating plant sterols with various markers of atherosclerosis and ASCVD events
have demonstrated controversial results. Compelling evidence from recent genetic studies have
also linked elevated plasma concentrations of circulating plant sterols with ASCVD presence, thus
raising concerns about the safety of phytosterol supplementation. Thus, the aim of this review is to
provide up-to-date data on the effect of plant sterols/stanols on lipid-modification and cardiovascular
outcomes, as well as to discuss any safety issues and practical concerns.

Keywords: plant sterols; plant stanols; cardiovascular disease; cholesterol; supplements; functional
foods

1. Introduction

Cardiovascular disease (CVD) is the main cause of mortality and increased socioeco-
nomic costs in developed countries [1]. It is estimated that four million deaths are caused by
CVD in Europe, which corresponds to 45% of annual deaths [1]. CVD costs the European
Union economy €210 billion, of which 53% (€111 billion) is due to healthcare costs, 26%
(€54 billion) to productivity losses, and 21% (€45 billion) to the informal care of people
with CVD [1]. Among other risk factors such as obesity, diabetes, metabolic syndrome,
smoking and hypertension, dyslipidaemia remains the primary cause of CVD [2]. Elevated
levels of cholesterol, and especially low-density lipoprotein cholesterol (LDL-C), have
been associated with an increased incidence of coronary artery disease (CAD) [2]. Based
on this evidence, therapeutic interventions aiming at LDL-C reduction in the setting of
primary and secondary cardiovascular prevention have been developed [2]. Indeed, a few
meta-analyses have confirmed that any LDL-C lowering intervention, either dietary or
pharmaceutical, effectively reduces CVD risk [3].

Dietary interventions are the initial step in all international guidelines for the manage-
ment of dyslipidaemias and cardiovascular prevention as they can reduce LDL-C levels by
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~20% and CVD risk [2]. Since the publication of the seven-country cohort, many studies
have investigated the association of individual food components or dietary patterns with
cardiovascular risk factors and CVD incidence [4]. In addition to dietary modifications,
supplements and functional foods are also recommended for cholesterol management and
their use is growing steadily [5,6]. Among these products, plant sterols and stanols have
gained attraction because of their cholesterol-lowering efficacy [7] which has also been
acknowledged by authoritative guidelines [8]. Nevertheless, evidence on their long-term
safety and efficacy in cardiovascular prevention is lacking, whereas direct access by the
public under self-prescription has been criticized and has raised concerns in the scientific
society [7,9].

In this context, the aim of the present review is to provide a thorough update on
the efficacy and safety of plant sterols/stanol supplementation in the management of
dyslipidaemias and cardiovascular prevention.

2. Materials and Methods

We searched PubMed, Scopus, and clinicaltrials.gov until January 2023 using the
following keywords: plant sterols, plant stanols, cardiovascular disease, cholesterol, supple-
ments, and functional foods. Observational studies randomized clinical trials, systematic
reviews, meta-analyses, and committees’ guidelines written in English were considered
eligible for the present work. References of eligible articles were scrutinized in case relevant
articles were not detected upon initial search.

3. Dietary Sources of Intake

The main food sources of plant sterols are vegetable oils, nuts, spreadable fats, breads,
cereals, and vegetables [10–12]. These contribute by 50–80% of the daily intake of plant
sterols, with fruits accounting for a further 12% [10–12].

In the typical Western diet, the average daily intake of plant sterols is estimated to
be up to ~300 mg, but it can be as high as 600 mg in vegetarians [10–13]. Sitosterol and
campesterol are the main ingested sterols, contributing to the daily intake of plant sterols
by ~60% and ~20%, respectively [10–12]. On the contrary, the amounts of plant stanols
in the diet are much lower and estimated up to 17–24 mg per day (mainly sitostanol
and campestanol) [14]. Cereals, especially wheat and rye, are the richest source of plant
stanols [12].

4. Biology and Mechanism of Action of Plant Sterols/Stanols
4.1. Biology

Plant sterols/stanols are bioactive compounds that have similar functions in mammals
to those of cholesterol [7]. Plant sterols are steroidal alkaloids that differ from cholesterol in
their side chain at C-24 (methyl or ethyl group) or with an additional double bond in C-22,
while plant stanols are 5α-saturated derivatives of plant sterols (Figure 1) [7].

4.2. Transport and Circulation

The rate of intestinal absorption of plant sterols/stanols is low (0.05–0.2% for sterols
and 0.04–0.2% for stanols) [14,15]. Due to low absorption and increased biliary excretion,
the concentration of plant sterols/stanols in the systemic circulation is very low (0.3–1 and
0.002–0.012 mg/dL, respectively) [16]. These levels are 500 and 10,000 times, respectively,
lower than those of the circulating cholesterol. Of note, the amount of circulating phy-
tosterols varies in the analytical settings. According to a large meta-analysis of available
observational studies investigating the association of circulating phytosterols with CVD,
the variation in the concentration of circulating phytosterols was high; the midpoints of
the first and third phytosterol tertiles were 1.3 mg/dL and 3.8 mg/dL, respectively [17].
Therefore, any comparison and reference to circulating phytosterols concentration should
be made with caution.

clinicaltrials.gov
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Figure 1. Biochemical structure of plant sterols and stanols.

The quantitative distribution of plant sterols/stanols in the various lipoproteins is
similar to that of cholesterol, with the largest proportion of those (65–70%) found in the
systemic circulation mainly inside LDL particles [7]. There are insufficient data on the
concentration of plant sterols/stanols in the various tissues. The tissue concentration in
healthy individuals is similar to that of cholesterol; the ratio of cholesterol/phytosterols in
the various tissues, ranging from 0.001 to 0.01 × 10−4, is similar or lower compared to that
in plasma, and the concentration of plant sterols/stanols varies in the various tissues [7].

4.3. Mechanism of Cholesterol Absorption Inhibition

The process of uptake of sterols and stanols from the diet until their transport into the
systemic circulation consists of three phases. The first phase involves the incorporation of
the nonwater-soluble sterols/stanols into the micelles which is necessary for their transport
to the apical membrane of the enterocytes [14,18]. This solubilization step is crucial for
the transport of sterols/stanols inside the enterocytes and subsequent secretion into the
systemic circulation [14,18]. The second phase involves the entry of cholesterol and other
sterols/stanols into the enterocyte via a transporter protein called Niemann–Pick C1-Like 1
(NPC1L1) [19]. Inside the enterocytes, sterols are subjected to various processes depending
on their chemical structure that constitute the third phase of intestinal administration of
sterols/stanols [20,21]. Specifically, cholesterol is mostly esterified through the enzyme
acetyl-CoA acetyltransferase 2 (ACAT2) [20,21]. On the contrary, a very small proportion of
plant sterols follow a similar pathway, with the majority returning to the intestinal lumen via
the ABCG5/ABCG8 transporters [22]. Cholesterol esters, and a much smaller proportion
of plant sterols, are incorporated into the chylomicrons which enter the lymphatic system
and, later, the systemic circulation [14].

The main putative mechanism of cholesterol reduction through the consumption of
plant sterols/stanols is the inhibition of cholesterol absorption from the intestinal lumen
through competition for the first phase, i.e., the solubilization [23]. This theory was initially
based on an animal study showing that the intragastric administration of a single emulsified
lipid meal containing 25 mg of either sitosterol or fucosterol resulted in lower lymphatic
cholesterol absorption in comparison to the administration of 25 mg [3H]cholesterol (41% vs.
57%, respectively) [24]. Considering the mean daily consumption of fat (44–78 g) and the ap-
proximately 100-fold less intake of total sterols it would be difficult to explain the inhibitory
effect of phytosterols with the solubility hypothesis alone. Indeed, plant sterols/stanols
have been found to directly interact with other pathways involved in cholesterol homeosta-
sis and mostly with the faecal-neutral sterol excretion known as transintestinal cholesterol
efflux (TICE) [25–28]. Specifically, after incorporating into the intestinal epithelial cells via
NPC1L1, plant sterols prevent cholesteryl esters (CE) translocation and esterification by sup-
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pressing annexin 2/caveolin 1 (ANXA2–CAV1) and ACAT2, respectively [29]. Phytosterols
prevent de novo synthesis of cholesterol by downregulating hydroxymethylglutaryl-CoA
(HMG-CoA) reductase and sterol C24-reductase gene expression in the intestine, as well as
CE from incorporating into chylomicrons by suppressing microsomal TG transfer protein
(MTP) [29]. In the hepatocyte, plant sterols upregulate bile acid synthesis and escalate
cholesterol flux through the biliary excretion pathway, whereas the downregulation of the
MTP hepatic expression results in the decreased secretion of very-low-density lipoproteins
(VLDL) [29]. The upregulation of LDL receptor/LDL-related protein (LDLr/Lrp) by plant
sterols also increases cholesterol excretion through the nonbiliary TICE pathway via the
ABCG5/G8 and other unknown transporters [29]. Finally, it has been also suggested that
phytosterols disrupt cholesterol homeostasis by affecting sterol regulatory element-binding
protein (SREBP)-2 processing and liver X receptor (LXR) regulatory pathways [25].

5. Effect of Plant Sterols/Stanols on CVD Risk Factors

Accumulating evidence has established the cholesterol-lowering effect of plant-sterol
supplementation (~2 gr daily consumption) and also a potential beneficial impact on other
lipoproteins and glucose homeostasis has been described (Figure 2).
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Figure 2. Effect of phytosterol/phytostanol enriched foods on lipids and glucose homeostasis. LDL,
low-density lipoprotein; VLDL, very low-density lipoprotein; HDL, high-density lipoprotein; B100,
Apolipoprotein B100; C, Apolipoprotein C; E, Apolipoprotein E; A1, Apolipoprotein A1.

5.1. Effect on Cholesterol

There is conflicting data regarding the effect of the plant sterols/stanols from natural
dietary sources on LDL-C levels. Large epidemiological studies have shown that the
dietary intake of plant sterols/stanols is inversely related to LDL-C levels [10,30]. Others
have demonstrated that a higher intake of plant sterols/stanols (449 mg/2000 kcal) had
the same effect on healthy individuals’ cholesterol levels compared to those consuming
smaller amounts (126 mg/2000 kcal) [31]. Even if increasing the consumption of plant
sterols/stanols from natural sources has a mild cholesterol-lowering effect, excluding plant
sterols/stanols from the diet has been linked to an increase in LDL-C [32].

In contrast to the consumption of plant sterols/stanols from natural dietary sources,
studies have shown that the fortification of foods with plant sterols/stanols is associated
with effective LDL-C reduction [33]. The LDL-C lowering effect of plant sterols/stanol
supplementation has been confirmed in several meta-analyses, including a large number of
randomized, placebo-controlled clinical trials which investigated the relationship between
the dose of plants sterols/stanols and their efficacy, as well as the impact of the food format
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of phytosterols [34–37]. A recent meta-analysis of 124 randomized placebo-controlled
trials including 9600 adults showed that the average intake of plant sterols/stanols was
2.1 g/day (range 0.2–9.0 g/day) and, overall, a consistent dose–response relationship for
LDL-C lowering by 6–12% with intakes of 0.6–3.3 g/day was found [37]. In children, studies
have shown that consumption of foods enriched with plant sterols/stanols (1.5–3.0 g daily)
reduces LDL-C levels by 5–19% [7]. Supplementation with phytosterols and phytostanols
lowers LDL-C regardless of the baseline levels, as is the case of individuals with familial
hypercholesterolaemia (FH) [38]. According to a recent meta-analysis, the combination of
plant-stanol supplementation with a cholesterol-lowering diet decreased total cholesterol
(mean difference, MD: −0.62 mmol/L, 95% confidence intervals, CI: −1.13, −0.11) and
LDL-C (MD: −0.58 mmol/L, 95% CI: −1.08, −0.09) in FH individuals when compared
with a cholesterol-lowering diet alone [38]. The same was noted for the supplementation
with plant sterols (MD: −0.46 mmol/L, 95% CI: −0.76, −0.17, for cholesterol and MD:
−0.45 mmol/L, 95% CI: −0.74, −0.16, for LDL-C) [38].

At intakes higher than 3 g/day, there is a tapering-off effect for the LDL-C-lowering
effect of phytosterols and phytostanols as the inhibition of cholesterol absorption seems
to be a saturable process [39]. However, due to the limited number of clinical trials with
intakes >4 g/day, it remains speculative whether the dose–response relationship would
continue and whether efficacy would differ between phytosterols and phytostanols at
higher intakes [40]. On the other hand, both plant sterols and stanols have a similar LDL-C
lowering effect at intakes ≤ 3.3 g/day with no safety issues noted [40].

Phytosterols and phytostanols supplementations are effective in various types of food
formats such as fat-based foods such as margarines, spreads, and dairy-type foods (yo-
ghurt, milk), as well as in dietary supplements including capsules and tablets [36,41]. There
is no difference in the efficacy between free and esterified plant sterols/stanols [36,41],
nor does the choice of dietary fatty acid used for esterification or the source of plant
sterols/stanols seem to have a meaningful impact on LDL-C lowering efficacy [42]. In com-
parison with multiple daily intakes, a once-a-day intake, especially with a light breakfast in
the morning, seems less potent in lowering LDL-C [36,41,43]. The consumption of plant
sterols/stanols with a meal, instead of fasting conditions, along with the fat content of a
meal, are critical factors for the LDL-C efficacy of enriched foods and supplements with
plant sterols/stanols [44].

A single-centre, prospective, randomized, single-blind clinical trial including 190 adults
at high CVD risk with hypercholesterolaemia (LDL-C 70–189 mg/dL) recently compared
the lipid-lowering and anti-inflammatory effects of a low-dose statin (i.e., rosuvastatin
5 mg) with a placebo and six common supplements, including plant sterols/stanols [45].
A higher LDL-C reduction was noted in patients treated with rosuvastatin 5 mg (n = 25)
compared with those taking 1.6 g plant sterols (n = 25) (MD: 33.5%, 95% CI: 27.4, 39.6,
p < 0.001). Of note, the supplementation with plant sterols had no effect on participants’
LDL-C levels (MD: −1.7%, 95% CI: −7.9, 4.4) [45].

5.2. Effect on Other Lipid Fractions

In contrast to hypercholesterolaemia, few studies have investigated the effect of
plant sterol/stanol supplementation in patients with atherogenic dyslipidaemia. Sparse
evidence have suggested that a daily consumption of 1.5–2 g/day of plant sterols/stanols
reduces triglycerides by 6–20% and increase high-density lipoprotein cholesterol (HDL-C)
by 5–11%, but mainly in individuals with atherogenic dyslipidemia [46]. Nevertheless, a
recent network meta-analysis of 131 trials on the comparative effect of nutraceuticals on
the lipid profiles of 13,062 adults has not shown any significant effect of plant sterol/stanol
supplementation either on triglycerides (MD: −0.11 mmol/L, 95% CI: −0.28, 0.06) or on
HDL-C (MD: 0.04 mmol/L, 95% CI: −0.03, 011) [47].

Regarding apolipoproteins, studies have shown that the intake of foods enriched with
plant sterols/stanols reduces apolipoprotein B, but does not affect the levels of apolipopro-
tein A-I [46]. Regarding lipoprotein (a), a meta-analysis including 7 studies with 363 partic-
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ipants has recently revealed a statistically, but not clinically significant, reduction following
phytosterol supplementation (MD: −0.025 mg/dL, 95% CI: −0.045, −0.004) [48].

5.3. Effect on Glucose Metabolism

Over the last decade, emerging evidence supports the theory that supplementation
with phytosterols and phytostanols has a hypoglycemic effect. Experimental studies
have shown that oral administration of ß-sitosterol in hyperglycemic rats decreased their
glucose and insulin levels [49]. The proposed pathophysiological mechanism involves
the mediation of the uptake of glucose by the adenine monophosphate-activated protein
kinase (AMPK) [50]. Randomized trials in humans have confirmed the beneficial, but
not clinically significant effect of food enrichment with plant sterols/stanols on glucose
metabolism. Specifically, a recent meta-analysis including 20 randomized clinical trials
with 1306 adults has shown that the supplementation with phytosterols decreases insulin
levels (MD: −6.426 µU/mL, 95% CI: −7.187, −5.665) [51]. Moreover, significant changes in
fasting plasma glucose levels (MD: −1.942 mg/dL, 95% CI: −3.637, −0.246) and glycated
hemoglobulin (MD: −0.059%, 95% CI: −0.114, −0.004) were recorded in those receiving
1–2 g of phytosterols [51].

6. Effect of Plant Sterols/Stanols on Atherosclerosis and CVD Clinical Outcomes
6.1. Effect of Plant Sterols/Stanols on Atherosclerosis in Animal Studies

Animal studies have demonstrated controversial results regarding the effect of diet
supplementation with phytosterols on atherosclerosis (Table 1).

Table 1. Effect of plant sterols on atherosclerosis and cardiovascular disease.

Study Design Findings

Animal studies

• Phytosterol administration reduced the formation of new atherosclerotic lesions in apolipoprotein E
−/− mice [52,53]

• Phytosterol administration retarded plaque formation in apolipoprotein E −/− mice [54]
• Phytosterol administration improved aortic function in hamsters fed with a high-cholesterol diet [55]
• Diet supplemented with phytosterols impaired endothelium-dependent vasodilation in

apolipoprotein E −/− mice [56]
• Phytosterol administration increased cerebral lesion size after middle-cerebral artery occlusion in

apolipoprotein E −/− mice [56]
• Larger atherosclerotic plaques in mice fed with plant sterols compared to ezetimibe [56]
• Levels of circulating phytosterols were associated with the progression of atherosclerosis [56]

Human
observational studies

• Phytosterol consumption reduced brachial artery diameter in patients with
hypercholesterolesterolemia [57]

• Diet supplementation with phytosterols had no effect on flow-mediated dilation [58]
• Phytosterol consumption had no benefit on coagulation, platelet adhesion, oxidative stress, and

inflammation [59–61]
• Patients with sitosterolaemia have extremely elevated levels of circulating phytosterols and present

with premature atherosclerotic CVD [62,63]
• Some epidemiological and case–control studies show an association between circulating phytosterols

and increased CVD risk [64–71]
• Other observational studies report no correlation or decreased CVD risk with increased plasma

concentrations of phytosterols [72,73]
• The largest meta-analysis including 17 observational studies (n = 11,182) demonstrated no significant

association of circulating campesterol with CVD [17]
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Table 1. Cont.

Study Design Findings

Human genetic
studies

• NPC1L1 inactivating mutations were associated with a 53% relative CAD risk reduction [74]
• ABCG8 and ABO alleles associated with elevated circulating phytosterol levels displayed significant

associations with the presence of CAD [75]
• A genetic-risk score of ABCG5/8 variants predicting 1 mmol/L increase in non-HDL-C was

associated with a two-fold increase in CAD risk compared with a 54% increase in CAD risk associated
with a score of other non-ABCG5/8 variants [76]

Randomized trials
• To date, there are no randomized placebo-controlled trials to investigate the impact of phytosterol

supplementation on major cardiovascular events

CVD, cardiovascular disease; CAD, coronary artery disease; ABCG5/8, ATP-binding cassette transporters G5 and
G8; NPC1L1, Niemann-Pick C1-Like; ABO, blood group; non-HDL-C, non-high-density lipoprotein cholesterol.

Phytosterol administration (1–2% wt/wt) reduced the formation or retarded the pro-
gression of atherosclerotic lesions in apolipoprotein E deficient mice [52–54] and improved
aortic function in hamsters fed with a high-cholesterol diet [55]. In these studies, they used
phytosterol mixtures containing 69% β-sitosterol, 16–87.6% sitostanol, 15% campesterol,
and 9.5–30.1% campestanol [52–55]. On the other hand, a diet supplemented with 2%
phytosterols impaired endothelium-dependent vasodilation and increased cerebral lesion
size after middle-cerebral artery occlusion in apolipoprotein E −/− rodents [56]. Of note,
sterol supplementation was designed to reflect the composition of commercially available
spreads in that study (46.2% sitosterol, 2.3% sitostanol, 25.3% campesterol, 0.6% campes-
tanol, 19.1% stigmasterol, 1.2% brassicasterol, and 4.9% other plant sterols) [56]. It should
be mentioned that in this animal model, plasma cholesterol concentration did not change
during treatment, whereas the dose consumed by mice in this experiment, when expressed
per kilogram of body weight, was about 100-fold higher compared with the typical human
consumption. After comparing ezetimibe with plant sterols, several-fold increased plasma
levels of plant sterols and two- to four-fold larger atherosclerotic plaques were observed
in mice fed the plant sterols [56]. Furthermore, the plasma concentration of plant sterols
was strongly correlated with atherosclerotic lesions [56]. Of note, the results of this study
should be interpreted under the scope of the comparison between an effective cholesterol-
lowering drug and a dietary intervention with phytosterol supplementation, as well as the
additional pleiotropic effects of ezetimibe that are unrelated to cholesterol reduction and
might be involved in the potentiation of atherosclerotic plaque regression [77]. Although
little is known about the atherogenicity of oxidized plant sterols (oxyphytosterols), another
study showed that the supplementation with oxyphytosterols (0.025% wt/wt) increased the
proportion of severe atherosclerotic lesions in LDL receptor-deficient (LDLR+/−) mice [78].

6.2. Effect of Plant Sterols/Stanols on Atherosclerosis in Human Studies

There is insufficient data regarding the effect of plant sterol/stanol supplementation
on the human endothelium (Table 1). Although one study showed that a daily supple-
mentation with 1.93–1.98 g plant sterols/stanols reduced the diameter of the brachial
artery [57], others have shown a neutral effect with a similar daily dose (2 g/d) on other
markers of endothelial function, such as flow-mediated dilatation and carotid intima media
thickness [58,79]. Of note, the short follow-up, and the inclusion of subjects with normal
endothelial function, were limitations of these studies.

Other studies have shown no benefit of plant sterol/stanol supplementation on coagulation
and platelet adhesion, as well as various markers of oxidative stress and inflammation [59–61].
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6.3. Effect of Plant Sterols/Stanols on Cardiovascular Events
6.3.1. Randomized Trials

To date, there are no randomized placebo-controlled trials to investigate the impact of
phytosterol supplementation on hard cardiovascular outcomes (Table 1). Cardiovascular
outcome trials investigating foods fortified with plant sterols/stanols in individuals at low
or moderate CVD risk are not feasible, given the sample size (n > 50,000) required for ade-
quate statistical power [2,7]. Moreover, it would be difficult to demonstrate the unequivocal,
but relatively small, additional LDL-C lowering effect of plant sterol/stanol supplemen-
tation in a clinical trial of optimally treated high cardiovascular-risk patients, even in the
case of 25–30,000 participants [2,7]. On the contrary, a few studies have investigated the
association of circulating plant sterols/stanols and related diseases with CVD.

6.3.2. Observational Studies

Sitosterolaemia or phytosterolaemia is a rare autosomal recessive lipid disorder charac-
terized by premature CVD and markedly elevated plant-sterol concentrations in the blood
due to increased intestinal absorption and decreased biliary secretion [62,63]. This happens
due to homozygous or compound heterozygous loss-of-function mutations in ABCG5 and
ABCG8 genes which normally limit the intestinal absorption of plant sterols/stanols [62,63].
The prevalence of homozygous/compound heterozygous sitosterolaemia in the general
population is estimated up to 1 in 200,000 and serum sitosterol concentrations are usually
>1 mg/dL (10 µg/mL) in these patients [63]. Although plasma total cholesterol and LDL-C
levels are usually normal or modestly elevated [14], severe hypercholesterolaemia can also
be noticed [63,80]. Patients with sitosterolaemia usually present with cutaneous or tendon
xanthomas and mostly with premature atherosclerotic CVD, but they may also manifest
with macrothrombocytopaenia leading to severe bleeding episodes as well as splenomegaly
and haemolytic anaemia [63,81].

Apart from the rare cases of sitosterolaemia, the association between circulating levels
of plant sterols/stanols and CVD risk in the general population has also been investigated
(Table 1). A few studies have linked high concentrations of circulating phytosterols with
prevalent CVD, but others have found a neutral effect [17,64–70,72,73]. Most recent data
indicate a positive association with increased cholesterol absorption, as expressed by the
campesterol/cholesterol ratio, with the risk of in-stent restenosis in 59 patients with stable
coronary artery disease [71]. Another cross-sectional study has recently shown a posi-
tive association of carotid intima-media thickness with serum campesterol concentrations
(odds ratio, OR: 1.71, 95% CI: 1.04, 2.82, p < 0.05) and an inverse association between both
lathosterol/campesterol (OR: 0.29, 95% CI: 0.11, 1.80, p < 0.05) and lathosterol/sitosterol
(OR: 0.45, 95% CI: 0.22, 0.95, p < 0.05) ratios in 270 asymptomatic individuals [82]. For
the interpretation of these results, one should keep in mind that campesterol and the in-
vestigated ratios are markers of cholesterol absorption efficiency. In addition, there are
certain limitations that should be considered in all past studies investigating the associ-
ation between circulating phytosterols and CVD risk, such as differences in sample size,
design, the source and the cause of elevated circulating phytosterols, the methods of their
measurement in plasma, as well as lack of adjustment for confounding factors, prevalence
of other cardiometabolic diseases, the ABCG5/8 phenotype, and the dietary intake of plant
sterols. A large meta-analysis including 17 studies (cohorts, parallel- or cross-over tri-
als, and cross-sectional/case–control/nested case–control studies) with 11,182 individuals
demonstrated no significant association of circulating campesterol (relative risk, RR: 1.02,
95% CI: 0.94–1.09) and sitosterol (RR: 1.06, 95% CI: 0.84–1.34) with the presence of CVD,
although the possibility of an accumulation of plant sterols/stanols in vascular cells due
to the increase in their circulating concentrations could not be excluded [17]. Among the
included studies, plant-sterol concentrations varied substantially; sitosterol concentration
ranged 0.15–0.35 mg/dL, and campesterol 0.25–0.64 mg/dL, respectively [17]. Of note,
observational cohorts do not provide a causality and are susceptible to several confounding
factors that might have not been considered in their analysis.
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6.3.3. Genetic Studies

Genetic studies have demonstrated that mutations leading to increased intestinal
absorption of plant sterols/stanols are associated with increased CVD risk (Table 1). Ac-
cording to a large meta-analysis of 11 different studies comprising over 13,000 cases with
CAD and controls, ABCG8 and ABO alleles associated with elevated circulating phytosterol
levels displayed significant associations with the presence of CAD (rs4245791, OR: 1.10,
95% CI: 1.06, 1.14; rs657152, OR: 1.13, 95% CI: 1.07, 1.19) [75]. On the other hand, ABCG8
associated with reduced circulating phytosterol levels were associated with reduced risk of
CAD presence (rs41360247, OR: 0.84, 95% CI: 0.78, 0.91) [75]. Despite the advantages of
genome-wide association studies, they do not necessarily establish a causal relationship.
Of relevance, circulating phytosterols are used to measure cholesterol intestinal absorption
efficiency [83]. In addition, the investigated risk alleles in ABCG8 and ABO have been
found to correlate not only with higher circulating phytosterol concentration but also with
total and LDL-C levels [84,85]. Hence, the association between these variants and the
presence of CAD could be attributed to the atherogenic effect of the elevated cholesterol
and LDL-C levels in high cholesterol absorbers. Another genome-wide study, including se-
quence data of 91,002 participants, showed that carriers of NPC1L1 inactivating mutations,
resulting in LDL-C reduction by ~12 mg/dL, were associated with a 53% relative CAD risk
reduction [74]. Based on this evidence, the genetic inhibition of NPC1L1 was speculated to
lower CVD risk by also reducing phytosterol absorption [74]. A recent study examined the
effects of ABCG5/8 and NPC1L1 variants on nonhigh-density lipoprotein cholesterol (non-
HDL-C) (n = 610,532) and circulating phytosterol levels (n = 3039), as well as CAD risk in
individuals of European origin from Iceland, Denmark, and the UK Biobank (105,490 cases
and 844,025 controls) [76]. Nine rare ABCG5/8 coding variants with substantial impact
on non-HDL-C and circulating phytosterols were found; stigmasterol concentration was
2.85 and 2.68 standard deviation units higher than the mean in homozygous or compound
heterozygous carriers [76]. Carriers of these variants were at increased risk of CAD [76]. A
genetic-risk score of ABCG5/8 variants predicting 1 mmol/L increase in non-HDL-C was
associated with a two-fold increase in CAD risk (OR: 2.01, 95% CI: 1.75, 2.31) compared
with a 54% increase in CAD risk (OR: 1.54, 95% CI: 1.49, 1.59) associated with a score
of other variants in genes expect for ABCG5/8 (such as apolipoprotein B, 3-hydroxy-3-
methyl-glutaryl-coenzyme A reductase -reductase, proprotein convertase subtilisin/kexin
type 9, and LDL receptor) predicting the same increase in non-HDL-C [76]. Based on
these results the authors suggested that non-HDL-C could only explain around 62% of
the CAD risk inferred from the effect of variants in the genomic risk score of ABCG5/8,
whereas the remaining 38% should be attributed to other mechanisms [76]. Considering
the relationship between ABCG5/G8 variants and circulating phytosterol levels, elevated
circulating phytosterol levels might be a plausible explanation for the excess CAD risk [26].
On the other hand, these findings should be interpreted under the scope of certain limi-
tations [86]. First, the association of the investigated genotypes with plasma cholesterol
and phytosterol levels were expressed as per standard deviation units instead of absolute
serum concentrations. Only by showing the differences in absolute circulating phytosterol
levels between the genotypes, it would be possible to interpret the clinical relevance of the
20–30% increase in serum phytosterol concentrations caused by the consumption of foods
enriched with phytosterols [7]. Of note, circulating phytosterol levels far exceed the normal
range in individuals with sitosterolaemia who are frequently diagnosed with premature
atherosclerotic CVD [62,63,87]. Furthermore, the authors focused only on campesterol,
sitosterol, and stigmasterol. Considering that serum cholestanol is used to measure in-
testinal cholesterol absorption efficiency, if the relevant data were available and showed
that cholestanol resulted in the same conclusion, it would be possible that the excess CAD
risk noted in that study could be related to cholesterol absorption itself and not to the
circulating phytosterols.
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7. Clinical Implications and Practical Issues
7.1. Official Scientific Guidelines

The most recent guidelines of the European Society of Cardiology/European Atheroscle-
rosis Society, endorse the use of functional foods enriched with plant sterols/stanols
(≥2 g/day with the main meal) (i) in individuals with high cholesterol levels at inter-
mediate or low CVD risk who do not qualify for pharmacotherapy, (ii) as an adjunct to
pharmacological therapy in high- and very-high-risk patients who fail to achieve LDL-C
goals on statins or are statin intolerant, and (iii) in adults and children (aged > 6 years) with
familial hypercholesterolaemia [2]. Of note, these guidelines were published before the
conduct of the genetic studies linking genetic susceptibility to the high absorption of certain
phytosterols (i.e., sitosterol, campesterol, stigmasterol, and brassicasterol) with the risk
of CAD and, thus, raising concerns about the safety of phytosterols [74–76]. Considering
the fact that food supplementation includes a mixture of various phytosterol/stanols at
different concentrations [88] and the limitations of these studies, the harmful effects of phy-
tosterol supplementation cannot be concluded yet. Ultimately, future studies are needed
to further investigate whether the relatively small increase in the plasma concentration of
circulating phytosterols induced by dietary supplementation attenuates atherosclerosis and
increases CVD risk. Until then, physicians should speculate on the controversial evidence
on the association between plant-sterol supplementation and atherosclerosis as well as
its modest cholesterol-lowering potency. In this regard, consumption of foods enriched
with plant sterols/stanols can be recommended in individuals with hypercholesterolaemia
not qualifying for lipid-lowering therapy, where their cholesterol-lowering effect and the
associated cardiovascular benefit is expected to exceed any adverse risks. Physicians should
also remain vigilant about overconsumption and remind their patients that phytosterols
should not replace lipid-lowering drugs.

It is important to note though that phytosterol supplementation is contraindicated
in the rare case of patients with sitosterolaemia [2,63]. Although familial sitosterolaemia
is traditionally considered as a recessive disorder, increased sitosterol and LDL-C levels,
along with elevated CAD risk, have been also described in heterozygous carriers of a loss-
of-function variant in ABCG5/8 [89]. Thus, this evidence also raises concerns for the latter
group for whom phytrosterols/phytostanols supplementation could lead to adverse events.

7.2. Data on Consumption of Foods Enriched with Plant Sterols/Stanols

Data on phytosterol consumption in the community mainly derives from studies
conducted in the past decades aiming to assess potential risks deriving from the overcon-
sumption of foods with added plant sterols and stanols. A large postlaunch monitoring
(PLM) survey, conducted in 2011 in five European countries (The Netherlands, Belgium,
UK, France, and Germany), collected data on consumer purchases of foods with added
plant sterols using large household panels (5000–30,0000 per country, 91,000 in total) [90].
Households being consumers of such products constituted 12.7% of the population [90],
in accordance with earlier estimations reported by EFSA (10–15%) [91]. However, the
consumption of plant sterols/stanols is not the same for all family members, i.e., children.
The PLM survey reported a small proportion (2.5–6.4%) of households with children under
5 years buying enriched foods with plant sterols; children consumed a much smaller total
volume of these products [90]. Although the proportion of children consuming these
products is generally estimated to be low, sparse evidence supports the opposite; for in-
stance, 21% of preschool children were characterized as consumers in a Belgian survey [92].
Interestingly, the 2011 PLM survey estimated the average intake of plant sterols to be
0.35–0.86 g/day (range among countries), while the Netherlands presented a higher intake
of >3 g/day [90]. Even though average intake has been reported to be somehow greater in
other studies [91,93], overall data show that overconsumption is rather unlikely.
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7.3. Safety Issues and Concerns

Data on the safety of plant-sterol supplementation derived from long-term clinical
trials do not exist [7]. However, evidence from postlaunch monitoring has raised no
major concerns about the overconsumption of foods with added plant sterols [7,90]. In
addition to the potential proatherogenic effects, there are other safety concerns regarding
phytosterol consumption. First, a recurring observation in a few studies concerns the
interference of phytosterols with the absorption of fat-soluble vitamins and mostly for the
highly lipophilic hydrocarbon carotenoids (beta-carotene, alpha-carotene, and lycopene),
probably via the suppression of intestinal absorption [94,95]. However, any decline in fat-
soluble vitamin levels induced by plant sterol/stanol intakes can be mediated by increasing
the consumption of fruits and vegetables [94,95]. Although cancer was among the initial
areas of concern surrounding phytosterol consumption [7], experimental models and
observational studies support a potential protective role of plant sterols/stanols against
certain types of cancer [95–97]. Indeed, an ongoing randomized trial with a cross-over
design (plant sterol intervention for cancer prevention, PINC) will test whether phytosterols
alter the ability of noncancer cells (adipocytes, fibroblasts, and macrophages) collected
from hypercholesterolemic volunteers to change chemotherapy response and metastatic
process in breast cancer cells [98].

As far as the safety of coadministration of plant sterols/stanols with other lipid-
lowering drugs is concerned, the additional ~10% LDL-C reduction appears to be main-
tained with statins, ezetimibe, and fibrates [79]. However, there is limited evidence about
bile acid sequestrants and the coadministration with plant sterols is not recommended as
they reduce their absorption [79]. In any case, maximum synergistic effects can be achieved
if plant sterols are coadministrated with drugs or other supplements that target different
mechanisms of LDL-C lowering than cholesterol absorption.

8. Conclusions

Current guidelines recommend plant sterols and plant stanols in the amount of approx-
imately 2 g/day with the goal of reducing LDL-C by approximately 10% in combination
with dietary changes. Despite their undoubtable cholesterol-lowering effect, past experi-
mental and human studies have demonstrated controversial results regarding the effect
of phytosterol consumption on various markers of atherosclerosis. Compelling evidence
from recent genetic studies have linked elevated plasma concentrations of circulating plant
sterols with CVD presence, thus raising concerns about the safety of phytosterol supple-
mentation. Considering the lack of, and the inability to design, randomized clinical trials
addressing cardiovascular efficacy and safety, future studies could clarify whether the
relatively small increase in the plasma concentration of circulating phytosterols induced
by phytosterol-enriched food attenuates atherosclerosis and increases CVD risk. In the
meantime, both physicians and consumers should keep in mind that this recommendation
might be applied to individuals with hypercholesterolaemia who are expected to have a
cardiovascular benefit, but also that the daily intake must not exceed the recommended
dose. Finally, plant sterols/stanols should not be viewed as a substitute for much more
effective and evidence-based cholesterol-lowering therapies, especially in individuals at
high CVD risk.

Author Contributions: Conceptualization, F.B., E.B. and M.D.K.; methodology, T.N., D.P., E.L. and
M.D.K.; writing—original draft preparation, F.B. and E.B.; writing—review and editing, T.N., D.P.,
E.L. and M.D.K. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: E.B., T.Z., D.P. and M.D.K. declare no conflict of interest. F.B. has received
honoraria from Amgen, Novartis, Novo Nordisk, and Viatris, not related to the present work. E.L.
reports personal fees and nonfinancial support from Amgen, personal fees from Servier, personal
fees from Boehringer-Ingelheim, personal fees and nonfinancial support from AstraZeneca, personal



Nutrients 2023, 15, 2845 12 of 16

fees from MSD, personal fees from Lilly, personal fees and nonfinancial support from Bayer, personal
fees from Novartis, and personal fees from Chiesi, not related with the present work.

References
1. Timmis, A.; Vardas, P.; Townsend, N.; Torbica, A.; Katus, H.; De Smedt, D.; Gale, C.P.; Maggioni, A.P.; Petersen, S.E.; Huculeci, R.;

et al. European Society of Cardiology: Cardiovascular disease statistics 2021. Eur. Heart J. 2022, 43, 716–799. [CrossRef]
2. Mach, F.; Baigent, C.; Catapano, A.L.; Koskinas, K.C.; Casula, M.; Badimon, L.; Chapman, M.J.; De Backer, G.G.; Delgado, V.;

Ference, B.A.; et al. 2019 ESC/EAS Guidelines for the management of dyslipidaemias: Lipid modification to reduce cardiovascular
risk. Eur. Heart J. 2020, 41, 111–188. [CrossRef]

3. Silverman, M.G.; Ference, B.A.; Im, K.; Wiviott, S.D.; Giugliano, R.P.; Grundy, S.M.; Braunwald, E.; Sabatine, M.S. Association
Between Lowering LDL-C and Cardiovascular Risk Reduction Among Different Therapeutic Interventions: A Systematic Review
and Meta-analysis. JAMA 2016, 316, 1289–1297. [CrossRef]

4. Ma, C.; Avenell, A.; Bolland, M.; Hudson, J.; Stewart, F.; Robertson, C.; Sharma, P.; Fraser, C.; MacLennan, G. Effects of weight
loss interventions for adults who are obese on mortality, cardiovascular disease, and cancer: Systematic review and meta-analysis.
BMJ 2017, 359, j4849. [CrossRef]

5. Baumgartner, S.; Bruckert, E.; Gallo, A.; Plat, J. The position of functional foods and supplements with a serum LDL-C lowering
effect in the spectrum ranging from universal to care-related CVD risk management. Atherosclerosis 2020, 311, 116–123. [CrossRef]
[PubMed]

6. Cicero, A.F.G.; Fogacci, F.; Stoian, A.P.; Vrablik, M.; Al Rasadi, K.; Banach, M.; Toth, P.P.; Rizzo, M. Nutraceuticals in the
Management of Dyslipidemia: Which, When, and for Whom? Could Nutraceuticals Help Low-Risk Individuals with Non-
optimal Lipid Levels? Curr. Atheroscler Rep. 2021, 23, 57. [CrossRef] [PubMed]

7. Gylling, H.; Plat, J.; Turley, S.; Ginsberg, H.N.; Ellegard, L.; Jessup, W.; Jones, P.J.; Lutjohann, D.; Maerz, W.; Masana, L.; et al.
Plant sterols and plant stanols in the management of dyslipidaemia and prevention of cardiovascular disease. Atherosclerosis 2014,
232, 346–360. [CrossRef] [PubMed]

8. Agostoni, C.; Bresson, J.-L.; Fairweather-Tait, S.; Flynn, A.; Golly, I.; Korhonen, H.; Lagiou, P.; Løvik, M.; Marchelli, R.; Martin,
A.; et al. Scientific Opinion on the substantiation of a health claim related to 3 g/day plant sterols/stanols and lowering blood
LDL-cholesterol and reduced risk of (coronary) heart disease pursuant to Article 19 of Regulation (EC) No 1924/2006. EFSA J.
2012, 10, 2693.

9. Makhmudova, U.; Schulze, P.C.; Lutjohann, D.; Weingartner, O. Phytosterols and Cardiovascular Disease. Curr. Atheroscler. Rep.
2021, 23, 68. [CrossRef] [PubMed]

10. Andersson, S.W.; Skinner, J.; Ellegard, L.; Welch, A.A.; Bingham, S.; Mulligan, A.; Andersson, H.; Khaw, K.T. Intake of dietary
plant sterols is inversely related to serum cholesterol concentration in men and women in the EPIC Norfolk population: A
cross-sectional study. Eur. J. Clin. Nutr. 2004, 58, 1378–1385. [CrossRef]

11. Valsta, L.M.; Lemstrom, A.; Ovaskainen, M.L.; Lampi, A.M.; Toivo, J.; Korhonen, T.; Piironen, V. Estimation of plant sterol and
cholesterol intake in Finland: Quality of new values and their effect on intake. Br. J. Nutr. 2004, 92, 671–678. [CrossRef]

12. Piironen, V.; Lampi, A.-M. Occurrence and levels of phytosterols in foods. In Phytosterols as Functional Food Components and
Nutraceuticals; CRC Press: Boca Raton, FL, USA, 2004; pp. 1–32.

13. Vuoristo, M.; Miettinen, T.A. Absorption, metabolism, and serum concentrations of cholesterol in vegetarians: Effects of cholesterol
feeding. Am. J. Clin. Nutr. 1994, 59, 1325–1331. [CrossRef] [PubMed]

14. Ostlund, R.E., Jr. Phytosterols and cholesterol metabolism. Curr. Opin. Lipidol. 2004, 15, 37–41. [CrossRef] [PubMed]
15. Ostlund, R.E., Jr.; McGill, J.B.; Zeng, C.M.; Covey, D.F.; Stearns, J.; Stenson, W.F.; Spilburg, C.A. Gastrointestinal absorption and

plasma kinetics of soy Delta(5)-phytosterols and phytostanols in humans. Am. J. Physiol. Endocrinol. Metab. 2002, 282, E911–E916.
[CrossRef]

16. Björkhem, I.; Boberg, K.M.; Leitersdorf, E. Inborn errors in bile acid biosynthesis and storage of sterols other than cholesterol. In
The Metabolic and Molecular Bases of Inherited Disease, 8th ed.; Scriver, C.R., Beaudet, A.L., Sly, W.S., Valle, D., Eds.; McGraw-Hill:
New York, NY, USA, 2001; pp. 2961–2988.

17. Genser, B.; Silbernagel, G.; De Backer, G.; Bruckert, E.; Carmena, R.; Chapman, M.J.; Deanfield, J.; Descamps, O.S.; Rietzschel, E.R.;
Dias, K.C.; et al. Plant sterols and cardiovascular disease: A systematic review and meta-analysis. Eur. Heart J. 2012, 33, 444–451.
[CrossRef] [PubMed]

18. Wang, D.Q. Regulation of intestinal cholesterol absorption. Ann. Rev. Physiol. 2007, 69, 221–248. [CrossRef]
19. Turley, S.D. The role of Niemann-Pick C1—Like 1 (NPC1L1) in intestinal sterol absorption. J. Clin. Lipidol. 2008, 2, S20–S28.

[CrossRef]
20. Nguyen, T.M.; Sawyer, J.K.; Kelley, K.L.; Davis, M.A.; Rudel, L.L. Cholesterol esterification by ACAT2 is essential for efficient

intestinal cholesterol absorption: Evidence from thoracic lymph duct cannulation. J. Lipid Res. 2012, 53, 95–104. [CrossRef]
21. Gylling, H.K.; Hallikainen, M.; Vidgren, H.; Agren, J.; Miettinen, T.A. Ester percentages of plant sterols and cholesterol in

chylomicrons and VLDL of humans with low and high sterol absorption. Atherosclerosis 2006, 187, 150–152. [CrossRef]
22. Berge, K.E.; Tian, H.; Graf, G.A.; Yu, L.; Grishin, N.V.; Schultz, J.; Kwiterovich, P.; Shan, B.; Barnes, R.; Hobbs, H.H. Accumulation

of dietary cholesterol in sitosterolemia caused by mutations in adjacent ABC transporters. Science 2000, 290, 1771–1775. [CrossRef]

https://doi.org/10.1093/eurheartj/ehab892
https://doi.org/10.1093/eurheartj/ehz455
https://doi.org/10.1001/jama.2016.13985
https://doi.org/10.1136/bmj.j4849
https://doi.org/10.1016/j.atherosclerosis.2020.07.019
https://www.ncbi.nlm.nih.gov/pubmed/32861515
https://doi.org/10.1007/s11883-021-00955-y
https://www.ncbi.nlm.nih.gov/pubmed/34345932
https://doi.org/10.1016/j.atherosclerosis.2013.11.043
https://www.ncbi.nlm.nih.gov/pubmed/24468148
https://doi.org/10.1007/s11883-021-00964-x
https://www.ncbi.nlm.nih.gov/pubmed/34468867
https://doi.org/10.1038/sj.ejcn.1601980
https://doi.org/10.1079/BJN20041234
https://doi.org/10.1093/ajcn/59.6.1325
https://www.ncbi.nlm.nih.gov/pubmed/8198057
https://doi.org/10.1097/00041433-200402000-00008
https://www.ncbi.nlm.nih.gov/pubmed/15166807
https://doi.org/10.1152/ajpendo.00328.2001
https://doi.org/10.1093/eurheartj/ehr441
https://www.ncbi.nlm.nih.gov/pubmed/22334625
https://doi.org/10.1146/annurev.physiol.69.031905.160725
https://doi.org/10.1016/j.jacl.2008.01.008
https://doi.org/10.1194/jlr.M018820
https://doi.org/10.1016/j.atherosclerosis.2005.08.033
https://doi.org/10.1126/science.290.5497.1771


Nutrients 2023, 15, 2845 13 of 16

23. Nissinen, M.; Gylling, H.; Vuoristo, M.; Miettinen, T.A. Micellar distribution of cholesterol and phytosterols after duodenal plant
stanol ester infusion. Am. J. Physiol. Gastrointest. Liver Physiol. 2002, 282, G1009–G1015. [CrossRef] [PubMed]

24. Ikeda, I.; Tanaka, K.; Sugano, M.; Vahouny, G.V.; Gallo, L.L. Inhibition of cholesterol absorption in rats by plant sterols. J. Lipid
Res. 1988, 29, 1573–1582. [CrossRef]

25. Calpe-Berdiel, L.; Escola-Gil, J.C.; Blanco-Vaca, F. New insights into the molecular actions of plant sterols and stanols in cholesterol
metabolism. Atherosclerosis 2009, 203, 18–31. [CrossRef] [PubMed]

26. Weingartner, O.; Patel, S.B.; Lutjohann, D. It’s time to personalize and optimize lipid-lowering therapy. Eur. Heart J. 2020, 41,
2629–2631. [CrossRef]

27. Brufau, G.; Kuipers, F.; Lin, Y.; Trautwein, E.A.; Groen, A.K. A reappraisal of the mechanism by which plant sterols promote
neutral sterol loss in mice. PLoS ONE 2011, 6, e21576. [CrossRef]

28. Nakano, T.; Inoue, I.; Murakoshi, T. A Newly Integrated Model for Intestinal Cholesterol Absorption and Efflux Reappraises How
Plant Sterol Intake Reduces Circulating Cholesterol Levels. Nutrients 2019, 11, 310. [CrossRef]

29. Feng, S.; Belwal, T.; Li, L.; Limwachiranon, J.; Liu, X.; Luo, Z. Phytosterols and their derivatives: Potential health-promoting
uses against lipid metabolism and associated diseases, mechanism, and safety issues. Compr. Rev. Food Sci. Food Saf. 2020, 19,
1243–1267. [CrossRef]

30. Klingberg, S.; Ellegard, L.; Johansson, I.; Hallmans, G.; Weinehall, L.; Andersson, H.; Winkvist, A. Inverse relation between
dietary intake of naturally occurring plant sterols and serum cholesterol in northern Sweden. Am. J. Clin. Nutr. 2008, 87, 993–1001.
[CrossRef]

31. Lin, X.; Racette, S.B.; Lefevre, M.; Spearie, C.A.; Most, M.; Ma, L.; Ostlund, R.E., Jr. The effects of phytosterols present in natural
food matrices on cholesterol metabolism and LDL-cholesterol: A controlled feeding trial. Eur. J. Clin. Nutr. 2010, 64, 1481–1487.
[CrossRef] [PubMed]

32. Racette, S.B.; Lin, X.; Lefevre, M.; Spearie, C.A.; Most, M.M.; Ma, L.; Ostlund, R.E., Jr. Dose effects of dietary phytosterols on
cholesterol metabolism: A controlled feeding study. Am. J. Clin. Nutr. 2010, 91, 32–38. [CrossRef] [PubMed]

33. Miettinen, T.A.; Puska, P.; Gylling, H.; Vanhanen, H.; Vartiainen, E. Reduction of serum cholesterol with sitostanol-ester margarine
in a mildly hypercholesterolemic population. N. Engl. J. Med. 1995, 333, 1308–1312. [CrossRef] [PubMed]

34. Katan, M.B.; Grundy, S.M.; Jones, P.; Law, M.; Miettinen, T.; Paoletti, R.; Stresa Workshop Participants. Efficacy and safety of plant
stanols and sterols in the management of blood cholesterol levels. Mayo Clin. Proc. 2003, 78, 965–978. [CrossRef] [PubMed]

35. Abumweis, S.S.; Barake, R.; Jones, P.J. Plant sterols/stanols as cholesterol lowering agents: A meta-analysis of randomized
controlled trials. Food Nutr. Res. 2008, 52. [CrossRef] [PubMed]

36. Demonty, I.; Ras, R.T.; van der Knaap, H.C.; Duchateau, G.S.; Meijer, L.; Zock, P.L.; Geleijnse, J.M.; Trautwein, E.A. Continuous
dose-response relationship of the LDL-cholesterol-lowering effect of phytosterol intake. J. Nutr. 2009, 139, 271–284. [CrossRef]
[PubMed]

37. Musa-Veloso, K.; Poon, T.H.; Elliot, J.A.; Chung, C. A comparison of the LDL-cholesterol lowering efficacy of plant stanols and
plant sterols over a continuous dose range: Results of a meta-analysis of randomized, placebo-controlled trials. Prostaglandins
Leukot. Essent. Fatty Acids 2011, 85, 9–28. [CrossRef]

38. Barkas, F.; Nomikos, T.; Liberopoulos, E.; Panagiotakos, D. Diet and Cardiovascular Disease Risk Among Individuals with
Familial Hypercholesterolemia: Systematic Review and Meta-Analysis. Nutrients 2020, 12, 2436. [CrossRef] [PubMed]

39. Rideout, T.C.; Harding, S.V.; Mackay, D.S. Metabolic and genetic factors modulating subject specific LDL-C responses to plant
sterol therapy. Can. J. Physiol. Pharmacol. 2012, 90, 509–514. [CrossRef]

40. Jones, P.J.H.; Shamloo, M.; MacKay, D.S.; Rideout, T.C.; Myrie, S.B.; Plat, J.; Roullet, J.B.; Baer, D.J.; Calkins, K.L.; Davis, H.R.; et al.
Progress and perspectives in plant sterol and plant stanol research. Nutr. Rev. 2018, 76, 725–746. [CrossRef]

41. Ras, R.T.; Geleijnse, J.M.; Trautwein, E.A. LDL-cholesterol-lowering effect of plant sterols and stanols across different dose ranges:
A meta-analysis of randomised controlled studies. Br. J. Nutr. 2014, 112, 214–219. [CrossRef]

42. AbuMweis, S.S.; Vanstone, C.A.; Ebine, N.; Kassis, A.; Ausman, L.M.; Jones, P.J.; Lichtenstein, A.H. Intake of a single morning
dose of standard and novel plant sterol preparations for 4 weeks does not dramatically affect plasma lipid concentrations in
humans. J. Nutr. 2006, 136, 1012–1016. [CrossRef]

43. Plat, J.; van Onselen, E.N.; van Heugten, M.M.; Mensink, R.P. Effects on serum lipids, lipoproteins and fat soluble antioxidant
concentrations of consumption frequency of margarines and shortenings enriched with plant stanol esters. Eur. J. Clin. Nutr.
2000, 54, 671–677. [CrossRef]

44. Trautwein, E.A.; Vermeer, M.A.; Hiemstra, H.; Ras, R.T. LDL-Cholesterol Lowering of Plant Sterols and Stanols-Which Factors
Influence Their Efficacy? Nutrients 2018, 10, 1262. [CrossRef] [PubMed]

45. Laffin, L.J.; Bruemmer, D.; Garcia, M.; Brennan, D.M.; McErlean, E.; Jacoby, D.S.; Michos, E.D.; Ridker, P.M.; Wang, T.Y.; Watson,
K.E.; et al. Comparative Effects of Low-Dose Rosuvastatin, Placebo, and Dietary Supplements on Lipids and Inflammatory
Biomarkers. J. Am. Coll. Cardiol. 2023, 81, 1–12. [CrossRef] [PubMed]

46. Derdemezis, C.S.; Filippatos, T.D.; Mikhailidis, D.P.; Elisaf, M.S. Review article: Effects of plant sterols and stanols beyond
low-density lipoprotein cholesterol lowering. J. Cardiovasc. Pharmacol. Ther. 2010, 15, 120–134. [CrossRef]

47. Osadnik, T.; Golawski, M.; Lewandowski, P.; Morze, J.; Osadnik, K.; Pawlas, N.; Lejawa, M.; Jakubiak, G.K.; Mazur, A.;
Schwingschackl, L.; et al. A network meta-analysis on the comparative effect of nutraceuticals on lipid profile in adults. Pharmacol.
Res. 2022, 183, 106402. [CrossRef]

https://doi.org/10.1152/ajpgi.00446.2001
https://www.ncbi.nlm.nih.gov/pubmed/12016126
https://doi.org/10.1016/S0022-2275(20)38403-0
https://doi.org/10.1016/j.atherosclerosis.2008.06.026
https://www.ncbi.nlm.nih.gov/pubmed/18692849
https://doi.org/10.1093/eurheartj/ehaa445
https://doi.org/10.1371/journal.pone.0021576
https://doi.org/10.3390/nu11020310
https://doi.org/10.1111/1541-4337.12560
https://doi.org/10.1093/ajcn/87.4.993
https://doi.org/10.1038/ejcn.2010.180
https://www.ncbi.nlm.nih.gov/pubmed/20808333
https://doi.org/10.3945/ajcn.2009.28070
https://www.ncbi.nlm.nih.gov/pubmed/19889819
https://doi.org/10.1056/NEJM199511163332002
https://www.ncbi.nlm.nih.gov/pubmed/7566021
https://doi.org/10.1016/S0025-6196(11)63144-3
https://www.ncbi.nlm.nih.gov/pubmed/12911045
https://doi.org/10.3402/fnr.v52i0.1811
https://www.ncbi.nlm.nih.gov/pubmed/19109655
https://doi.org/10.3945/jn.108.095125
https://www.ncbi.nlm.nih.gov/pubmed/19091798
https://doi.org/10.1016/j.plefa.2011.02.001
https://doi.org/10.3390/nu12082436
https://www.ncbi.nlm.nih.gov/pubmed/32823643
https://doi.org/10.1139/y2012-060
https://doi.org/10.1093/nutrit/nuy032
https://doi.org/10.1017/S0007114514000750
https://doi.org/10.1093/jn/136.4.1012
https://doi.org/10.1038/sj.ejcn.1601071
https://doi.org/10.3390/nu10091262
https://www.ncbi.nlm.nih.gov/pubmed/30205492
https://doi.org/10.1016/j.jacc.2022.10.013
https://www.ncbi.nlm.nih.gov/pubmed/36351465
https://doi.org/10.1177/1074248409357921
https://doi.org/10.1016/j.phrs.2022.106402


Nutrients 2023, 15, 2845 14 of 16

48. Fatahi, S.; Kord-Varkaneh, H.; Talaei, S.; Mardali, F.; Rahmani, J.; Ghaedi, E.; Tan, S.C.; Shidfar, F. Impact of phytosterol
supplementation on plasma lipoprotein(a) and free fatty acid (FFA) concentrations: A systematic review and meta-analysis of
randomized controlled trials. Nutr. Metab. Cardiovasc. Dis. 2019, 29, 1168–1175. [CrossRef] [PubMed]

49. Ivorra, M.D.; D’Ocon, M.P.; Paya, M.; Villar, A. Antihyperglycemic and insulin-releasing effects of beta-sitosterol 3-beta-D-
glucoside and its aglycone, beta-sitosterol. Arch. Int. Pharmacodyn. Ther. 1988, 296, 224–231. [PubMed]

50. Hwang, S.L.; Kim, H.N.; Jung, H.H.; Kim, J.E.; Choi, D.K.; Hur, J.M.; Lee, J.Y.; Song, H.; Song, K.S.; Huh, T.L. Beneficial effects of
beta-sitosterol on glucose and lipid metabolism in L6 myotube cells are mediated by AMP-activated protein kinase. Biochem.
Biophys. Res. Commun. 2008, 377, 1253–1258. [CrossRef] [PubMed]

51. Salehi-Sahlabadi, A.; Varkaneh, H.K.; Shahdadian, F.; Ghaedi, E.; Nouri, M.; Singh, A.; Farhadnejad, H.; Gaman, M.A.; Hekmat-
doost, A.; Mirmiran, P. Effects of Phytosterols supplementation on blood glucose, glycosylated hemoglobin (HbA1c) and insulin
levels in humans: A systematic review and meta-analysis of randomized controlled trials. J. Diabetes Metab. Disord. 2020, 19,
625–632. [CrossRef] [PubMed]

52. Moghadasian, M.H.; McManus, B.M.; Godin, D.V.; Rodrigues, B.; Frohlich, J.J. Proatherogenic and antiatherogenic effects of
probucol and phytosterols in apolipoprotein E-deficient mice: Possible mechanisms of action. Circulation 1999, 99, 1733–1739.
[CrossRef]

53. Moghadasian, M.H.; McManus, B.M.; Pritchard, P.H.; Frohlich, J.J. “Tall oil”-derived phytosterols reduce atherosclerosis in
ApoE-deficient mice. Arterioscler. Thromb. Vasc. Biol. 1997, 17, 119–126. [CrossRef]

54. Volger, O.L.; Mensink, R.P.; Plat, J.; Hornstra, G.; Havekes, L.M.; Princen, H.M. Dietary vegetable oil and wood derived plant
stanol esters reduce atherosclerotic lesion size and severity in apoE*3-Leiden transgenic mice. Atherosclerosis 2001, 157, 375–381.
[CrossRef]

55. Liang, Y.T.; Wong, W.T.; Guan, L.; Tian, X.Y.; Ma, K.Y.; Huang, Y.; Chen, Z.Y. Effect of phytosterols and their oxidation products
on lipoprotein profiles and vascular function in hamster fed a high cholesterol diet. Atherosclerosis 2011, 219, 124–133. [CrossRef]
[PubMed]

56. Weingartner, O.; Lutjohann, D.; Ji, S.; Weisshoff, N.; List, F.; Sudhop, T.; von Bergmann, K.; Gertz, K.; Konig, J.; Schafers, H.J.; et al.
Vascular effects of diet supplementation with plant sterols. J. Am. Coll. Cardiol. 2008, 51, 1553–1561. [CrossRef]

57. Hallikainen, M.; Lyyra-Laitinen, T.; Laitinen, T.; Agren, J.J.; Pihlajamaki, J.; Rauramaa, R.; Miettinen, T.A.; Gylling, H. Endothelial
function in hypercholesterolemic subjects: Effects of plant stanol and sterol esters. Atherosclerosis 2006, 188, 425–432. [CrossRef]
[PubMed]

58. Raitakari, O.T.; Salo, P.; Gylling, H.; Miettinen, T.A. Plant stanol ester consumption and arterial elasticity and endothelial function.
Br. J. Nutr. 2008, 100, 603–608. [CrossRef] [PubMed]

59. Plat, J.; Mensink, R.P. Vegetable oil based versus wood based stanol ester mixtures: Effects on serum lipids and hemostatic factors
in non-hypercholesterolemic subjects. Atherosclerosis 2000, 148, 101–112. [CrossRef]

60. Kozlowska-Wojciechowska, M.; Jastrzebska, M.; Naruszewicz, M.; Foltynska, A. Impact of margarine enriched with plant sterols
on blood lipids, platelet function, and fibrinogen level in young men. Metabolism 2003, 52, 1373–1378. [CrossRef] [PubMed]

61. De Jong, A.; Plat, J.; Bast, A.; Godschalk, R.W.; Basu, S.; Mensink, R.P. Effects of plant sterol and stanol ester consumption on lipid
metabolism, antioxidant status and markers of oxidative stress, endothelial function and low-grade inflammation in patients on
current statin treatment. Eur. J. Clin. Nutr. 2008, 62, 263–273. [CrossRef]

62. Han, S.; Jiao, J.; Xu, J.; Zimmermann, D.; Actis-Goretta, L.; Guan, L.; Zhao, Y.; Qin, L. Effects of plant stanol or sterol-enriched
diets on lipid profiles in patients treated with statins: Systematic review and meta-analysis. Sci. Rep. 2016, 6, 31337. [CrossRef]

63. Tada, H.; Nomura, A.; Ogura, M.; Ikewaki, K.; Ishigaki, Y.; Inagaki, K.; Tsukamoto, K.; Dobashi, K.; Nakamura, K.; Hori, M.; et al.
Diagnosis and Management of Sitosterolemia 2021. J. Atheroscler. Thromb. 2021, 28, 791–801. [CrossRef]

64. Glueck, C.J.; Speirs, J.; Tracy, T.; Streicher, P.; Illig, E.; Vandegrift, J. Relationships of serum plant sterols (phytosterols) and
cholesterol in 595 hypercholesterolemic subjects, and familial aggregation of phytosterols, cholesterol, and premature coronary
heart disease in hyperphytosterolemic probands and their first-degree relatives. Metabolism 1991, 40, 842–848.

65. Assmann, G.; Cullen, P.; Erbey, J.; Ramey, D.R.; Kannenberg, F.; Schulte, H. Plasma sitosterol elevations are associated with
an increased incidence of coronary events in men: Results of a nested case-control analysis of the Prospective Cardiovascular
Munster (PROCAM) study. Nutr. Metab. Cardiovasc. Dis. 2006, 16, 13–21. [CrossRef] [PubMed]

66. Sudhop, T.; Gottwald, B.M.; von Bergmann, K. Serum plant sterols as a potential risk factor for coronary heart disease. Metabolism
2002, 51, 1519–1521. [CrossRef] [PubMed]

67. Rajaratnam, R.A.; Gylling, H.; Miettinen, T.A. Independent association of serum squalene and noncholesterol sterols with
coronary artery disease in postmenopausal women. J. Am. Coll. Cardiol. 2000, 35, 1185–1191. [CrossRef] [PubMed]

68. Fassbender, K.; Lutjohann, D.; Dik, M.G.; Bremmer, M.; Konig, J.; Walter, S.; Liu, Y.; Letiembre, M.; von Bergmann, K.; Jonker, C.
Moderately elevated plant sterol levels are associated with reduced cardiovascular risk—The LASA study. Atherosclerosis 2008,
196, 283–288. [CrossRef] [PubMed]

69. Silbernagel, G.; Fauler, G.; Hoffmann, M.M.; Lutjohann, D.; Winkelmann, B.R.; Boehm, B.O.; Marz, W. The associations of
cholesterol metabolism and plasma plant sterols with all-cause and cardiovascular mortality. J. Lipid Res. 2010, 51, 2384–2393.
[CrossRef]

70. Strandberg, T.E.; Tilvis, R.S.; Pitkala, K.H.; Miettinen, T.A. Cholesterol and glucose metabolism and recurrent cardiovascular
events among the elderly: A prospective study. J. Am. Coll. Cardiol. 2006, 48, 708–714. [CrossRef]

https://doi.org/10.1016/j.numecd.2019.07.011
https://www.ncbi.nlm.nih.gov/pubmed/31582198
https://www.ncbi.nlm.nih.gov/pubmed/3071280
https://doi.org/10.1016/j.bbrc.2008.10.136
https://www.ncbi.nlm.nih.gov/pubmed/18992226
https://doi.org/10.1007/s40200-020-00526-z
https://www.ncbi.nlm.nih.gov/pubmed/32550215
https://doi.org/10.1161/01.CIR.99.13.1733
https://doi.org/10.1161/01.ATV.17.1.119
https://doi.org/10.1016/S0021-9150(00)00750-4
https://doi.org/10.1016/j.atherosclerosis.2011.06.004
https://www.ncbi.nlm.nih.gov/pubmed/21719014
https://doi.org/10.1016/j.jacc.2007.09.074
https://doi.org/10.1016/j.atherosclerosis.2005.11.012
https://www.ncbi.nlm.nih.gov/pubmed/16386259
https://doi.org/10.1017/S0007114508922546
https://www.ncbi.nlm.nih.gov/pubmed/18279553
https://doi.org/10.1016/S0021-9150(99)00261-0
https://doi.org/10.1016/S0026-0495(03)00286-5
https://www.ncbi.nlm.nih.gov/pubmed/14624393
https://doi.org/10.1038/sj.ejcn.1602733
https://doi.org/10.1038/srep31337
https://doi.org/10.5551/jat.RV17052
https://doi.org/10.1016/j.numecd.2005.04.001
https://www.ncbi.nlm.nih.gov/pubmed/16399487
https://doi.org/10.1053/meta.2002.36298
https://www.ncbi.nlm.nih.gov/pubmed/12489060
https://doi.org/10.1016/S0735-1097(00)00527-1
https://www.ncbi.nlm.nih.gov/pubmed/10758959
https://doi.org/10.1016/j.atherosclerosis.2006.10.032
https://www.ncbi.nlm.nih.gov/pubmed/17137582
https://doi.org/10.1194/jlr.P002899
https://doi.org/10.1016/j.jacc.2006.04.081


Nutrients 2023, 15, 2845 15 of 16

71. Otto, S.; Lutjohann, D.; Kerksiek, A.; Friedrichs, S.; Christian Schulze, P.; Mobius-Winkler, S.; Porner, T.C.; Weingartner, O.
Increased cholesterol absorption is associated with In-stent-restenosis after stent implantation for stable coronary artery disease.
Steroids 2022, 187, 109079. [CrossRef]

72. Wilund, K.R.; Yu, L.; Xu, F.; Vega, G.L.; Grundy, S.M.; Cohen, J.C.; Hobbs, H.H. No association between plasma levels of plant
sterols and atherosclerosis in mice and men. Arterioscler. Thromb. Vasc. Biol. 2004, 24, 2326–2332. [CrossRef]

73. Pinedo, S.; Vissers, M.N.; von Bergmann, K.; Elharchaoui, K.; Lutjohann, D.; Luben, R.; Wareham, N.J.; Kastelein, J.J.; Khaw, K.T.;
Boekholdt, S.M. Plasma levels of plant sterols and the risk of coronary artery disease: The prospective EPIC-Norfolk Population
Study. J. Lipid Res. 2007, 48, 139–144. [CrossRef]

74. The Myocardial Infarction Genetics Consortium Investigators; Stitziel, N.O.; Won, H.H.; Morrison, A.C.; Peloso, G.M.; Do, R.;
Lange, L.A.; Fontanillas, P.; Gupta, N.; Duga, S.; et al. Inactivating mutations in NPC1L1 and protection from coronary heart
disease. N. Engl. J. Med. 2014, 371, 2072–2082. [CrossRef]

75. Teupser, D.; Baber, R.; Ceglarek, U.; Scholz, M.; Illig, T.; Gieger, C.; Holdt, L.M.; Leichtle, A.; Greiser, K.H.; Huster, D.; et al.
Genetic regulation of serum phytosterol levels and risk of coronary artery disease. Circ. Cardiovasc. Genet. 2010, 3, 331–339.
[CrossRef]

76. Helgadottir, A.; Thorleifsson, G.; Alexandersson, K.F.; Tragante, V.; Thorsteinsdottir, M.; Eiriksson, F.F.; Gretarsdottir, S.; Bjornsson,
E.; Magnusson, O.; Sveinbjornsson, G.; et al. Genetic variability in the absorption of dietary sterols affects the risk of coronary
artery disease. Eur. Heart J. 2020, 41, 2618–2628. [CrossRef]

77. Crea, F.; Niccoli, G. Ezetimibe and Plaque Regression: Cholesterol Lowering or Pleiotropic Effects? J. Am. Coll. Cardiol. 2015, 66,
508–510. [CrossRef]

78. Plat, J.; Theuwissen, E.; Husche, C.; Lutjohann, D.; Gijbels, M.J.; Jeurissen, M.; Shiri-Sverdlov, R.; van der Made, I.; Mensink,
R.P. Oxidised plant sterols as well as oxycholesterol increase the proportion of severe atherosclerotic lesions in female LDL
receptor+/− mice. Br. J. Nutr. 2014, 111, 64–70. [CrossRef]

79. Gylling, H.; Hallikainen, M.; Raitakari, O.T.; Laakso, M.; Vartiainen, E.; Salo, P.; Korpelainen, V.; Sundvall, J.; Miettinen, T.A.
Long-term consumption of plant stanol and sterol esters, vascular function and genetic regulation. Br. J. Nutr. 2009, 101, 1688–1695.
[CrossRef]

80. Hansel, B.; Carrie, A.; Brun-Druc, N.; Leclert, G.; Chantepie, S.; Coiffard, A.S.; Kahn, J.F.; Chapman, M.J.; Bruckert, E. Premature
atherosclerosis is not systematic in phytosterolemic patients: Severe hypercholesterolemia as a confounding factor in five subjects.
Atherosclerosis 2014, 234, 162–168. [CrossRef]

81. Neff, A.T. Sitosterolemia’s stomatocytosis and macrothrombocytopenia. Blood 2012, 120, 4283. [CrossRef]
82. Nunes, V.S.; de Campos, E.V.S.; Baracat, J.; Franca, V.; Gomes, E.I.L.; Coelho, R.P.; Nakandakare, E.R.; Zago, V.H.S.; de Faria, E.C.;

Quintao, E.C.R. Plasma Campesterol Is Positively Associated with Carotid Plaques in Asymptomatic Subjects. Int. J. Mol. Sci.
2022, 23, 1997. [CrossRef]

83. MacKay, D.S.; Jones, P.J.H. Plasma noncholesterol sterols: Current uses, potential and need for standardization. Curr. Opin.
Lipidol. 2012, 23, 241–247. [CrossRef]

84. The IBC 50K CAD Consortium. Large-scale gene-centric analysis identifies novel variants for coronary artery disease. PLoS Genet.
2011, 7, e1002260. [CrossRef]

85. Aulchenko, Y.S.; Ripatti, S.; Lindqvist, I.; Boomsma, D.; Heid, I.M.; Pramstaller, P.P.; Penninx, B.W.; Janssens, A.C.; Wilson, J.F.;
Spector, T.; et al. Loci influencing lipid levels and coronary heart disease risk in 16 European population cohorts. Nat. Genet. 2009,
41, 47–55. [CrossRef]

86. Plat, J.; Strandberg, T.E.; Gylling, H. Intestinal cholesterol and phytosterol absorption and the risk of coronary artery disease. Eur.
Heart J. 2021, 42, 281–282. [CrossRef]

87. Stanasila, L.; Marques-Vidal, P. Serum Phytosterols Are Not Associated with Inflammatory Markers in Two Cross-Sectional,
Swiss Population-Based Studies (The CoLaus|PsyCoLaus Study). Nutrients 2022, 14, 2500. [CrossRef]

88. Moreau, R.A. Composition of Plant Sterols and Stanols in Supplemented Food Products. J. AOAC Int. 2015, 98, 685–690. [CrossRef]
89. Nomura, A.; Emdin, C.A.; Won, H.H.; Peloso, G.M.; Natarajan, P.; Ardissino, D.; Danesh, J.; Schunkert, H.; Correa, A.; Bown, M.J.;

et al. Heterozygous ABCG5 Gene Deficiency and Risk of Coronary Artery Disease. Circ. Genom. Precis. Med. 2020, 13, 417–423.
[CrossRef]

90. Willems, J.I.; Blommaert, M.A.; Trautwein, E.A. Results from a post-launch monitoring survey on consumer purchases of foods
with added phytosterols in five European countries. Food Chem. Toxicol. 2013, 62, 48–53. [CrossRef]

91. EFSA (European Food Safety Authority). Consumption of Food and Beverages with Added Plant Sterols in the European
Union (EFSA/DATEX 03): A Report from the Data Collection and Exposure Unit in Response to a Request from the European
Commission. EFSA J. 2008, 133, 21. Available online: http://www.efsa.europa.eu/en/scdocs/scdoc/133r.htm (accessed on 24
November 2022).

92. Sioen, I.; Matthys, C.; Huybrechts, I.; Van Camp, J.; De Henauw, S. Consumption of plant sterols in Belgium: Consumption
patterns of plant sterol-enriched foods in Flanders, Belgium. Br. J. Nutr. 2011, 105, 911–918. [CrossRef]

93. EFSA Panel on Nutrition, Novel Foods and Food Allergens (NDA); Turck, D.; Castenmiller, J.; De Henauw, S.; Hirsch-Ernst,
K.I.; Kearney, J.; Maciuk, A.; Mangelsdorf, I.; McArdle, H.J. Safety of the extension of use of plant sterol esters as a novel food
pursuant to Regulation (EU) 2015/2283. EFSA J. 2020, 18, e06135. [CrossRef] [PubMed]

https://doi.org/10.1016/j.steroids.2022.109079
https://doi.org/10.1161/01.ATV.0000149140.00499.92
https://doi.org/10.1194/jlr.M600371-JLR200
https://doi.org/10.1056/NEJMoa1405386
https://doi.org/10.1161/CIRCGENETICS.109.907873
https://doi.org/10.1093/eurheartj/ehaa531
https://doi.org/10.1016/j.jacc.2015.05.064
https://doi.org/10.1017/S0007114513002018
https://doi.org/10.1017/S0007114508116300
https://doi.org/10.1016/j.atherosclerosis.2014.02.030
https://doi.org/10.1182/blood-2012-06-429449
https://doi.org/10.3390/ijms231911997
https://doi.org/10.1097/MOL.0b013e328353292e
https://doi.org/10.1371/journal.pgen.1002260
https://doi.org/10.1038/ng.269
https://doi.org/10.1093/eurheartj/ehaa881
https://doi.org/10.3390/nu14122500
https://doi.org/10.5740/jaoacint.SGEMoreau
https://doi.org/10.1161/CIRCGEN.119.002871
https://doi.org/10.1016/j.fct.2013.08.021
http://www.efsa.europa.eu/en/scdocs/scdoc/133r.htm
https://doi.org/10.1017/S0007114510004411
https://doi.org/10.2903/j.efsa.2020.6135
https://www.ncbi.nlm.nih.gov/pubmed/32874320


Nutrients 2023, 15, 2845 16 of 16

94. Noakes, M.; Clifton, P.; Ntanios, F.; Shrapnel, W.; Record, I.; McInerney, J. An increase in dietary carotenoids when consuming
plant sterols or stanols is effective in maintaining plasma carotenoid concentrations. Am. J. Clin. Nutr. 2002, 75, 79–86. [CrossRef]
[PubMed]

95. Pirro, M.; Vetrani, C.; Bianchi, C.; Mannarino, M.R.; Bernini, F.; Rivellese, A.A. Joint position statement on “Nutraceuticals for
the treatment of hypercholesterolemia” of the Italian Society of Diabetology (SID) and of the Italian Society for the Study of
Arteriosclerosis (SISA). Nutr. Metab. Cardiovasc. Dis. 2017, 27, 2–17. [CrossRef] [PubMed]

96. Grattan, B.J., Jr. Plant sterols as anticancer nutrients: Evidence for their role in breast cancer. Nutrients 2013, 5, 359–387. [CrossRef]
97. Baskar, A.A.; Ignacimuthu, S.; Paulraj, G.M.; Al Numair, K.S. Chemopreventive potential of beta-Sitosterol in experimental colon

cancer model--an in vitro and In vivo study. BMC Complement. Altern. Med. 2010, 10, 24. [CrossRef]
98. Plant Sterol INtervention for Cancer Prevention (PINC). Available online: https://clinicaltrials.gov/ct2/show/NCT04147767

(accessed on 6 March 2023).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1093/ajcn/75.1.79
https://www.ncbi.nlm.nih.gov/pubmed/11756063
https://doi.org/10.1016/j.numecd.2016.11.122
https://www.ncbi.nlm.nih.gov/pubmed/27956024
https://doi.org/10.3390/nu5020359
https://doi.org/10.1186/1472-6882-10-24
https://clinicaltrials.gov/ct2/show/NCT04147767

	Introduction 
	Materials and Methods 
	Dietary Sources of Intake 
	Biology and Mechanism of Action of Plant Sterols/Stanols 
	Biology 
	Transport and Circulation 
	Mechanism of Cholesterol Absorption Inhibition 

	Effect of Plant Sterols/Stanols on CVD Risk Factors 
	Effect on Cholesterol 
	Effect on Other Lipid Fractions 
	Effect on Glucose Metabolism 

	Effect of Plant Sterols/Stanols on Atherosclerosis and CVD Clinical Outcomes 
	Effect of Plant Sterols/Stanols on Atherosclerosis in Animal Studies 
	Effect of Plant Sterols/Stanols on Atherosclerosis in Human Studies 
	Effect of Plant Sterols/Stanols on Cardiovascular Events 
	Randomized Trials 
	Observational Studies 
	Genetic Studies 


	Clinical Implications and Practical Issues 
	Official Scientific Guidelines 
	Data on Consumption of Foods Enriched with Plant Sterols/Stanols 
	Safety Issues and Concerns 

	Conclusions 
	References

