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INTRODUCTION
Plants are inexhaustible sources of biological active

compounds. Vegetables and fruits contain substantial
amounts of terpenoids, particularly C29- and C28-ste-
rols (phytosterols). Studies of phytosterols biological
activity are of importance for human nutrition as well
as for such fields of practical medicine as gastroenter-
ology, hepatology, investigations of dislipidemias and
risk factors for cardiovascular diseases.

Investigations of phytosterols have been discussed
in numerous reviews earlier. There have been published
a number of reviews devoted to effects of alimentary
phytosterols on lipid metabolism [1–7]. Results of
experimental and population studies demonstrated that
phytosterols affected immune status [8], and exhibited
anti-inflammatory, anti-viral, anti-neoplastic activities;

the special review covered anti-cancerogenic activity of
phytosterols have been issued [9].

The goal of the present review is to summarize
experimental results concerning biological activity of
phytosterols in mammals and in mammalian cells pub-
lished in the last decade. In this review the following
questions are discussed: entering and removal of ali-
mentary phytosterols, effects of phytosterols on lipid
metabolism in vivo and in cultured cells; the special
sections devoted to phytosterols oxidation products and
to phytoecdysteroids. During the compiling of this
review the preference was given to those experimental
papers where the biological activity of phytosterols was
investigated on the molecular level.

The present review attempts to summarize the con-
temporary status of phytosterols studies and to discuss
possible application of phytosterols and related deriva-
tives as potential pharmacological preparations. The
problems related to isolation, identification and analy-
sis of phytosterols in plants and food products, as well
as the data on biological activity of structurally related
brassinolides, bufadienolides and sapogenines have not
been considered in this review.

1. PHYTOSTEROLS AND NUTRITION

Figure 1 shows structures of major phytosterols and
related compounds. Daily intake of alimentary phy-
tosterols in human is about 80–200 mg, daily intake in
vegetarians may reach 400 mg. The common vegetable
food products usually contain three major compounds:
sitosterol (

 

1

 

), campesterol (

 

4

 

) and stigmasterol (

 

3

 

),
their content is about 95% of the total phytosterols.
Phytosterols exhibited different bioavailability: absorp-
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Fig. 1.

 

 Major phytosterols and related compounds: 

 

1

 

–sitosterol (

 

β

 

-sitosterol, stigmast-5-en-3

 

β

 

-ol); 

 

2

 

–sitostanol (stigmastan-3

 

β

 

-ol);

 

3

 

–stigmasterol ((22E)-stigmasta-5,22E-dien-3

 

β

 

-ol); 

 

4

 

–campesterol ((24R)-ergost-5-en-3

 

β

 

-ol); 

 

5

 

–campestanol ((24R)-ergostan-3

 

β

 

-
ol); 

 

6

 

–brassicasterol ((24R)-ergosta-5,22E-dien-3

 

β

 

-ol); 

 

7

 

–

 

γ

 

–sitosterol ((24S)-stigmast-5-en-3

 

β

 

-ol); 

 

8

 

–fucosterol (stigmasta-
5,24(28)-dien-3

 

β

 

-ol); 

 

9

 

–

 

α

 

1-sitosterol (citrostadienol, (4

 

α

 

-methylstigmasta-7,24(28)Z-dien-3

 

β

 

-ol); 

 

10

 

–cycloartenol; 

 

11

 

–7-dehy-
drositosterol (stigmasta-5,7-dien-3

 

β

 

-ol); 

 

12

 

–24-methelenecholesterol (ergosta-5,24(27)-dien-3

 

β

 

-ol); 

 

13

 

–lupeol (

 

β

 

-viscol, faragas-
terol, lup-20(29)-en-

 

β

 

-ol); 

 

14

 

–

 

α

 

-amirene (

 

α

 

-amirenol, urs-12-en-3

 

β

 

-ol).

 

HO



 

BIOCHEMISTRY (MOSCOW) SUPPLEMENT SERIES B: BIOMEDICAL CHEMISTRY

 

      

 

Vol. 2

 

      

 

No. 1

 

      

 

2008

 

BIOLOGICAL ACTIVITY OF PHYTOSTEROLS AND THEIR DERIVATIVES 3

 

tion of sitosterol (

 

1

 

) in human intestine is about 5%,
whereas absorption of sitostanol (

 

2

 

) is less than 1%.

Figure 2 shows enterohepatic metabolism of ali-
mentary cholesterol and phytosterols. Within the intes-
tinal lumen, cholesterol and phytosterols in mixed
micelles are taken up across the enterocytic brush bor-
der membrane, thereafter they transported and secreted
into plasma in the form of intestinal chylomicrons.
After degradation of chylomicrons by hepatic lipase
localized on the surface of cell, the resulting remnants
containing both cholesterol and phytosterol enter the
hepatocyte. In contrast to cholesterol, which undergoes
to metabolic transformation into cholesteryl esters and
bile acid and partially enters in circulation in the form
of VLDLs and “nascent” HDLs, phytosterols are not
metabolized and are excreted into bile in the unchanged
form [10, 11].

Intravenous injection in rats of radioactive labeled
C-27 sterols (zoosterols) and C29-sterols (phytosterols)
demonstrated that clearance of phytosterols was much
slower compared with that of zoosterols, C-29 sterols
excreted mainly as they are, and accumulated in the
liver, adrenals, ovaries, and blood plasma, sitostanol (

 

2

 

)
preferably being found in adrenals and ovaries [12].

A number of studies indicated that the difference in
absorption and metabolism of cholesterol and phy-
tosterols depended on substrate specificity of some
enzymes and transporters, taking part in metabolism
and active transport of sterols, rather than differing
effects of cholesterol and phytosterols on cell mem-
branes. The comparative study of cholesterol and sito-
sterol (

 

1

 

) binding to membranes isolated from human
colon carcinoma CaCo2 cells indicated close behavior
of these two sterols [13]. Binding of both cholesterol

and sitosterol (

 

1

 

) (in the form of mixed micelles with
bile acids) was energy independent and proportional to
sterol content in micelle. The rate of binding followed
first order kinetics; incubation of membranes with
micelles containing both sterols resulted in competition
between cholesterol and sitosterol (

 

1

 

) [13].

Oral administration of deuterated derivatives of
cholestanol and phytosterols (

 

1

 

, 

 

2

 

, 

 

4

 

, 

 

5

 

) to volunteers
[14] resulted in distribution deuterated conpounds in
interstine, bile and blood plasma. Decreasing of
absorption and increasing of secretion was displayed in
the following order: 1, campesterol (

 

4

 

); 2, cholestanol =
sitosterol (

 

1

 

); 3, campestanol (

 

5

 

) = sitostanol (

 

2

 

).
Kinetic experiments demonstrated importance of struc-
tural features for sterol excretion into intestinal lumen
and bile duct [14]. The secretion of deuterium labeled
phytosterols into bile in human increased in the follow-
ing order: campesterol (

 

4

 

) < sitosterol (

 

1

 

) 

 

�

 

 choles-
terol, and there was the following rank of the decrease
of hepatic clearance: cholesterol 

 

�

 

 campesterol (

 

4

 

) <
sitosterol (

 

1

 

) [15].

At high concentrations sitosterol (

 

1

 

) and sitostanol
(

 

2

 

) decreased cholesterol absorption in volunteers.
Effect of sitostanol (–85%) was higher compared with
that of sitosterol (–50%) [16]. The increased absorption
of sitosterol (

 

1

 

), rather than campesterol (

 

4

 

), and high
ratio phytosterols/cholesterol in plasma was demon-
strated in patients suffering from intestine inflamma-
tion. These effects were due to decreased biliary excre-
tion of sterols [17, 18]. Normocholesterolemic and
hypercholesterolemic patients suffering from primary
bile duct cirrhosis exhibited increased blood plasma
sitosterol (

 

1

 

) level, that was caused by changes in intes-
tinal absorptions and bile acid production [19].

 

Fig. 2.

 

 Absorption of phytosterols in the intestine and participation of phytosterols in enterohepatic circulation (phytosterols and
cholesterol are marked as  and , respectively.
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In plants phytosterols are presented as free sterols,
as well as related steryl derivatives: fatty acid esters,
hydroxycinnamates, glycosides, and acylated steryl
glycosides (Fig. 3). Phytosteryl and phytostanyl esters
acylated with fatty acids exhibited higher bioavailabil-
ity compared with parent phytosterols and phytostanols
[20]. Sitostanyl esters are hydrolyzed in human inter-
stine more rapidly compared with cholesteryl esters;
the resulting sitostanol decreases intestinal absorption
of cholesterol [21]. Alimentary administrated sitostanyl
esters decreased dietary cholesterol absorption and
stimulated de novo cholesterol synthesis, that was
shown by quantitative sterol analysis of whole blood
plasma, chylomicrons and LDL samples, uptaken after

distinct time intervals from volunteers consuming
meals containing sytostanyl esters [22]. Sytostanyl fer-
ulate (

 

15

 

) and orizanol (

 

16

 

) were shown to be hydro-
lyze either by pancreatic cholesterol esterase and mix-
ture of enzymes isolated from human pancreas; acy-
lated steryl glycosides (

 

18

 

) were converted to steryl
glycosides (

 

17

 

) by mixture of pancreatic enzymes [23].

Feeding of hamsters with soya beans (with high
content of 

 

γ

 

-sitosterol (

 

7

 

)), rice and peanuts (with high
content of 4,4-dimethyl sterols and pentacyclic triterpe-
noid alcohols) indicated differences in cholesterol
absorption and plasma cholesterol level depended on
the phytosterol compositions. 4,4-Dimethyl sterols and

 

Fig. 3.

 

 Some 3-substituted derivatives of phytosterols and phytostanols: 

 

15

 

–sitostanyl ferulate; 

 

16

 

–orizanol; 

 

17

 

–sitostanyl glucoside
(3

 

β

 

-O-(1'-

 

β

 

-glucopyranosyl)-5

 

α

 

-stigmastane); 

 

18

 

–(3

 

β

 

-O-[1'-

 

β

 

-(2',3',4'6'-tetraacylglucopyranosyl)-5

 

α

 

-stigmastane); 

 

19

 

–sitosteryl
glucoside ((3

 

β

 

-O-(1'-

 

β

 

-glucopyranosyl)-5

 

α-stigmast-5-en); 20–sitostanyl phosphocholine (3β-O-(5α-stigmastanyl)-phosphocho-
line, RO-16-6532); 21–sitostanyl ascorbate.
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pentacyclic triterpenoid alcohols exhibited lower activ-
ity compared with that of phytosterols (1)–(7) [20].

Volunteers fed with various vegetable oils differing
in composition of polyunsaturated fatty acid phyto-
steryl esters exhibited different phytosterol levels in
blood plasma [24]. Sitostanyl esters decreased campes-
terol absorption, but did not affect absorption of β-car-
otene and tocoferol in volunteers [25].

The hepatic clearance of lipid micelles containing
cholesteryl oleate and various sterols and stanols (cho-
lesterol, coprostanol, epicoprostanol, sitosterol (1),
sitostanol (2), campesterol (4), campestanol (5)) was
the same [26]. Experiments with rat liver perfused with
sitostanol containing liposomes indicated that uptake of
sitostanol (2) did not depend on the presence of bile
acids, whereas secretion of sitostanol (2) required the
presence of bile acids; the concentration of sitostanol
(2) in the liver was 11%, and in bile was 40% (of the
sum cholesterol + sitostanol), respectively [27].

2. PHYTOSTEROLS AND CHOLESTEROL LEVEL

Numerous studies demonstrated that the diet sup-
plemented with phytosterols (>3 g/day) lowered blood
plasma cholesterol level (7–10%) and LDL cholesterol
level (10–15%) without changes in HDL cholesterol
and triglyceride levels, and affected de novo cholesterol
synthesis and intestinal sterol absorption in patients
with moderate hypercholesterolemia [1, 5–7, 28–39].
Changes of phytosterols for phytostanols in a diet
improved blood plasma lipid profile and decreased
risks of cardiovascular diseases [34]. One week feeding
of volunteers with yogurt containing phytostanyl esters
and lipophilic antioxidants resulted in the 13.7%
decrease of LDL cholesterol level [40].

Phytosterols dissolved in diacyl glycerides exhib-
ited higher cholesterolemic effect compared with those
dissolved in triglycerides [41]. Both Ca2+ and Mg2+ ions
forced hypocholesterolemic potency of phytosterols,
due to low solubility and fast excretion of correspond-
ing bile sats, Na+ or K+ ions did not exhibit this effect
[42, 43].

Administration of sitostanol (2) (3 g per day) to chil-
dren with family hypercholesterolemia resulted in low-
ering of plasma cholesterol level (11%) and LDL cho-
lesterol level (15%), increasing HDL cholesterol/ LDL
cholesterol ratio (27%) and concentrations in blood
plasma of cholesterol biosynthetic precursors: ∆8-cho-
lestenol, latosterol and desmosterol (36, 19, and 18%,
respectively) [32]. Hypocholesterolemic effect of sito-
stanol (2) was considerable in patients having apo E ε4
allele: administration of sitostanol (2) (3.4 g per day)
decreased absorption of campesterol (4) (46%), sito-
sterol (1) (30%) and increased blood plasma concentra-
tion of ∆8-cholestenol, latosterol and desmosterol by
about 10% [29, 30]. Nevertheless, further study did not
confirm the correlation between apoE phenotype and
succeptibility to phytosterols [44].

Administration of margarine containing sitostanyl
esters (3 g of sitostanol (2) per day) to hypocholester-
olemic patients suffering from non-insulin dependent
diabetes resulted in the decrease of LDL and VLDL
cholesterol levels, intestinal cholesterol absorption and
acceleration of hepatic cholesterol synthesis; without
changes the rate of HDL catabolism [31].

The hypocholesterolemic potency of sitosterol (1)
and sitostanol (2) during dietary administration to rats
was compared by authors of [45]. Sitostanol (2) low-
ered blood plasma cholesterol level and stimulated
fecal excretion of cholesterol and phytosterols more
potently compared with sitosterol (1) [46]. In the con-
trast to sitosterol (1) and sitostanol (2), cycloartenol
(10) did not affect blood plasma cholesterol level and
intestinal cholesterol absorption in rats [46]. Adminis-
tration of sitostanol (2) to rats efficiently lowered ste-
rols concentration in blood plasma; this effect was dis-
played at the stage of sterol absorption, rather than ste-
rol billiary excretion [47]. Feeding of rats with a
phytosterol mixture (50 mg/kg/day) for 2 weeks pre-
vented lipid accumulations in adipocytes [48]. The new
composition composed of phytostanols and triglycer-
ides, and also FCP-3P4 efficiently lowered cholesterol
level and accelerated cholesterol clearance in rats [49].

Hypocholesterolemic potency of sitostanol (2) was
proportional to its concentration at the dietary adminis-
tration to hamsters. Sitostanol (2) exhibited hypocho-
lesterolemic activity at a doses > 0.2% of the total chow
mass [50]. Experiments in guinea pigs fed with fixed
doses of cholesterol and different doses of sitostanol (2)
demonstrated the dose dependent effects of sitostanol
on the lowering of blood plasma cholesterol, liver cho-
lesteryl esters, and liver triglycerides levels, and stimu-
lation of cholesterol fecal excretion [51]. Synthetic
stigmastanyl phosphocholine (Ro 16-6532, 20) low-
ered LDL cholesterol and VLDL cholesterol levels in
hamsters and accelerated clearance of chylomicron
remnants, but did not affect HDL cholesterol level [52].

Feeding of transgenic mice expressing human apoE
(Leiden-apoE3*) with mixture of phytostanyl esters
(sitostanyl (2) esters–88%, campestanyl (5) esters–10%,
others–2%) resulted in the dose dependent decrease of
cholesterol contents in LDL, VLDL, IDL, bile, and the
rate of “nascent” VLDL production, and stimulation of
cholesterol biosynthesis without changes in mRNA lev-
els of major enzymes of sterol biosynthesis and metab-
olism. It was concluded that the hypocholesterolemic
effect of phytostanyl esters was associated with
decreased VLDL production [53].

Addition of sitostanol to an “atherogenic” diet led to
significant lowering of total cholesterol (55%) and
VLDL cholesterol (37%) in white New Zealand rabbits
[54]. However, significant hypocholesterolemic effects
was achieved only if phytosterol concentration
exceeded 1.2% of the total chow mass [55].

Combination of phytosterols with other hypocholes-
terolemic drugs was used for the first time as early as in
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1977 [56]. Combination of HMG CoA reductase inhib-
itors and sitostanol (2) and sitostanyl esters efficiently
decreased blood plasma cholesterol level in patients
suffering from cardiovascular pathologies [33, 57, 58].
Combination of pravastatin and sitostanyl esters con-
taining margarine exhibited good results for hypercho-
lesterolemic patients and even permitted to decrease the
dose of statine. [33]. Neomycin and sitostanol (2) used
together decreased the cholesterol absorption in hyper-
cholesterolemic patients and potently (36%) lowered
blood plasma cholesterol level [59]. However, in the
other study [60] carried out in 33 men with moderate
hypocholesterolemia, sitostamol (2) (3 g/day, used
alone or in combination with cholestyramine) did not
show significant hypocholesterolemic potency. Combi-
nation of ezetimib (inhibitor intestinal absorbtion) with
phytosterols did not demonstrate advantages compared
with ezetimib alone in therapy of moderate hypercho-
lesterolemia [61].

3. PHYTOSTEROLS 
AND INTESTINAL ABSORPTION OF LIPIDS

Figure 4 schematically shows participation of ali-
mentary phytosterols in metabolic and transport path-
ways of cholesterol in enterocyte.

Investigation of rare genetic defect, sitosterolemia
(or phytosterolemia) made significant contribution to
understanding of molecular mechanisms underlying
intestinal sterol absorption. Characteristic features of
phytosterolemia include: accumulation of dietary ste-
rols in the body, changes in lipid metabolism and bile
acid production, increased sterol absorption in intes-
tine, hypercholesterolemia, xantomatoisis and predis-
position to development of atherosclerosis [11, 62–64].
HMG CoA reductase inhibitors (lovastatin, simvasta-
tin, pravastatin) were ineffective in lowering of blood
plasma sterol levels in phytosterolemic patients,
whereas bile acid sequestrants (e.g. cholestyramine)
exhibited a potent hypocholesterolemic effect [57, 65].
The diet containing fixed sterol content in combination
with cholestyramine indicated high hypocholester-
olemic potency in patients suffering from phytoster-
olemia [66]. Therefore, disturbances in sterol intestinal
absorption and secretion are considered to be responsi-
ble for phytosterolemia. Indeed, genetic defects respon-
sible for disturbances in intestinal sterol absorbtion in
phytosterolemic patients have been found.

Genetic analysis of phytosterolimic families dem-
onstrated that mutations in two gene, sterolin 1 and ste-
rolin 2, encoding ATP-dependent cassette transporters
ABCG5 and ABCG8 were responsible for this disease
[62, 67–70]. Proteins ABCG5 and ABCG8 are local-
ized at the apical membrane of enterocytes and hepato-
cytes and control absorption of dietary sterols. ABCG5
and ABCG8 share high homology and form function-
ally active heterodimeric complex by interaction one to
another according to “head to tail” mode. The
ABCG5/ABCG8 heterodimeric complex works as a

pump providing with removal of sterol excess from
enterocyte to intestinal lumen through apical mem-
brane [69, 71–73].

Figure 5 schematically shows the structure of
ABCG-transporter. ABCG5 is able to bind to related
protein transporters (ABCG1, ABCG2, ABCG4,
ABCG8), however, only ABCG5/ABCG8 is localized
at the apical membrane. Expression of either ABCG5
or ABCG8 alone in transgenic ABCG5, ABCG8 –/–
mice did not affect cholesterol secretion of cholesterol
into bile, however expression of both AANG5 and
AANG8 caused 10-fold increasing of secretion [74].

Apparently mutation of either ABCG5 or ABCG8 is
able to disturb the mechanism of sterol removal through
apical membrane. The contents of sitosterol (1) was a
37-fold higher and content of campesterol (4) was a 8-
fold higher in trangenic ABCG5 -/- mice than in wild
type mice [75]. These data indicated that mutations in
sterolin-1 (gene encoding ABCG5) are sufficient for
phytosterol hyperabsorption and enforced sterol secre-
tion into bile [75]. There is some evidence [76] that ste-
rolin-2 encoding ABCG8 protein is also essential for
phytosterol hyperabsorption.

SHRSP-rats and WKY-rats are characterized by dif-
ferent contents of phytosterols; this is attributed to dif-
ferences in sterol absorption and secretion [77]. Trans-
genic ABCG5,ABCG8 –/– mice exhibited high VLDL
level, normal levels of cholesterol biosynthesis rate and
LDL-receptor activity [78], increased level of sterol
absorption (2–3-fold), and 30-fold elevated sitosterol
concentration in blood plasma [79].

Experiments in cultured cells of phytosterolemic
patients are of importance for understanding of rela-
tionships between presence of phytosterols in organ-
isms and peculiarities of lipid metabolism in phytoster-
olemic patients. Cultured macrophages from phytoster-
olemic patients accumulated cholesterol two times
more effective compared with macrophages from
healthy volunteers [80]. Low activity of HMG CoA
reductase in enterocytes of phytosterolemic patients
was genetically determined and remained unchanged in
the presence of sitosterol [81]. Activity of mitochon-
drial sterol-27-hydroxylase CYP27A1, one of the most
important sterol metabolizing enzymes, was 68% lower
in the liver of phytosterolemic patients compared the
control; sitosterol (1) was a competitive inhibitor of
CYP27A1 [82].

4. ROLE OF PHYTOSTEROLS 
IN LIPID METABOLISM REGULATION

Numerous studies have shown that phytosterols and
their derivatives affected activities of some enzymes
involved in lipid biosynthesis and metabolism, intracel-
lular proteins responsible for sterol traffic, as well as
nuclear receptors LXRα and LXRβ, controlling
expression of related target genes [83–86]. In CaCo2
cells sitosterol (1), campesterol (4) and stigmasterol (3)



BIOCHEMISTRY (MOSCOW) SUPPLEMENT SERIES B: BIOMEDICAL CHEMISTRY      Vol. 2      No. 1      2008

BIOLOGICAL ACTIVITY OF PHYTOSTEROLS AND THEIR DERIVATIVES 7

(in the contrast to cholesterol) did not stimulate ACAT
activity, cholesteryl esters and apolipoprotein B (apoB-
48) secretion, but reduced HMG CoA reductase activity
and the rate of cholesterol biosynthesis. In Hep G2 cells
sitosterol (1), stigmasterol (3) and campesterol (4)
decreased apolipoprotein B (apoB-100) secretion [87–
89]. Sitosterol (1) and sitostanol (2) activated nuclear
receptor LXR and increased mRNA level of membrane
transporter ABCA1 in CaCo2 cells, while related
4,4-dimethyl phytosterols, α-amirine (14) and lupeol (13)
were inactive [90]. Sitostanol (2) and a mixture of cho-
lesterol and sitostanol induced LXR-dependent
ABCA1 expression and sterol excretion, but did not
affected cholesterol biosynthesis in CaCo2 cells [91].
Stigmasterol (3), but not sitosterol (1) efficiently
decreased the rate of cholesterol biosynthesis, inhibited
processing of SREBP-2, regulatory protein (proteolysis
of this protein is involved into control of expression of
genes important for steroidogenesis [92–94]), activated
LXR and caused a tenfold increase in ABCA1 in
adrenals of transgenic ABCG5, ABCG8 –/– mice [95].
In CaCo2 cells native and synthetic LXR agonists
enforced ABCA1-dependent efflux of sitosterol
through basolateral membrane (rather than through api-
cal membrane); this effect was inhibited by actinomy-
cin D, glibenclamide and arachidonic acid. This effect
was not specific for phytosterols, because either choles-
terol efflux or sitosterol efflux were regulated identi-
cally [96].

Intravenous administration of sitosterol (1) to rats
caused a decrease of catalytic activity of two key
enzymes of bile acid biosynthesis, sterol 27-hydroxy-
lase CYP27A1 and hepatic cholesterol 7α-hydroxylase
CYP7A1. This administration caused a 2-fold increase
in blood plasma cholesterol concentration without sig-
nificant changes in hepatic cholesterol concentration
[82]. Intravenous administration of sitosterol (1) to rats
did not affect activity and mRNA level of HMG CoA
reductase in the liver, but reduced NYP7A1 activity and
increased blood plasma cholesterol concentration [97,
98]. Reduced activity of HMG CoA reductase in
patients suffering from phytosterolemia it attributed to
changes in regulatory properties, rather than high con-
centration of phytosterols [99].

In cultured macrophages sitosterol (1), sigmasterol
(3) and fucosterol (8) did not undergo by ACAT-depen-
dent acylation and were accumulated within phagoly-
sosomes; under these conditions campesterol (4) was
transformed to related esters, but the rate of acylation
was 5 times lower compared with those for cholesterol
[100]. Authors concluded that macrophages could dis-
tinguish cholesterol, C24-methyl and C24-ethyl sterols
in relation to their localization in different cell compart-
ments and affinity to ACAT [100]. It is known that two
proteins, ACAT1 and ACAT2, encoded by different
genes, possess acyl transferase activity [101–103].
Sitosterol (1) was not a substrate for ACAT2; appar-
ently differences in substrate specificity of ACAT1 and

Apical membrane

Lysosome

Triglyceride
 synthesis

Protein
synthesis

Uptake
of Lipid

of micelles

ABCG5/ABCG8

ABCA1

Cholesterol
 synthesis

ACAT1/ACAT2

Endoplasmic reticulum

Cholesterol acylation

Basolateral membrane Chylomicrons

Fig. 4. Uptake, traffic and excretion of phytosterols in the enterocyte (phytosterols and cholestrol are marked as  and , respec-
tively). Dietary sterols (both free sterols and steryl esters) associated with mixed micells enter the cells through apical membrane,
then after maturation of primary endosome, steryl esters undergo lysosomal hydrolysis. Cholesterol obtained enters so called “met-
abolically active cholesterol pool,” while phytosterols, which are resistant to metabolic transformations, are excreted from the cells
by two different pathways: (1) by active transport into intestinal lumen through apical membrane; (2) composed with chylomicrons
into lymph through basolateral membrane.
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ACAT2 are important for discrimination of absorption
of cholesterol and phytosterols [104].

∆22-Phytosterols such as stigmasterol (3) and bras-
sicasterol (6) were shown to be competitive inhibitors
of sterol ∆24-reductase (one of the enzymes involved
into transformation of lanosterol to cholesterol) in
CaCo2 and HL60 cells. The presence of sterols (3) and
(6) inhibited formation of cholesterol and stimulated
accumulation of intermediates of this pathway, presum-
ably desmosterol [105]. 7-Dehydrositosterol (11) acted
as competitive inhibitor sterol ∆7-reductase activity
[106].

Feeding of mice with high concentrations of phy-
tosterols and phytostanols resulted in inhibition of
intestinal cholesterol absorption, stimulation of neutral
sterols excretion and lowering of cholesterol and cho-
lesteryl esters concentrations in the liver [107]; depres-
sion of acetyl CoA carboxylase activity and levels of
fatty acids and cholesterol in the liver [108]. Sito-
sterol (1) increased the number of peroxisomes in mice
liver [109].

5. PHYTOSTEROLS AND CULTURED 
MAMMALIAN CELLS

Sitosterol (1) and campesterol (4) supported growth
of NII cells in the medium with reduced cholesterol
level, while sterols lacking 3β-hydroxy group did not
[110]. After the cultivation of CHO cells for 60 days the
content of phytosterols in cells exceeded 90% of total
sterols. Blockade of cholesterol biosynthesis depressed
growth of cell in the sitosterol containing medium and
slowed down the growth in the campesterol containing
medium [110]. Sitosterol (1) (16 µM) inhibited growth
of smooth muscle cells from rat aorta (30%), DNA syn-
thesis (25%), cholesterol synthesis (49%); under the
same conditions campesterol (4) inhibited cell growth

(16%) and cholesterol synthesis (28%) without changes
in the rate of DNA synthesis. Contents of sitosterol and
campesterol in cells were 49% and 40% of total sterols,
respectively; the presence of phytosterols stimulated
biosynthesis of prostacyclin [111].

Sitosterol (16 µM) caused a threefold inhibition of
growth of HT-29 colon carcinoma cells; a 2-fold
decrease in the ratio sphingomyelin/phospatidylcholine
in membranes, it also caused changes in phospholipid
fatty acid composition [112], and the rate of ceramide
production (without changes in sphingosine biosynthe-
sis and protein kinase C activity) [113].

Sitosterol (1) and campesterol (4) inhibited growth
and initiated apoptosis in human breast carcinoma
MDA-MB-231 cells. Cultivation of cells for 3 days in
the medium containing sitosterol (16 µM) inhibited cell
growth (66%) and caused a six-fold increase in apop-
totic cells, without cell death and changes in protein
phosphatase 2A activity (PP2A; one of enzymes of sph-
ingomyelin cycle involved in apoptosis regulation)
[114]. Sitosterol (1) induced caspase 8 and caspase 9
activities in MDA-MB-231 cells; this resulted in a
threefold activation of caspase-3, which is known to
have key role in apoptosis [115]. Effects of campes-
terol (4) in MDA-MB-231 cells were weaker compared
those of sitosterol (1) [114,115]. Cells cultivated in the
presence of sitosterol exhibited low levels of choles-
terol biosynthesis and sterol (cholesterol + sitosterol)
content, and high level of MAPK activity and MAPK
protein content [116] In cells cultivated in the presence
of campesterol, the content of cholesterol was two
times lower than in control, the content of campesterol
was about 40% of total sterols [116].

Cultivation of cells for 7 days in the presence of sito-
sterol (1) (16 µM) decreased growth of LNCaP prostate
cancer cells by 24%, increased the proportion of apop-
totic cells fourfold, and ceramide production on 50%

Fig. 5. Structure of cassette transporter protein of ABCG family (according to Schmitz, JLR 2001 [72]).
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[117]. Sitosterol (1) also increased PP2A activity in
LNCaP cells by 50% [118]. Sitosterol, rather than
campesterol, stimulated incorporation of serine into
ceramides, sphingosine and sphingomyelin in CaCo2
without effects on sphingomyelin synthase and sphin-
gomyelinase [119]. It was concluded that sitosterol is
able to stimulate ceramide glycosylation while campes-
terol (4) inhibited ceramidase activity [119].

In PC-3 prostate cancer cells sitosterol (1) inhibited
cell growth, increased content of prostaglandins and
free radicals and blocked cell cycle at G2/M phase
[120]. Sitosterol (1) depressed the growth of HT116
colon tumor cells, caused apoptosis, increased popula-
tion of cells in sub-G1 phase, concentration of
caspases-3 and -9, decreased levels of antiapoptotic
protein Bcl-2 and specific mRNA, caused release cyto-
chrome c from mitochondria and inhibited cIAP-1
(rather than cIAP-2) expression [121].

Experiments performed in hamsters demonstrated
that phytosterols and phytostanols did not affect prolif-
eration of intestine mucosa cells, nevertheless sitosta-
nyl ascorbate (21) inhibited proliferation and probably
possessed anti-carcinogenic activity [122].

Antibiotic amphotericin B exhibited high toxicity in
mammalian cells due to its membrane active properties
[123]. Antibiotic is able to bind to membrane either as
monomer or as aggregate, the incorporation of aggre-
gated antibiotic being depended on structure of sterols
presented in membrane [124]. A new synthetic ana-
logue of amphotericin B (MF-AME) exhibited higher
affinity to model bilayer membranes formed by dipalm-
itoyl phosphatidylcholine and phytosterols compared
with membranes formed by dipalmitoyl phosphatidyl-
choline and cholesterol and was less toxic in mamma-
lian cells [125].

Sitosteryl glycoside (19) isolated from onion selec-
tively inhibited DNA polymerase λ in vitro, without
effects on activity of DNA polymerases α, β, δ, and ε.
Inhibition was non competitive and did not depend on
structures of primers and nucleoside triphosphates used
[126].

6. PHYTOSTEROL OXIDATION PRODUCTS
The mixture of sitosterol and campesterol from veg-

etable oils was nontoxic for murine C57BL/6 macroph-
ages, but after oxidation the same mixture exhibited
cytotoxicity, though to a less extent than 5α, 6α-epoxy-
cholesterol [127].

Products of phytosterols oxidation (22–29) were
identified in blood plasma of phytosterolemic patients
[128]. 5α-Sitostanol (2) (found in blood plasma of phy-
tosterolemic patients) was slowly formed in rat bile
from sitosterol (1) but rapidly from stigmast-4en-3-one
(30) [129]. Novel dihydroxy and trihydroxy C21-bile
acids (31)–(36) formed from sitosterol (1) and campes-
terol (4) were identified in the perfused rat liver and in
rats with cannulated bile fistula. In rat liver these C21-bile
acids may be formed from C24-akylated sterols

because of the presence of C24-substitutuent prevented
formation of normal C24-bile acids [130, 131]. How-
ever, C21-bile acids formation was not found in ham-
ster bile [132], in human hepatocytes and human liver
microsomes [133].

Phytosterols oxidation products (22)–(25) exhibited
toxic effects, caused apoptosis and decreased glu-
tathione level in human monocytes U937 and hamster
lung cells V79; these effects were similar to those of
7-ketocholesterol and 7β-hydroxycholesterol, but were
observed at higher concentrations of phytosterol oxida-
tion products [134]. 7-Ketositosterol (22), 7β-hydroxy-
sitosterol (23), 5,6-oxidositostanol (25), a mixture of
5α,6α- and 5β,6β- isomers in a ratio of 6 : 1) and sito-
stane-3β,5α,6β-triol (26) were toxic in U937, CaCo-2
and HepG2 cells; the death of U937 cells occurred via
apoptosis, whereas death of CaCo-2 and HepG2 cells
occurred via necrosis. Effects of oxygenated sitosterol
derivatives as pro-apoptotic agents were weaker com-
pared with those of oxysterols, and for apoptosis stim-
ulation higher concentrations of oxygenated sitosterol
derivatives compared with concentrations of oxygen-
ated cholesterol derivatives were required [135].

Comparative study of antiproliferative activity of
7β-hydroxysitosterol (23) and 7β-hydroxycholesterol
was carried out in CaCo-2 cells [136]. In spite of struc-
tural resemblance these compounds affected different
pathways leading to cell death: 7β-hydroxysitosterol
(23) stimulated caspase-3 and caspase-9 activities and
resulted in DNA fragmentation, whereas 7β-hydroxyc-
holesterol did not affect caspase activities and pre-
vented DNA fragmentation. A caspase inhibitor
deceased apoptosis caused by 7β-hydroxysitosterol
(23), however, it did not influenced the effects of
7β-hydroxycholesterol [136].

Additional oxygenated substituents in side chain
and their stereochemical configurations essentially
affected cytotoxicity of 7-ketosterols (37)–(40) in Hep
G2 and MCF-7 cells: (3β,22R,23R)-22,23-oxido-7-
ketostigmast-5-en-3,22,23-triol (38) exhibited high
toxicity, toxicity of (3β,22S,23S)-22,23-oxido-7-keto-
stigmast-5-en-3-triol (40) was nearly the same com-
pared with toxicity of 7-ketocholesterol, and 7-keto-
sterols (37) and (39) were nontoxic [137]. Among four
3,7-dihydroxy-22,23-oxidostigmast-5-enes (41)–(44)
[138]; only (3β,7α,22R,23R)-22,23-oxidostigmast-5-
en-3,7-diol (43) exhibited high cytotoxicity in Hep G2
and MCF-7 cells.

Six oxygenated phytosterols (22), (37), (45)–(48)
were isolated from rice grains Oriza satila L. [139],
including known (22E)-3β-hydroxy-5α,8α-epidioxy-
ergosta-6,22-diene (47) possessing immunosuppres-
sive, anti-inflammatory, and anti-tumor activity [140–
143]. Epidioxy sterol (47) weakly inhibited DNA poly-
merase α, however, in the presence of linolic acid,
known inhibitor of DNA polymerase α, compound (47)
exhibited strong synergetic inhibiting effect [144].
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en-3-one; (50) 1α,3β-dihydroxyergosta-5,7,22E-triene (YT-32).
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Campest-5-en-3-one (49) has recently been shown
to improve the lipid profile, prevent obesity, and lower
risk of cardiovascular diseases [145]. In rats campest-5-
en-3-one (49) lowered triglyceride level in blood
plasma, decreased lipid droplets, increased activities of
hepatic mitochondrial and peroxisomal enzymes cata-
lyzing β-oxidation, stimulated sterol fecal excretion,
activated PPARα, lowered fatty acid synthase and
SREBP-1 mRNA levels and fatty acid synthase enzy-
matic activity, and decreased cholesterol concentration
in the liver [145]. The product of ergosterol chemical
transformation YT-32 (22E)-ergost-22-en-1α,3β-diol
(50), structurally related to brassicasterol and ergos-
terol was found to be efficient LXR agonist, activated
expression of AAN-transporter proteins in cultured

cells and in vivo without increasing of triglycerides
level [146].

7. PHYTOECDYSTEROIDS
AND INDUCED GENES EXPRESSION

Ecdysteroids, insect metamorphose hormones,
attract attention of specialists working in endocrinol-
ogy and molecular biology for a long time. Identifica-
tion of ecdysteroids and related compounds in plants
gave to investigators a rich source of these potent bio-
logical active compounds [147–149]. Figure 7 shows
chemical structures of major ecdysteroids of plant ori-
gin, phytoecdysteroids (51)–(57). Studies of biological
activity, of ecdysteroids particularly the effects phyto-
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ecdysteroids in cultured cells, as well as possibility of
ecdysteroid application in medicine have been dis-
cussed in numerous reviews [150–154].

Investigation of insect ecdysone receptors structure
and function and numerous experiments in cultured
cells indicated that ecdysteroids did not possess hor-
monal activities in mammalian cells, while mammalian
steroid hormones did not affect activity of insect ecdys-
one receptors. Ecdysone receptor from Drosophila mel-
anogaster (EcR) specifically bound to heat shock pro-
teins shp27 and shp23, which share own homological
fragments and possessing homology with steroid bind-
ing sites of mammalian steroid hormones receptors
[155, 156]. EcR appears to be an ecdysone-induced
transcription factor in mammalian cells, and therefore
EcR could be used for induction of expression both
endogenous and exogenous genes in mammalian cells
[157].

Ecdysone receptor EcR realizes its activity by bind-
ing ligand, forming heterodimeric complex with spe-
cific protein USP, and binding to a promoter region of
target gene [83–86, 158–160]. Mechanism of function
of EcR/USP complex is similar to mechanism of func-
tioning of mammalian nuclear receptors, which are
known to form heterodimeric complex with retinoic X
receptor RXR. USP and RXR share substantial homol-
ogy. Simultaneous transfection of mammalian cells
with USP and EcR provided sensitivity transfected
cells to ecdysteroids [161–163]. Some EcR mutants
differing in ligand specificity [164, 165], EcR mutants
enable to activate gene expression in the absence of
USP [166], and USP fragment forming ecdysteroid-
dependent transcription factor in the presence of EcR
[167] were constructed using methods of genetic engi-
neering.

Figure 8 schematically shows the principle of ecdys-
teroid-induced gene expression. Ecdysteroid-induced
and tetracycline-induced systems of human genes
expression have already been compared [168]. Further
development of ecdysteroid-induced expression sys-
tems, including directed modification of receptor
genes, design of promoters and response elements, per-
formed by “Invitrogene,” “RHeoGene,” “Syngenta”

companies resulted in thousand-fold increase in effi-
ciency of expression (detailed discussion of this point
was presented in review [154]). There ecdysteroid-
induced systems were elaborated for expression of var-
ious human genes in HEK-2 cells, in colon tumor
SW480/VgRXR cells and HCT116/VgRXR cells, etc.,
where muristerone A (55) and ponasterone A (57) were
used as inducers [169–178].

In transfected mice expressing modified insect
ecdysone receptor (VgEcR) [179] 20-hydroxyecdysone
(52) and ponasterone A (57) regulated steroid level in
the presence of RXR agonists [180]. Muristerone A
(55) and ponasterone (57) affected interleukin-3 depen-
dent activation of PI-3 kinase/Akt signaling in ecdys-
teroid-induced transcription system in Ba/F3 cells
[181]; resulted in a 8-fold increase of D2L receptor in
HEK-293 cells [182]. Experiments in ecdysteroid-
induced system indicated that muristerone A (55)
exhibited anti-apoptotic effect in colon carcinoma RKO
cells [183]. Apoptosis caused by a TNF ligands was
inhibited by muristerone A (55); this effect was realized
at the level of caspase-8 activation. Muristerone A (55)
caused strong stimulation of bcl-x(L) mRNA and cor-
responding protein levels, this was the first evidence of
effects of ecdysteroids on apoptosis in mammalian cells
[183].

Besides EcR ecdysteroids activated receptor
DHR38, the ortholog of NGFI-B; the latter lacks coac-
tivators and ligand binding pocket [184]. Authors of
[184] hypothesized existence of a special class of
nuclear receptors, which are conservative from insects
to humans [184].

The problem of anabolic effects of ecdysteroids
extensively studied in 1970th of the last century, has
been discussed in recent reviews [148, 154]. This ques-
tion still remains unanswered, but majority of specialists
believe that 20-hydroxyecdysone (52) do not exhibit
hormonal effects in mammalian cells. 20-Hydroxy-
ecdysone (52) administrated per os decreased hyperg-
lycemia and was used as an anti-diabetic drug [185,
186].

Several studies analyzed in cultured cells the
20-hydroxyecdysone (52) effects unrelated to the
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effects on the inducible system of gene expression.
20-Hydroxyecdysone (52) stimulated human lung
fibroblasts in cell culture [187], affected Ca2+ transport,
phosphoinositide hydrolysis, and protein kinase activ-
ity in primary culture of rat heart and rat brain cells
[188], as well as expression of CD2 antigen in O-lym-
phocytes [189].

CONCLUSIONS

The data presented in this review allow to make
some conclusions on biological activity of phytosterols.
There is convincing evidence that alimentary phytoster-
ols regulate lipids absorption in intestine, affect activi-
ties of some cholesterol metabolizing enzymes in intes-
tine and liver cells, decrease cholesterol level in blood
plasma, and improve the whole body balance of lipids
and lipoproteins. Therefore, phytosterols are consid-
ered to be physiological regulators of lipid homeostasis
and essential components of rational nutrition. Addi-
tionally, phytosterols and phytostanols affect cell
growth and proliferation and probably can be used in
medicine as components of anti-neoplastic and tumor
suppressive drugs. Nevertheless, phytosterols exhibited
biological activity only at high concentrations and,
therefore, they can not be considered as the main com-
ponents of medicinal preparations.

However, one may assume that new interesting bio-
logically active compounds may be prepared from phy-
tosterols by directed transformation of their molecules.
Apparently oxygenated phytosterol derivatives are of
the most interest. Oxygenated phytosterol derivatives
are closely related structural analogues of oxysterols
(products of metabolic oxygenation of cholesterol,

which are known to control metabolism isoprenoids,
lipids, bile acids, and to participate in regulation of cell
growth, differentiation and apoptosis in mammalian
organisms [83–85, 158, 159, 190–194]. In mammals
oxysterols undergo rapid metabolic degradation in the
liver. Phytosterol molecules comprise additional alkyl
substituent at C24, which determines their resistance to
oxidative degradation of the side chains [130–133,
195]. Thus, oxygenated phytosterol derivatives would
exhibit high stability and prolonged biological activity.
The development of new efficient regulators of lipid
metabolism (compounds (49) and (50) [145, 146]) by
chemical transformation of phytosterols is successful
example of realization of this approach.
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