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Plant sterols are inherent compounds of many nutritional supplements and food additives. Sterols are chemical
compounds based on 1,2-cyclopentaneperhydrophenantrene and are characterized by hydroxyl moiety at the 3C
position and the side chain at the 17C position. The latter makes them structurally similar to pregnenolone, which is
a fundamental molecule for all 17-ketosteroids generation. The major natural source of dietary plant sterols are

vegetables, fruits, berries, and vegetable oil.

sterols biotransformation cholesterol food matrix diet anabolic effect

| 1. The Prevalence and Variety of Plant Sterols

The minimal intake of plant sterols per day should be at least 1 g to produce an appreciable cholesterol-lowering
effect (I, However, fruits, vegetables, and plant oils are hard to be considered as natural sources of plant sterols
due to the insufficient content of these compounds. For example, the content of naturally occurring sterols in fruits
and vegetables is ranged between 38 to 439 mg/kg of fresh weight, whereas in grains, their content reaches up to
1780 mg/kg W2, Thus, about 2 kg of fruits and vegetables or about 1 kg of grains has to be consumed daily to
obtain the necessary 1 g of plant sterols. Other nutrition experts argue that 200 to 400 mg of plant sterols per day
is the optimal dose for handling diet and being processed by the gastrointestinal tract . A typical western diet
contains about 300 mg of plant sterols in daily intake [ and, accordingly, other sources including corn fiber oil, soy,
rapeseeds, or rice bran oil are considered as the alternative feedstock of plant sterols because they contain up to
15% of plant sterols 2],

About 300 various species of plant sterols are described [BIZEl which differed by side chain at C24 position and
can be specific for certain plant species. This variety of compounds covers free sterols and their ester conjugates
with fatty acids at the 33-OH moiety, acylated sterol glycosides, and sterol glycosides (typically with glucose),
which are specifically absent in all animals. The most abundant and typical plant sterols are represented by
campesterol and stigmasterol. The main plant enzymes responsible for maintaining the balance of different sterols
and their biosynthesis are 3-hydroxy-3-methylglutaryl-CoA reductase, C24-sterol methyltransferase, and C22-sterol
desaturase. A human can discriminate non-cholesterol plant sterols and excrete most of them with feces together
with bile acids, which suggests the existence of a mechanism responsible for retaining endogenous cholesterol

over plant sterols &I,

2. Factor Associated with the Efficacy of Plant Sterols
Absorption
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The clinical efficacy of plant sterols is predominantly associated with their cholesterol-lowering effect. Numerous
recent studies were dedicated to important aspects (chemical form of sterols and supplements, food matrix, way of

delivery, and frequency of intake) influencing sterols absorption and their action efficacy LU[LL[12],

No significant difference in plant sterol efficacy was established when supplemented with low-fat or high-fat foods
(23] as wells as no difference being found between the consumption of plant sterols or stanols. The cholesterol-
lowering effect for both sterols and stanols was estimated as 0.34 mmol/L if the consumed mean daily dose was
2.15 g. However, an apparent tendency (p = 0.054) of lower efficacy was established for single vice multiple
intakes of plant sterol supplements. Other research groups found that the intake of different dietary plant sterols

leads to a comparable decrease in plasma cholesterol, but, in contrast, stanols are up to 50-fold less effective 14
5]

The use of food supplements with plant sterols together with the lipid-lowering therapy demonstrated an additive
effect. When atorvastatin and plant sterols were used combined, the lowering effect of total cholesterol and LDL-C
was estimated at 22% and 38%, respectively (p < 0.05). In contrast, the effect of monotherapy by the lipid-lowering
agent in a dose of 40 mg was 3% and 22% for total cholesterol and LDL-C, respectively. Notwithstanding, some
epidemiological studies reported the increased risk of cardiovascular events and the net negative effect if the

plasma level of plant sterols reaches the upper normal 18],

A meta-analysis of a large number of studies (n = 124 studies in total) established the difference in plant sterols
absorption efficacy depending on the type of food matrix 12, The effect of plant sterols and their absorption was
more pronounced when consumed with drinking food (9.5% lowering of cholesterol, p < 0.001) rather than with
solid food. Moreover, the effect was more explicit when sterols are consumed at lunch instead of breakfast.
Although it seems on the surface that the high-fat food matrix is the most appropriate carrier for sterols absorption,
low-fat may also be competent if products contain emulsifiers [28. Therefore, the total cholesterol-lowering effect
and rate of sterols absorption were irrespective of total fat content in the meal 22, Nevertheless, a robust dose-
dependent response was observed when sterols and stanols were analyzed separately. No significant difference
was detected between the efficacy of free and esterified sterols (less than 2% in a dose between 0.6 and 3.3 g per

day), thus plant sterols and non-esterified stanols contribute almost equally in cholesterol-lowering effect 141291,

Since many food supplements and additives with plant sterols are currently manufactured in the form of capsules
or pills, this raises the question about their effectiveness compared to the regular intake. The meta-analysis carried
in the 2013 year and covered eight eligible clinical trials showed a similar effect consisting of 0.31 mmol/L (p <
0.0001) cholesterol-lowering for both dietary sterols and sterols delivered in capsules or pills 21221 However, it
should be warned that the majority of studies lack information about particle size, solubility, and bioavailability,
which are all critical characteristics when discussing capsule and pill formulation as possible carrier agents [231124]
(23], pifferent studies indicated that an excretion rate of sterols and cholesterol is the most critical factor affecting
intestinal absorption of plant sterols 281271281 The excretion rate is determined by ATP-binding cassette sub-family

G member 5/8 transporter (ABCG5/ABCG8) and only brain cells are the exclusion of this rule (Figure 1).
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Figure 1. General scheme of the major routes of plant sterols in human. Plant sterols and dietary cholesterol are
mainly absorbed in the intestine, and Niemann-Pick Cl-like 1 (NPC1L1) transporter plays a vital role in the
regulation of initial absorption. After absorption, sterols are esterified in support with ACAT and transported to the
liver following the incorporation into chylomicrons. In contrast, unesterified sterols are pumped out by
ABCG5/ABCGS transporters, which are the major cholesterol and plant sterols transporters. The plasma efflux of
both plant sterols and cholesterol is regulated by ABCAL1, which is involved in the assembling of HDL-like particles
with the assimilated sterols. This transporter is also critically important in plant sterols and cholesterol efflux after
delivering chylomicrons from enterocytes to liver cells. Plant sterols are capable of stimulating LXR receptors
regulating APOE expression, which is essential for HDL and LDL assembly and uptake; and can be partially
catalyzed by microsomal cytochromes. Binding with LXR receptors upregulates ABCG5/G8 transporters and thus
enhances cholesterol and plants sterols absorption. The exported HDL-like particles with the incorporated plant
sterols are trapped by SR-IB receptors expressed on the liver and adrenal glands cell surface. This receptor plays
a pivotal role in the uptake of cholesterol through HDL and, most importantly, for brain lipids metabolism, where

HDL is the primary source of lipids and cholesterol uptake.

Liver X receptor (LXR) is the primary positive regulator of these transporters, and mutations in either of these
genes cause the condition of sitosterolemia, characterized by the accumulation of cholesterol and plant sterols in
plasma and tissues 29, |t has been found that only up to 2% of plant sterols enter the system, whereas the rest is
pumped into the bile B9, At least in animal models with the deleted Abcg5 and Abcg8, the increase of dietary plant
sterols absorption in 2-3-fold changes and associated 30-folds increase in plasma cholesterol has been
demonstrated B, Alternatively, it was reported that murine deficiency in ABCG5/ABCG8 demonstrated the level of
plasma and liver sterols comparable with the wild-type mice; however, the level of non-cholesterol sterols was
elevated up to 30-folds, indicating that sterols are preferentially secreted into bile. Besides, some authors revealed
that such a population of knockout animals is characterized by the decreased mRNAs level for 13 enzymes

involved in cholesterol biosynthesis [B[32],
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Assumingly, disruption of even the Abcg5 gene alone is already enough to increase meaningfully the rate of dietary
sterols absorption, while maintaining the rate of cholesterol secretion steady. The genome-wide associated study
provided by three European biobanks (Iceland, Denmark, and the UK) confirmed that nine rare polymorphisms in
Abcg5/8 loci are tightly associated with the rate of plant sterols absorption, their excretion rate, level of LDL, and

the risk of coronary artery disease 33,

The affinity for and the solubility in bile salt micelles born completely different opinions regarding the factors
affecting absorption of plant sterols. The suggestion came from the upshot of experiments on human colorectal
adenocarcinoma cells (Caco-2), when intestinal absorption of cholesterol was inhibited because of plant sterols

being well-solubilized in bile salts and, thence, they competitively limit the solubilizing capacity for cholesterol 341,

| 3. Health Improvement Properties of Plant Sterols

Plants sterols are believed to be a necessary compound of the human diet and recommended to add as a food
supplement or functional food. In the early 1950s, it was discovered and clinically approved cardioprotective effect
of plants sterol B-sitosterol caused by its cholesterol-lowering property mediated by the replacement of cholesterol
in HDL/LDL particles 3. Years later, many studies showed that consuming even 2.5 g of plant sterols in a daily
diet is enough to decrease the level of circulating triglycerides by 9.5%-13% L7418 Pplants sterols make a
significant impact on the central nervous system. Due to the presence of the alkyl moiety at the C24 position, plant
sterols cannot be converted into more polar molecules, unlike endogenous cholesterol. Therefore, sterols can be

irreversibly accumulated and integrated into the cell membrane after entering into the brain circulation [2€l.

The exact role of dietary plant sterols is not yet recognized; thus, it cannot be judged as strictly positive or
detrimental. Long-term exposure to plant sterols leads to an increased level of sterols in brain cells and sufficiently
reduces the density of amyloid plaques in patients with Alzheimer’s disease, but does not lead to the improvement
of cognitive function and memory B4, Since the early stage of Alzheimer’s disease is associated with the
impairment of BBB functioning, the reduced concentration of plant sterols in cerebrospinal fluid (CSF) was
supposed as a promising predictive biomarker with an 85% sensitivity and 75% specificity 2839, Application of
plant sterols for the management of neurodegenerative diseases therapy was proposed due to their immune-
modulating activity engaged in the augmentation of bone-marrow-derived macrophages polarization to anti-
inflammatory phenotype caused by the depletion of IL-10a (p < 0.01) but the sustained elevation of interleukins IL-
1B, IL-6, and IL-12 in 16 days after treatment 4941l Recent findings demonstrate the ability of plant sterols to
restore the impaired uptake of cholesterol also in patients with multiple sclerosis, when plant sterols additives, at
least in the animal models, may stimulate the re-myelination process [#2l. Sterols extract from Aloe vera stimulates
the expression of Fatpl, Acoxl, and Cptl genes in a dose-dependent manner through the activation of PPAR
receptors, which produce a sufficient antioxidant response resulting in the increased level of glutathione and the

diminished expression of IL-18 supporting the recovery and amelioration of patients with neurodegenerative
diseases [431144],
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Skin regeneration and wound healing are currently the main points, where dietary sterols are widely utilized. The
regenerative property of plant sterols is mediated in the same manner as the anti-inflammatory effect briefly
described above. Ethanolic extract of traditional Thai medical plant parts (seeds, root, and pericarp) obtained from
Garcinia mangostana L., Glycyrrhiza glabra L., Nigella sativa L, exhibited an inhibiting property toward superoxide
dismutase (SOD) and nitric oxide (NO), while the extracts from G. mangostana and G. glabra at a concentration of
5 pg/mL can enhance cells proliferative activity supporting the positive effect of plant sterols on wound
regeneration and recovery after damage 4. Animals who were given a dermal wound and further treated on
topical application with brassinosteroid for 10 days demonstrated almost completely suppressed expression of
tumor necrosis factor-a (TNF-a) transforming growth factor-g (TGF-B) indicating the enhanced proliferative activity
and stimulation of cells migration caused by PI3K/Akt (phosphoinositide 3-kinases/protein kinase B) signaling

pathway 48],

The potential anabolic properties of plants are very attractive in professional sport. Considering the growing offers
of plant-based food supplements and additives intended for the intentional improvement of elite athlete abilities,
WADA (World Anti-Doping Agency) included some suspected dietary sterols in the monitoring list. Evidence exists
that the anabolic effect of some of the sterols (for example, 203-OH-ecdysone) is caused by the binding with
estrogen receptors, thus, such sterols can be even more effective in comparison to some synthetic steroids .
There is an accumulating number of reports about the targeted effect of 203-OH-ecdysone on muscle cell size and
elevation of a myonuclear number of the regenerating myocytes, which are very convincing in anabolic and
modulating properties of this sterol, albeit mediated in an unknown way (2849 The main metabolic product,
poststerone, also fosters the increase of muscle type fiber cross-sectional area but to a relatively lower degree
compared to its parental compound B2, Eventually, based on the body tissue analysis (muscle cells growth, an
increase of fibers cross-sectional area) and known aspects of the protein synthesis gain, most authors proposed
that benefits of 20B3-OH-ecdysone are caused by the activation of the PI3K/Akt pathway. Due to possible
androgenic and growth-stimulating effects, 203-OH-ecdysone has been examined on the subject of acceleration of
bone mass augmentation. Although the bone mass augmentation is pre-determined by gender-specific hormonal
background and, specifically, by estrogen receptor loading, it has been demonstrated that 20p3-OH-ecdysone
provides equal impact regardless of the gender feature BB2I53] The possible implication of estradiol receptors
rather than androgen receptor activation has been previously proposed based on the in silico molecular docking
541 However, the molecular model contradicts the results of the experiment, displaying that the regulatory activity

of plant sterols bypasses this way of interaction, and they do not bind with estradiol receptors 22!,

The presence and origination of anabolic steroids (in particular, boldione) have been demonstrated in a tested
group of volunteers who were administrated with plant sterols, however, no significant correlation was established
between the excretion rate of 17-ketosteroids precursors (for example, androstenediol) and the consumed amount
or the frequency of plant sterols intake 2. Before, it has been reported an in vitro transformation of the selected
plant sterols into androgenic products (testosterone and androstenedione), which has been explained by the
activity of residential gastrointestinal microflora B8IE7I58] Some plant sterols (sitosterol, campesterol, stigmasterol,
episterol) can be utilized as precursors for the endogenous synthesis of human 17-ketosteroids, including DHEA

(dehydroepiandrosterone) BB The occurrence of anabolic steroids in plants was rigorously reviewed by [62],
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who documented that the prevalence of progesterone (up to 80 ng/g) was in more than 80%, and the prevalence of
androgens (androsterone up to 11.4 ng/g, testosterone up to 80 ng/g, and epitestosterone up to 110 ng/g) was in
more than 70%, and 17(3-estradiol (in amounts up to 40 pg/g) was in nearly in 50% cases among 128 tested plant
species of 50 families. Most of the detected and reported steroids were reported as not being contaminants of plant
subjects, but instead, they were substrate-specific intermediates that naturally occur in plants. Detection of
androstadienone and androstenedione at a concentration of 2.20 ng/g has been reported for Nicotiana tabacum

(631 pine pollen €4l and even in potato, where marginal concentration did not exceed 50 pg/g 621,

| 4. Conclusion

So far, the exact effect of plant sterols is poorly predictable and requires a deep investigation of nutrigenomic,
epigenetic, and even ecological factors before plan and develop diet recommendations purposed to improve
abilities in sport or avoid cardiovascular complications, or retard skin aging, etc. Consequently, a very careful
personalized approach based on the highly-specific bioactive compound, including a specific sterol, should be

developed, while considering different nutritional needs and different categories of the population.
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