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Abstract

CVD affect a large proportion of the world’s population, with dyslipidaemia as the major risk factor. The regular consumption of both probiotic
bacteria and yeast has been associated with improvement in the serum lipid profile. Thus, the present review aims to describe and discuss the
potential mechanisms responsible for the hypocholesterolaemic effect of regular consumption of probiotic bacteria and yeast. Regarding the
hypocholesterolaemic effect of probiotic bacteria, the potential mechanisms responsible include: deconjugation of bile salts; modulation of
lipid metabolism; and decreased absorption of intestinal cholesterol through co-precipitation of intestinal cholesterol with the deconjugated
bile salts, incorporation and assimilation of cholesterol in the cell membrane of the probiotics, intestinal conversion of cholesterol in
coprostanol, and inhibition of the expression of the intestinal cholesterol transporter Niemann—Pick C1 like 1 (NPC1L1) in the enterocytes. The
potential mechanisms responsible for the hypocholesterolaemic effect of probiotic yeasts include: deconjugation of bile salts; co-precipitation
of intestinal cholesterol with the deconjugated bile salts; incorporation and assimilation of cholesterol in the cell membrane; and inhibition of
hepatic cholesterol synthesis. The regular consumption of probiotic bacteria and yeast, as a non-pharmaceutical approach to help manage
cardiovascular risk, holds promise, according to the beneficial hypocholesterolaemic effects described herein. However, the
hypocholesterolaemic effects vary according to the strains used, the physiological state of the host, and the type of diet to which the
probiotics are added. Further studies are necessary to fill the gaps with regard to the knowledge related to this topic.
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Introduction

CVD are the leading cause of morbidity and mortality
D Although there are multiple risk factors for the
development of CVD, dyslipidaemia remains the major risk
factor. Epidemiological and clinical studies have observed a
strong association between high serum concentrations of total
cholesterol (TC) and LDL-cholesterol, with increased risk of
developing CVD™.

According to Lahti et al.”®’, the overall lipid content in human
serum can be influenced by the metabolic activity of the
intestinal microbiota. The intestinal microbiota is composed of a
complex, dynamic, and diverse collection of micro-organisms
that inhabit the gastrointestinal tract. These micro-organisms are
essential for maintaining the health state of the host, whereas
changes in the composition of the microbiota have been con-
sidered a risk factor for the development of some chronic
diseases, such as CVD,

The composition of the intestinal microbiota can be modu-
lated by the regular consumption of probiotics, defined as, ‘live
microorganisms, which when administered in adequate
amounts confer a health benefit on the host. Accordingly, it
had been suggested that the regular consumption of probiotics

worldwide

can decrease the serum cholesterol concentration (hypo-
cholesterolaemic effect)®.

Mann & Spoerry® were the first researchers to report the
hypocholesterolaemic effect of regular consumption of milk
fermented by Lactobacillus acidophilus in Maasai tribesmen.
Since then, many studies have been performed to evaluate
the hypocholesterolaemic effect of probiotic food and
micro-organisms (Tables 1 and 2). However, the results of these
studies vary from a significant decrease in serum TC con-
centration, an unchanged serum concentration, and an increase
in the serum concentration. These contradictory results can be a
consequence of different experimental designs, amounts of
probiotics consumed, the strains of probiotics used, the viability
of the probiotic micro-organism, the content of lipids and
cholesterol in the diet, the animal model used, the intervention
time, and an inadequate sample size'”®.

According to Manson® a 1% reduction in serum TC con-
centration yields a 2 to 3% reduction in the risk of coronary
disease. Thereby, identification of probiotics that exhibit a
hypocholesterolaemic effect is of great interest since they are
safe and does not cause the accumulation of toxic substances in
the body, as therapeutic drugs do. Additionally, probiotics are
cheaper in comparison with therapeutic drugs™ !,

Abbreviations: ATCC, American Type Culture Collection; BSH, bile salt hydrolase; CFU, colony-forming unit; HMG-CoA, 3-hydroxy-methyl-3-glutaryl-CoA;

NPC1L1, Niemann-Pick C1 like 1; TC, total cholesterol.
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Table 1. Hypocholesterolaemic effect of regular consumption of probiotics in experimental studies

Probiotic strains Animals and diet Probiotic intake Duration Effects References

Lactobacillus acidophilus ATCC 4356 Sprague—Dawley rats, hypercholesterolaemic diet 10° CFU/d 4 weeks | TC, LDL, TAG Huang et al. (2010)7"
=HDL

L. acidophilus A4 Male Sprague—Dawley rats, hypercholesterolaemic diet — 4 weeks | TC, LDL, HDL Lee et al. (2010)®

Sonication-killed Bifidobacterium longum SPM1207 Sprague-Dawley rats, high-cholesterol diet 108-10° CFU/ml 3 weeks 1 TC, LDL Shin et al. (2010)7®
=HDL

L. plantarum 9-41-A and L. fermentum M1-16 Male Sprague—Dawley rats, hypercholesterolaemic diet 10° CFU/ml/d 6 weeks = HDL Xie et al. (2011)®

| TC, LDL, TAG
Yoghurt containing B. pseudocatenulatum G4 and Male Sprague—Dawley rats, hypercholesterolaemic diet Fermented with 1% of 8 weeks | TC,LDL, VLDL, TAG  Al-Sheraji et al. (2012)®"
B. longum BB536 each strain 1 HDL
L. reuteri ATCC 4659, DSM and L6798 Male ApoE-/- mice, Western diet supplemented with 0-2 % 10° CFU/d 12 weeks =TC, TAG Fak & Backhed (2012)®2
cholesterol
Pediococcus parvulus 2-6 and its exopolysaccharides = Female LDL-receptor-deficient mice, 2% added to the diet 6 weeks =TC, TAG Lindstréom et al. (2012)®2

Dahi prepared by L. plantarum Lp9

Cheddar cheese manufactured with L. plantarum K25

L. casei Shirota YIT9029

B. bifidum PRL2010

hypercholesterolaemic diet

Male Wistar rats, hypercholesterolaemic diet

Male Kunming mice, high-cholesterol diet

Male ApoE-/- mice, AIN-93G purified diet

Male ApoE-/- mice, AIN-93G purified diet

20x10® CFU/g
2:0g cheese/kg body weight
108, 10" or 10" CFU/mI

10° CFU/d

120d | TC, LDL, VLDL, TAG
1 HDL
| TC, LDL
=HDL, TAG
| TC, LDL, TAG,
1 HDL
20d 1 TC
=HDL, TAG

4 weeks

16 weeks

Mohania et al. (2013)®4
Zhang et al. (2013)®
Tang et al. (2014)®®

Zanotti et al. (2015)©7

ATCC, American Type Culture Collection; CFU, colony-forming units; |, decreased; TC, total cholesterol; LDL, LDL-cholesterol; =, did not change; HDL, HDL-cholesterol; VLDL, VLDL-cholesterol; 1, increased; AIN, American Institute of

Nutrition.

Table 2. Hypocholesterolaemic effect of regular consumption of probiotics in clinical trials

Probiotic strains Subjects Trial design Probiotic intake Duration Effects References
Yoghurt containing Lactobacillus acidophilus Female adults with Randomised, triple-blind 300 g/d of the yoghurt 6 weeks =TAG, LDL Sadrzadeh-Yeganeh
La5 and Bifidobacterium lactis Bb12 TC <6-2mmol/l, (3-9% 107 CFU of both 1 TC et al. (2010)®7
TAG <2-3mmol/l and a strains) 1+ HDL
BMI < 30 kg/m?
Kefir enriched with an antioxidative probiotic Healthy adults with mean BMI Randomised, double-blind, 200 ml of enriched kefir 2 weeks | Oxidised LDL, TAG Kullisaar et al. (201 1)(88)
L. fermentum ME-3 30+ 5 kg/m? placebo-controlled (2% 10® CFU/g kefin) =TC, LDL
1 HDL
L. acidophilus La5 and B. animalis Bb12 Pregnant women at their third Randomised single-blind, 200g/d of a \;ogurt witha 9 weeks L TC,LDL, HDL, TAG  Asemi et al. (2012)®
trimester, primigravida, aged placebo-controlled total of 10° CFU/ml
18-30 years
L. rhamnosus GG (ATCC 53103) Healthy adults with a mean age ~ Randomised, double-blind, 250 ml of a milk containing 3 weeks =TC, LDL, HDL, Lahti et al. (2013)®
of 42 years and a mean BMI placebo-controlled 6-2x10” CFU/ml TAG
of 24 kg/m?
L. plantarum Patients with the metabolic Randomised, cross-over 80 ml of fermented milk/d 90d | TC, glucose, Barreto et al. (2014)°°
syndrome (107 CFU/g) homocysteine levels
B. animalis subspecies lactis MB 2409, Hypercholesterolaemic Randomised, double-blind, One capsule/d (10° CFU/g 32 weeks | TC, LDL, TAG Guardamagna
B. bifidum MB 109 and B. longum subspecies children aged 6-18 years placebo-controlled, of each strain) 1 HDL et al. (2014)®"
longum BLO4 cross-over
Yogurt containing L. acidophilus La5 and Adults with type 2 diabetes who  Randomised, double-blind 300 g yogurt/d twice per d 8 weeks | LDL Mohamadshahi
B. lactis Bb12 had LDL > 100 mg/dI controlled trial 1 HDL et al. (2014)©2
=TC, TAG
VSL#3 Healthy adults with overweight ~ Randomised, placebo- 112:5x10° CFU/capsule of 6 weeks | LDL, TAG Rajkumar et al. (2014)©%
(BMI> 25 kg/m?) controlled trial all strains =TC, HDL, VLDL

TC, total cholesterol; CFU, colony-forming unit; =, did not change; LDL, LDL-cholesterol; |, decreased; 1, increased; HDL,

HDL-cholesterol; VLDL, VLDL-cholesterol.
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Some mechanisms responsible for the hypocholesterolaemic
effect of probiotics have been suggested from in vitro and
experimental studies, although they are not fully known®. The
mode of probiotic action is likely to be multifactorial and strain-
specific, but usually includes aspects of microbial physiology,
microbial ecology and host physiological response™?.

Therefore, the present review aims to describe and discuss
the potential mechanisms suggested by the scientific literature
as being responsible for the hypocholesterolaemic effect of
regular consumption of probiotic bacteria and yeasts.

Mechanisms responsible for the hypocholesterolaemic
effect of regular consumption of probiotic bacteria

Cholesterol homeostasis in our body is regulated primarily by the
liver and also by the intestine. The liver regulates the de novo
synthesis of cholesterol, the production of bile salts, which
are the principal form of cholesterol excretion, the secretion
of lipids in the bloodstream in the form of VLDL, the synthesis
and storage of cholesterol, and also modulates the expression
of the cellular receptor responsible for the uptake of
blood lipoproteins by the liver (LDL receptor). Regarding the
intestine, it regulates the absorption and excretion of dietary
cholesterol, and the excretion of bile salts in the faeces"®. Thus,
for treatment with probiotics to provide a hypocholesterolaemic
effect, these micro-organisms must act mainly on the liver and
intestine.

Probiotic bacteria can regulate the host’s cholesterol meta-
bolism although it is important to consider that different strains
may have unique clinical effects since each strain may use
different mechanisms, alone or in combination, to cause the
hypocholesterolaemic effect™®'?. Then, we will describe and
discuss the potential mechanisms responsible for the hypo-
cholesterolaemic effect of regular consumption of probiotic
bacteria (Fig. 1).

Deconjugation of bile salts

In a typical Western diet, dietary cholesterol intake is approxi-
mately 300-450 mg/d. This amount of cholesterol will comple-
ment the 800-1400 mg of endogenous cholesterol in the bile. In
this manner, about 1000-2000 mg/d of cholesterol reaches the
intestinal lumen™>. After playing their role in the digestion
process, bile salts are reabsorbed from the intestine by passive
diffusion along the gut and by active transport in the terminal
ileum (enterohepatic circulation). This process is highly
efficient; however, it is estimated that 400 to 800 mg of the bile
salts remain in the intestinal lumen, becoming a substrate for
microbial activity in the large intestine'®’. Thus, bile salts can be
deconjugated by the intestinal microbiota®”.

The bile salts are deconjugated by the action of the enzyme
bile salt hydrolase (BSH)(m. Many of the bacteria that
comprise the intestinal microbiota are BSH-positive, including
some species of the genera Lactobacillus, Bifidobacterium,
Enterococcus, Clostridium and Bacteroides. Although the
activity of BSH is low or not detected in those bacteria that are
not commensal in the gastrointestinal tract, the bsh gene can be
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acquired horizontally among different micro-organisms. The
activity of the BSH enzyme provides an advantage for these
micro-organisms to survive and colonise the small intestine
since the conjugated bile salts have an anti-bacterial effect'®.

BSH hydrolyses the amide bond (C-24N-acyl amide) of the bile
salts with its conjugated amino acids, releasing glycine or taurine
from the steroid nucleus. The steroid nucleus is now called a
deconjugated or unconjugated bile salt. In the deconjugated
form, the bile salts have low solubility and are absorbed in lower
amounts by the enterocytes than the conjugated form; therefore,
they are eliminated with the faeces™™. With the increasing
faecal excretion of bile salts, fewer of them are carried back to
the liver by the enterohepatic circulation, which increases the
demand for cholesterol for de novo synthesis of bile salts in
the liver. Thus, the liver increases the expression of the LDL
receptor, increasing the hepatic uptake of LDL-cholesterol
from the circulation™. Thereby, serum LDL-cholesterol and TC
concentrations are reduced.

This mechanism has been considered to be mainly respon-
sible for the hypocholesterolaemic effect caused by the regular
consumption of probiotic bacteria since cholesterol and bile salt
metabolism are closely related’®. On account of this, probiotic
bacteria positive for the BSH enzyme have been evaluated for
their hypocholesterolaemic effect in experimental and clinical
studies.

In this manner, in an experimental study with hypercholes-
terolaemic rats treated, during 30d, with three strains of
Bifidobacterium (B. bifidum MB 109, B. breve MB 113 and
B. animalis subsp. lactis MB 2409; 0-33 x 10 colony-forming
units (CFU)/d of each strain) capable of deconjugating the bile
salts glycocholic and taurodeoxycholic, a significant decrease in
serum TC and LDL-cholesterol concentrations was observed®,
This hypocholesterolaemic effect was assigned to the increased
activity of BSH; however, the concentration of bile salts in the
faeces was not determined. Also, rats fed a cholesterol-enriched
diet and treated with different doses (10° or 10° CFU/ml) of
L. casei F0822, for 3 weeks, exhibited a significant decrease in
serum LDL-cholesterol and TC concentrations when compared
with the control group. Nonetheless, serum HDL-cholesterol
concentration was not changed by probiotic treatment. Addi-
tionally, it was observed that there was a negative correlation
(r —=0-83; P<0-05) between daily faecal bile salt excretion and
serum cholesterol concentration®”. Thus, the hypocholester-
olaemic effect was attributed to the deconjugation of bile salts.

In a clinical study conducted on hypercholesterolaemic
subjects, who consumed yogurt containing microcapsules of
L. reuteri NCIMB 30242, for 10 weeks, a reduction in serum
TC, non-HDL-cholesterol and LDL-cholesterol concentrations
was observed, in comparison with the placebo group. How-
ever, the group that consumed the probiotic did not excrete
more bile salts in the faeces than the placebo group, despite
L. reuteri NCIMB 30242 being BSH-positive'*". However, when
the same strain was consumed in the encapsulated form
(2:9%x 10° CFU/capsule, twice per d) by hypercholesterolaemic
subjects, during 13 weeks, there was an increase in the serum
deconjugated bile acid concentration. This was negatively
associated ( —0-369; P=0-003) with the hypocholesterolaemic
effect caused by the treatment with these probiotic bacteria®®®.
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Fig. 1. Main mechanisms responsible for the hypocholesterolaemic effect of regular consumption of probiotic bacteria. Some probiotic bacteria are able to
(1) deconjugate bile salts by the action of the bile salt hydrolase enzyme. Also, (2) co-precipitation of cholesterol with deconjugated bile salts, (3) assimilation and
incorporation of cholesterol into the cell membranes, (4) conversion of cholesterol to coprostanol by the cholesterol reductase enzyme and (5) inhibition of the gene
expression of the intestinal cholesterol transporter Niemann—Pick C1 like 1 (NPC1L) are some of the mechanisms by which probiotic bacteria reduce the absorption of
intestinal cholesterol and lipids. The (6) fermentation of indigestible carbohydrates by probiotic bacteria leads to the production of propionate, which inhibits the activity
of the liver enzyme 3-hydroxy-methyl-3-glutaryl-CoA (HMG-CoA) reductase. Additionally, these bacteria can modulate lipid metabolism (7), contributing to the
hypocholesterolaemic effect.

Therefore, we can see here a clear example of how different Studies are being conducted to evaluate the hypocholester-
experimental designs can influence the hypocholesterolaemic olaemic effects of an isolated BSH enzyme from micro-
effect associated with a strain. organisms since there is a great interest in the pharmaceutical
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industry for the use of this isolated enzyme for the treatment of
hypercholesterolaemia®®. Thus, Sridevi et al.*® observed that
hypercholesterolaemic rats treated with 10IU/kg of a BSH
enzyme isolated from L. buchneri American Type Culture
Collection (ATCC) 4005, showed a 50 % reduction in serum TC
and a reduction of 15% in TAG concentration. Furthermore,
treatment with 201U/kg of BSH resulted in a reduction of 58
and 45% in serum TC and TAG concentrations, respectively.
Thus, isolated use of the BSH enzyme also shows promising
results with regard to the hypocholesterolaemic effect.

According to Miremadi et al.*> when choosing a BSH-
positive probiotic, it is preferable that the probiotics are able to
deconjugate glycoconjugated bile salts instead of tauro-
conjugated bile salts. Since, during the deconjugation of taur-
oconjugated bile salts, hydrogen sulfide is produced, which is
highly toxic to the host, increasing the colonocyte turnover,
which can lead to the development of inflammatory bowel
disease and colorectal cancer. Also, glycoconjugated bile salts
are the predominant components (the ratio of glycoconjugated
bile salts to tauroconjugated bile salts is 3:1) of the bile salts in
the human intestine, so it is postulated that probiotics that prefer
this type of bile salt can be more effective in lowering serum
cholesterol concentrations.

With an increase in the excretion of bile salts in the faeces, an
increase in the production of bile salts by the liver is expected.
However, few studies have investigated whether this change
really occurs. Park et al.®® observed that Sprague-Dawley rats
fed a cholesterol-enriched diet and treated with L. acidophilus
ATCC 43121 (2% 10° CFU/d), for 3 weeks, showed an increase
in the expression of LDL receptor mRNA in the liver, as com-
pared with the control group. The increased expression of this
receptor increased the uptake of LDL particles, leading to
decreased serum TC and LDL-cholesterol concentrations. The
captured cholesterol was probably utilised for the synthesis of
bile salts since the treatment with L. acidophilus ATCC 43121
increased the faecal excretion of bile salts.

It has also been observed that treatment with a probiotic is
capable of increasing expression of the 7a-hydroxylase enzyme
(also known as CYP7A1), which is a rate-limiting enzyme in the
synthesis process of bile salts in the liver™™. Mice fed a high-fat
diet and treated with L. plantarum KCTC3928 10° CFU/d), for
4 weeks, exhibited an 80 % increase in the amount of mRNA of
the Cyp7al gene and an increase of 60% in CYP7A1 protein
expression. Those animals also exhibited a significant decrease
in serum TC, LDL-cholesterol and TAG concentrations, and an
increase in the faecal excretion of bile salts®”. Recently,
Degirolamo et al.®® observed that after 21 d of treatment with
the VSL#3 probiotic (50 X 10° CFU/d) the amount of bile salts
that were secreted into the intestine was increased; this effect
was a consequence of an increased hepatic expression of the
genes Cyp7al and Cyp8bI1. Also, it was observed that this
whole process of excretion and de novo synthesis of bile salts
induced by the treatment with VSL#3 is dependent on the
down-regulation of the gut-liver axis FXR-FGF15 (farnesoid X
receptor—fibroblast growth factor 15).

The increased excretion of cholesterol into the deconjugated
bile salts leads to an increase in the synthesis of bile salts by the
host, which may cause a reduction in serum cholesterol
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concentration. As will be discussed below, the ability of pro-
biotic bacteria to deconjugate bile salts may influence the
occurrence of other mechanisms suggested as responsible for
the hypocholesterolaemic effect of these micro-organisms,
which demonstrates the importance of this mechanism.

Decreased absorption of intestinal lipids

There are typically two sources of cholesterol entering the
intestinal tract: (1) dietary cholesterol and lipids; and (2) biliary
cholesterol. Thus, the small-intestinal absorption of lipids helps
to maintain cholesterol homeostasis'™. In this manner, if the
quantity of absorbed lipids decreases, the body starts to use the
serum and stored lipids, which can contribute to the improve-
ment in serum cholesterol concentration™®. Therefore, it is now
being investigated whether this mechanism is the one respon-
sible for the hypocholesterolaemic effect caused by the regular
consumption of probiotic bacteria.

Thus, hamsters fed a cholesterol-enriched diet and treated
with adlay-based milk fermented with L. plantarum or
L. paracasei, for 8 weeks, exhibited a decrease in serum TC,
LDL-cholesterol, HDL-cholesterol and TAG concentrations,
compared with the control group. Additionally, probiotic
treatment increased the faecal excretion of cholesterol and
TAG®. Therefore, the authors attribute this hypocholester-
olaemic effect to a decrease in the absorption of the intestinal
lipids. Also, in a clinical study where hypercholesterolaemic
subjects consumed capsules of L. reuteri NCIMB 30242
(2:9%10° CFU/capsule, twice per d) for 13 weeks, the hypo-
cholesterolaemic effect observed was attributed to a reduction
in intestinal lipid absorption®".

Further mechanisms have been suggested to be responsible
for the reduction of intestinal cholesterol absorption caused by
the regular consumption of probiotics; among them there are:
(D the co-precipitation of cholesterol with the deconjugated
bile salts; (2) the assimilation and incorporation of cholesterol
into the cell membranes of the micro-organisms, (3) the con-
version of cholesterol to coprostanol; and (4) the inhibition of
the expression of intestinal cholesterol transporter in the
enterocytes. These mechanisms will be discussed further.

Co-precipitation of cholesterol with the deconjugated
bile salts

Intestinal cholesterol needs to be emulsified by the bile salts in
order to be absorbed since it is a hydrophobic substance. Thus,
the absorption of intestinal cholesterol is dependent on the
action of the bile salts"”.

However, as previously discussed, some probiotic bacteria
are capable of deconjugating bile salts in the intestinal lumen.
Furthermore, in the deconjugated form, bile salts are less
effective as emulsifiers than conjugated bile salts and do not
form stable micelles®”. Additionally, deconjugated bile salts at
acidic pH are protonated and precipitated, and, consequently,
intestinal cholesterol can be co-precipitated with deconjugated
bile salts and will not be absorbed by the host'%3".
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Klaver & Meer'?®, by means of an in vitro study, were one of
the first to note that the cholesterol co-precipitation process is
dependent on the presence of bile salts in the deconjugated form.
Ahn et al®P observed a significant positive correlation between
the ability of deconjugation of the bile salts and precipitation of
cholesterol by L. acidophilus SNUL020, SNULO1 and FMO1. Also, it
was noticed that L. plantarum Lp91 co-precipitates greater
amounts of cholesterol compared with L. plantarum Lp21 and
NCDOB82. These strains exhibited a lower ability to deconjugate
sodium glycocholate compared with Lp91®%. Thus, the presence
of bile salts in the deconjugated form is essential for the
occurrence of this mechanism.

Nevertheless, the co-precipitation of cholesterol with
deconjugated bile salts is highly dependent on the pH of the
medium. First, the enzyme BSH needs a slightly acidic pH,
usually between 5 and 6, to have optimum performance®.
Second, deconjugated bile salts precipitate at a pH less than 6.
Moreover, the precipitation of cholesterol is co-dependent on
the precipitation of these bile salts®?. Third, when the pH of
the medium reaches a value of 7, cholesterol can re-dissolve in
the medium®®.

Thus, it is believed that the co-precipitation of cholesterol
with deconjugated bile salts may not significantly contribute to
the decrease in the absorption of intestinal cholesterol in vivo
since the physiological pH of the intestinal lumen varies over a
range of neutrality and alkalinity. However, in in vitro studies,
this mechanism is listed as being responsible for the decreased
absorption of intestinal cholesterol by the regular consumption
of the probiotic bacteria.

Assimilation and incorporation of cholesterol into the cell
membrane of the probiotics

The amino acids that comprise the peptidoglycan of the cell
walls of the probiotic bacteria and the exopolysaccharides
secreted by these micro-organisms are primarily responsible for
the strong link between the cholesterol in the medium and the
cell surface of the probiotic bacteria. Subsequently, this
cholesterol is assimilated into the cell membrane of the bacteria
and eliminated with them through the faeces®>.

Currently, it is known that the ability to assimilate the cho-
lesterol present in the medium is highly strain-specific®®. Thus,
in a study conducted with thirty-four strains of Bifidobacterium
(B. animalis, B. bifidum, B. longum, B. adolescentis and
B. pseudocatenulatum), it was observed that these bacteria
were capable of assimilating 4 to 81 mg cholesterol/g dry bio-
mass. The strains B. bifidum MB 109 and B. bifidum MB 107
were able to assimilate the highest amounts among the different
strains studied"?. Also, among the different species of lactic
acid bacteria isolated from dairy products (ewe milk, traditional
yoghurt, and sour buttermilk) traditionally eaten in Iran, it was
observed that the L. brevis strains were able to assimilate more
cholesterol (80 % of the cholesterol after 9 h of incubation) than
the other strains of lactic acid bacteria®®.

This strain specificity could be the consequence of the dif-
ferences in the capacity of production of exopolysaccharides
since there is a correlation between the amount of exopoly-
saccharide produced and the quantity of cholesterol assimilated
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by the strain®_ It is likely that the composition and structure of
the peptidoglycan of the bacterial cell walls will also influence
the ability of each strain to assimilate the cholesterol.

Additionally, differences in the expression of genes involved
in intracellular cholesterol transport could be responsible for the
differences observed between the strains. Recently, it was
observed that the high ability exhibited by B. bifidum PRL2010
to assimilate cholesterol was due to the increased expression of
the genes encoding the ABC-type carriers. When maintained in
medium containing cholesterol the expression of these genes
increased up to two times compared with the bacteria of the
same strain maintained in a cholesterol-free medium. It was
also observed that none of the genes related to cholesterol
catabolism was up-regulated®”.

As a consequence of the cholesterol assimilation process, the
fatty acid composition of the bacteria membrane is modified.
Generally, there is an increase in the concentration of SFA and
unsaturated fatty acids in the cell membranes®?" >, This modi-
fication in the composition is required since the membrane must
maintain its integrity and fluidity after the cholesterol is assimi-
lated. Also, this modification can lead to changes in the tensile
strength and the charge of those membranes, which allow these
bacteria to be more resistant to adverse conditions present in the
intestinal lumen, preventing the occurrence of cell lysis?®3”.
Perhaps, that is why Miremadi et al.*> observed that there was a
positive correlation between the tolerance to the bile salt and the
overall content of the assimilated cholesterol (r 0-808; P < 0-05).
Then, those strains that exhibited the greatest bile salt tolerance
showed higher overall cholesterol assimilation in comparison with
those strains that had a low tolerance.

In vivo studies were performed so that the hypocholester-
olaemic effect of the regular consumption of probiotic bacteria
that are able to assimilate cholesterol in vitro could be eval-
uated. In this manner, it was observed that Sprague-Dawley
rats fed a hypercholesterolaemic diet and treated for 2 weeks
with B. longum SPM1207 (10°-10° CFU/ml) showed a sig-
nificant reduction in serum TC and LDL-cholesterol concentra-
GO Also, Kumar et al®?
L. plantarum Lp91 and Lp21 after performing an in vitro study,
where those strains assimilated larger amounts of cholesterol in
de Man, Rogosa and Sharpe (MRS) broth supplemented with
Thio-0-3% ox-bile in comparison with L. plantarum NCDOS2.
Thus, Sprague-Dawley rats fed a hypercholesterolaemic diet
supplemented with L. plantarum Lp91 and Lp21 (10° CFU/g,
for 21d) showed a reduction in serum TC, LDL-cholesterol,
VLDL and TAG concentrations.

Nevertheless, some in vivo studies have found conflicting
results. Park er al““" did not attribute this mechanism to the
hypocholesterolaemic effect observed by treatment with
L. acidophilus ATCC 43121 (3% 10’ CFU/d) since the
concentration of cholesterol in the faeces of these animals did
not differ from that of the control group. Also, the treatment
with L. rhamnosus LC705 (two capsules/d containing 2x 10'°
CFU, during 4 weeks), a strain capable of assimilating choles-
terol in wvitro, did not affect the serum TC, LDL-cholesterol,

HDL-cholesterol and TAG concentrations of adult subjects,
142

tion selected the strains of

with moderate elevation in serum cholestero
this disagreement between the results of in vitro and in vivo

. However,
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studies is expected since the in vitro studies do not reproduce the
real environmental conditions of the gastrointestinal tract*?.

A limitation observed by us during the revision of this
mechanism consists of the lack of quantification of the choles-
terol excreted in the faeces by the subjects treated with pro-
biotic bacteria. The result of this quantification could help to
confirm the occurrence of the assimilation of cholesterol by the
probiotics tested in wvivo. Thus, studies that evaluate the
occurrence of this mechanism should quantify the cholesterol
excreted in the faeces.

According to Miremadi ef al.®>, there is a negative correlation
between the residual cholesterol in the medium and the growth of
probiotic bacteria, which indicates that cholesterol assimilation is
growth-dependent. Although probiotic bacteria that are non-
growing (stationary phase) or that are dead are also able to
assimilate cholesterol, it is only in smaller amounts, when com-
pared with the bacteria that are in the growth phase®**®. Thus,
the reduction of cholesterol concentration in the medium occurs
as a consequence of the assimilation of growing cells and the
adhesion of cholesterol to the surface of the dead cells®.

Thus, we can conclude that the ability of bacteria to assim-
ilate the cholesterol in the medium appears to be dependent on
the growth of the strain and is strain-specific. Then, if the strain
is able to assimilate cholesterol, but does not survive the
passage through the gastrointestinal tract, the occurrence of the
hypocholesterolaemic effect can be compromised.

The presence of bile salts in the deconjugated form plays an
important role in the process of assimilation of cholesterol by
the probiotic bacteria. The bile salts in the deconjugated form
increase the assimilation of cholesterol into the cell membrane
of the probiotic bacteria since it increases the permeability, as
well as the fluidity and porosity of the membranes, allowing the
incorporation of cholesterol®”. However, unlike what happens
with the mechanism of co-precipitation of cholesterol, the
presence of bile salts in the deconjugated form is not essential
for the assimilation of cholesterol®.

Despite being little studied, probiotic bacteria are also capable
of binding bile salts present in the medium to their cell surface®”.
Pigeon et al "> observed that the strains of L. delbrueckii subsp.
bulgaricus LB-18 and LB-10442 were capable of binding higher
amounts of cholic acid than the other strains of Streptococcus
thermaophiles studied. According to these authors, the strains
that produced the largest amounts of exopolysaccharides were
capable of binding larger amounts of bile salts.

Similar to what happens with assimilated cholesterol, the
bile salts will be eliminated along with the bacteria through
the faeces. In this manner, endogenous cholesterol will be
redirected to the production of more bile salts, which may
improve the cholesterol serum profile of the host. Therefore,
more studies to evaluate this mechanism should be conducted.
Subsequently, after the identification of the strains capable of
binding the bile salts, in vivo studies should be performed for the
evaluation of the hypocholesterolaemic effect of this mechanism.

Conversion of cholesterol to coprostanol

In the intestinal lumen dietary cholesterol and endogenous
cholesterol excreted via the transintestinal cholesterol efflux
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can be metabolised by the colonic microbiota. Thus, cholesterol
can be reduced to coprostanol (58-cholestan-38-oD) and in
minor amounts to coprostanone. These metabolites have
low intestinal absorption and are eliminated with the faeces,
which leads to a decrease in the intestinal absorption of
cholesterol”.

The efficiency of cholesterol conversion to coprostanol is
mainly the result of the activity and abundance of cholesterol-
reducing bacteria in the intestinal microbiota”. Thus,
numerous attempts have been made to identify and isolate the
cholesterol-reducing bacteria, so it can be used in the preven-
tion and treatment of hypercholesterolaemia.

The cholesterol-reducing bacteria must have the cholesterol
reductase enzyme. This enzyme can be found in some strains of
probiotic bacteria, like L. acidophilus ATCC 314, L. acidophilus
FTCC 0291, L. bulgaricus FTCC 0411, L. casei 1311 FTDC ATCC
393, B. bifidum PRL2010, and Eubacterium coprostanoligenes
ATCC 5122297373 There is little information in the scientific
literature about the strains positive for this enzyme; however,
the activity of this enzyme is strain-specific.

Recently, it has been observed that the cholesterol reductase
enzyme can be modulated by the medium in which the bacteria
are located. Thus, the cells of B. bifidum PRL2010 cultivating in
the medium containing cholesterol have an increased expres-
sion of the gene BBPR_0519 in comparison with the cells
cultivated in the absence of cholesterol. The BBPR_0519 gene
encodes the enzyme aldo/keto reductase, which converts
cholesterol in coprostanol®”.

Some in vivo studies were designed to investigate the hypo-
cholesterolaemic effect of the treatment with cholesterol-reducing
bacteria. In this manner, the treatment (2x 107 cells/ml) with
E. coprostanoligenes ATCC 51222 increased the coprostanol:
cholesterol ratio in the contents of the digestive tracts of experi-
mental rabbits, in comparison with the controls. Subsequently, this
result was assigned to the hypocholesterolaemic effect observed in
the animals treated“®,

However, some studies have failed to prove that the hypo-
cholesterolaemic effect observed was a result of an increase in
the conversion of cholesterol to coprostanol. In this manner,
Sprague-Dawley rats fed a cholesterol-enriched diet and
treated with L. acidophilus ATCC 43121 (2x10° CFU/d), for
3 weeks, showed faecal excretion of coprostanol similar to that
of the control group®®. A similar result was found in the study
conducted by Guo & Li®”, where treatment with L. casei FO822
10® or 10° CFU/ml, for 3 weeks) did not change the faecal
concentration of coprostanol. Also, healthy subjects who had
consumed 100ml of milk fermented with L. acidophilus
SNULO1 (10® CFU/ml, during 3 weeks) exhibited faecal excre-
tion of coprostanol similar to that of the placebo group®.
However, none of the studies mentioned above reported
whether those probiotic bacteria have the cholesterol reductase
enzyme.

The activity of the cholesterol reductase enzyme is affected
by the presence of bile salts and by the type of bile salts present
in the medium. Thus, the conversion of cholesterol in copros-
tanol is reduced in the medium supplemented with oxgall and
taurocholic acid®®. Therefore, the utilisation of a strain positive
for the cholesterol reductase enzyme is not sufficient to increase
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the conversion of cholesterol to coprostanol, as the environ-
mental conditions in the gastrointestinal tract, such as the
presence/absence of cholesterol and bile salts, can influence
the expression and activity of this enzyme.

Inhibition of the expression of intestinal cholesterol
transporter Niemann-Pick C1 like 1 in the enterocytes

Through transporters present in the membrane of enterocytes,
the cholesterol present in the intestinal lumen is absorbed. In
this way, the transporter Niemann—Pick C1 like 1 (NPC1L1) is
indispensable for the absorption of dietary and biliary choles-
terol. Thus, NPC1L1 knockout (NPCIL1-/-) mice absorb 69 %
less cholesterol than the NPC1L1 knockin (+/+) mice. More-
over, they are resistant to the hypercholesterolaemic effect
induced by treatment with cholesterol-enriched diets/7 .

Based on the importance of the NPC1L1 cholesterol trans-
porter, an investigation of the effect of the regular consumption
of probiotics on the expression of these transporters in the gut
of their consumers was initiated.

In an in vitro study with Caco-2 enterocytes, treatment with
L. plantarum Lp27 was able to reduce the expression of the
cholesterol transporter NPC1L1, as well as reducing the
absorption of cholesterol in those cells“”. Huang & Zheng”
observed that Caco-2 enterocytes treated with L. acidophilus
ATCC 4356 expressed lower amounts of mRNA and protein of
the cholesterol transporter NPC1L1than the control. Addition-
ally, heatkilled ATCC 4356 was unable to inhibit NPCIL1
expression, although the conditioned medium of this strain was
able to reduce NPCI1L1 expression even after being inactivated
by heat. Thus, the authors concluded that ATCC 4356 secreted
some sort of heat-stable molecules, for example, small oligo-
peptides or lipids, which were responsible for inhibiting the
expression of this NPC1L1 transporter.

Clinical trials that evaluated this mechanism are scarce since it
is necessary to perform a biopsy for tissue sample collection.
Therefore, an experimental study conducted with hamsters that
were fed with a hyperlipidaemic diet and treated with a mix of
L. acidophilus La5 and B. animalis subsp. lactis Bb12 (2x10° of
each strain, for 5 weeks), it was observed that those expressed
lower amounts of the transporter NPCIL1 in the gut when
compared with the animals that were fed with a hyperlipi-
daemic diet (positive control) and those that were not fed with
the hyperlipidaemic diet (negative control). The treatment with
the probiotic was also able to decrease serum TC, oxidised LDL-
cholesterol and TAG concentration, as well as the hepatic TC
and TAG concentration®,

Similar results were observed in rats treated with
L. plantarum Lp27 (10° CFU/d), isolated from kefir grains, for
4 weeks. These animals expressed minor amounts of the
transporter NPCIL1 in the duodenal and jejunal regions and
exhibited a reduction in serum TC, LDL-cholesterol and TAG
concentrations in comparison with the control group. The serum
HDL-cholesterol concentration was unchanged; also, a reduction
in liver TC and TAG concentrations was observed ™. According
to Altmann et al“”, the transporter NPCIL1 is mainly expressed
on the surface of the enterocytes located in the jejunal region.
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In this manner, when it becomes less expressed in this region,
cholesterol absorption is compromised.

The molecular mechanisms used by the probiotic bacteria to
reduce NPC1L1 transporter expression are not fully understood.
Huang & Zheng” observed that when liver X receptors (LXR)
are depleted by small interfering RNA in Caco-2 cells, NPC1L1
expression is no longer decreased by treatment with
L. acidophilus ATCC 4356, and no reduction in cholesterol
uptake is observed. In this manner, it has been proposed that
some molecules produced by the probiotic bacteria will be able
to connect and stimulate the LXR, down-regulating NPCIL1
protein expression in the small intestine.

Modulation of lipid metabolism

The intestinal microbiota is capable of modulating the meta-
bolism of its host®®; thus, this could be a potential mechanism
responsible for the hypocholesterolaemic effect of the regular

consumption of probiotics, as will be discussed below.

Inhibition of hepatic synthesis of cholesterol

Inhibition of the activity of the hepatic enzyme 3-hydroxy-
methyl-3-glutaryl-CoA (HMG-CoA) reductase, a limiting enzyme
in the process of hepatic cholesterol synthesis, is another
mechanism described in the literature, as responsible for the
hypocholesterolaemic effect of the regular consumption of
probiotic bacteria. The inhibition of the hepatic activity of
HMG-CoA reductase occurs mainly as a consequence of the
action of SCFA®Y,

SCFA are the endproducts of bacterial fermentation of non-
digestible carbohydrates by the host. Due to the low pKa (<4-8)
of these acids and the pH of about 7 present in the colonic
region, SCFA are usually found in the form of anions®?. The
major SCFA produced are acetate, propionate and butyrate;
other bacterial endproducts produced in minor amounts
include lactate, succinate, formate, valerate, caproate, iso-
butyrate, 2-methyl-butyrate and isovalerate®?.

Each SCFA plays a different role in our body, and some of
them play opposite roles. In the inhibition of the activity of
HMG-CoA reductase, SCFA propionate and acetate are the main
ones involved in the process”?. After being absorbed, acetate
reaches the liver, where it is converted to acetyl-CoA by the
activity of the enzyme acetyl-CoA synthetase. Acetyl-CoA is
then used for the synthesis of cholesterol by the activity of the
enzyme HMG-CoA reductase. Thus, the SCFA acetate increases
serum cholesterol concentration®”. On the other hand, the
SCFA propionate acts as an inhibitor of lipogenesis and cho-
lesterogenesis. Propionate is able to inhibit the incorporation of
acetate into the molecules of steroids since it inhibits the activity
of HMG-CoA reductase®. Furthermore, propionate is able to
stimulate the hepatic synthesis of bile salts, by increasing the
activity of the 7a-hydroxylase enzyme(%)i Therefore, propio-
nate has a hypocholesterolaemic effect, while acetate presents a
hypercholesterolaemic effect.

Thus, for the probiotic micro-organisms to have a hypocho-
lesterolaemic effect, sufficient amounts of propionate must be
produced to offset the effects of acetate in cholesterogenesis.
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Therefore, several in vivo studies were designed to investigate
the hypocholesterolaemic effect of the SCFA produced by
the probiotic micro-organisms. In this manner, Sprague—
Dawley rats fed a cholesterol-enriched diet and treated with
L. plantarum MA2 (10" cells/d, for 5 weeks) exhibited higher
caecal concentrations of propionate than the control group.
Additionally, the probiotic treatment lowered the serum TC,
LDL-cholesterol and TAG concentrations, as well as the liver TC
and TAG concentrations®”. Moreover, the hypocholester-
olaemic effect of the treatment with different doses (10° or
10° CFU/ml; for 3 weeks) of L. casei F0822 was associated with
an increase in caecal concentrations of propionate and total
SCFA. Additionally, the propionate:acetate ratio was increased
in the group treated with the probiotic in comparison with the
control group®®. Thus, part of the hypocholesterolaemic effect
observed in these studies may be attributed to the increased
production of the SCFA propionate.

However, conflicting results have been found in clinical trials.
It was seen that healthy, mildly hypercholesterolaemic male
subjects, who consumed the fermented milk kefir (500 ml/d),
for 4 weeks, did not exhibit any changes in serum TC,
LDL-cholesterol, HDL-cholesterol or TAG
in comparison with baseline. Also, the faecal concentration of
total SCFA and propionate was increased in those subjects
supplemented with kefir®®. Nonetheless, male subjects with
atherosclerotic plaques in the carotid wall, who had ingested an
oat-based drink fermented by L. plantarum DSM 9843
(10" CFU/d) for 4 weeks, exhibited a similar faecal con-
centration of total SCFA, acetate and propionate, compared with
the placebo group. Additionally, serum TC, LDL-cholesterol,
HDL-cholesterol and TAG concentrations were not affected by
treatment with the fermented drink® .

The lack of association between the hypocholesterolaemic
effect and the increased faecal concentration of the SCFA pro-
pionate in the clinical trials could be a consequence of the
nature of the sample utilised for the determination of these
acids. It is known that a greater production of SCFA occurs in
the caecum; from this region toward the distal colon, the con-
centration of these acids decreases progressively (up to 95 %).
Along the route, the SCFA are rapidly absorbed by the colo-
nocytes. Furthermore, in the distal colon, the production of
SCFA is small, due to the low availability of substrate®® . In this
manner, when the concentration of SCFA is evaluated in the
faeces, the results will not reflect the actual concentration of
the SCFA produced by the intestinal microbiota. Moreover, the
experimental studies usually evaluated the concentration of the
SCFA in the caecum content, where most of the SCFA is
produced.

Another possible limitation of those studies is the fact that the
bacteria of the genus Lactobacillus are not capable of produ-
cing SCFA with more than two carbons. Therefore, the increase
in propionate production observed in all studies that utilised
this genus of bacteria would be a consequence of the metabolic
activity of the other bacteria present in the intestinal microbiota
of the host. Those micro-organisms would convert the lactate
produced by Lactobacillus into propionate®”. Therefore, this
increase in propionate production is affected by the initial
composition of the intestinal microbiota of the host.

concentrations
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The increase in the total amount of SCFA produced may
decrease intracolonic pH. As seen previously, at low pH values
the bile salts are protonated and precipitated. Thus, the increase
in the production of the SCFA contributed to the occurrence of
the co-precipitation of cholesterol with the deconjugated bile
salts®?. Furthermore, the decrease in intracolonic pH could
favour an increase in the production of the BSH enzyme by the
bacteria, which would consequently lead to an increase in the
excretion of cholesterol by the host®.

In conclusion, the hypocholesterolaemic effect of the SCFA
depends on the amount of propionate and acetate that is pro-
duced by the probiotic bacteria in the intestinal lumen since
they have opposite effects on the hepatic synthesis of choles-
terol. Thus, to have the hypocholesterolaemic effect, it is
necessary to consume probiotic bacteria that produce more
propionate than acetate during the fermentation process.
Additionally, the production of SCFA can be increased when the
host consumes a prebiotic.

Reduction of body fatness

Considering that subjects with high body fatness are more likely
to develop dyslipidaemia, and the intestinal microbiota is cap-
able of modulating the body fatness of its host®®, changes in
the intestinal microbiota composition by the regular consump-
tion of probiotics could be an important mechanism to reduce
body fatness®®” and indirectly improve the serum lipid profile.

In this manner, it has been suggested that some strains of
probiotic bacteria could increase lipolysis and reduce the lipo-
genesis process of their host, consequently improving the
serum lipid proﬁle((’l’GZ)A Those strains would be capable of
down-regulating the expression of genes related to the lipo-
genesis process such as the enzymes fatty acid synthase and
acetyl CoA carboxylase, as well as LXR-a and sterol regulatory
element-binding protein 1. Also, it could also up-regulate the
expression of genes related to the lipolysis process, such as the
enzyme carnitine palmitoyltransferase-1, and PPAR-o®%%,

Although the molecular mechanism by which these micro-
organisms mediate this modulation is not fully known, it is
likely that this effect is a result of the interaction between the
probiotic bacteria or their metabolites (SCFA and bioactive
peptides) and the host®®. Thus, more studies that evaluate how
the regular consumption of probiotics can reduce body fatness
should be performed for a better understanding of how
this mechanism influences the hypocholesterolaemic effect of
probiotic bacteria.

Mechanisms responsible for the hypocholesterolaemic
effect of regular consumption of probiotic yeasts

Yeasts have diverse fermentative activities, and therefore have
been used for the production of many kinds of fermented
foods®>. Although many strains of yeasts are used in the food
industry, there are few studies evaluating the hypocholester-
olaemic effect of the regular consumption of probiotic yeast.
Thus, little is known about the mechanisms responsible for
the hypocholesterolaemic effect of regular consumption of
probiotic yeast (Fig. 2).
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Fig. 2. Main mechanisms responsible for the hypocholesterolaemic effect of regular consumption of probiotic yeasts. Some probiotic yeasts are able to
(1) deconjugate bile salts by the action of the bile salt hydrolase enzyme. The (2) co-precipitation of cholesterol with deconjugated bile salts and (3) assimilation and
incorporation of cholesterol into the cell membranes are some of the mechanisms by which probiotic yeasts reduce the absorption of intestinal cholesterol and lipids.
Additionally, (4) consumption of the polysaccharides extracted from the cell wall of the yeast can be used as substrate by the intestinal microbiota, which may lead to an
increase in the production of propionate, which inhibits the activity of the liver enzyme hydroxy-methyl-3-glutaryl-CoA reductase.

The hypocholesterolaemic effect of probiotic yeasts is strain-
specific, as reported by Yoshida et al.®>; among eighty-one
strains of yeasts evaluated, only forty-eight were able to
decrease the serum TC concentration when administered as a
dietary admixture at a concentration of 10 % ad libitum, for 7 d.
This variability observed between the strains has been attrib-
uted to the differences in the composition of the cell wall. The
cell wall of yeasts is mainly composed of f-glucan and o-
mannan, two types of dietary fibres; however, the structures of
those polysaccharides differ according to the strain studied©®.

As consequence of the high concentration of nucleic acid in
yeast, which could increase consumer’s serum uric acid con-
centration, as well as the high doses of yeast polysaccharides
tested, the hypocholesterolaemic effect of polysaccharides
present in the cell wall of yeast has been studied in the isolated
form®”. Thus, Sprague-Dawley rats fed a cholesterol-enriched
diet, supplemented with p-glucan (30 g/kg of diet; for 8 weeks)
isolated from the baker's yeast Saccharomyces cerevisiae,
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exhibited a reduction in serum TC and LDL-cholesterol con-
centrations, while HDL-cholesterol and TAG concentrations
were not affected by the treatment®. Similar results were
observed in the study by Wilson ef al®”
hamsters fed on a hypercholesterolaemic diet supplemented
with 10 g of yeast p-glucan/100 g of diet, for 12 weeks, showed
a reduction in serum TC, non-HDL-cholesterol and TAG con-
centrations. Additionally, treatment with yeast f-glucan reduced
the aortic fatty streak area as compared with the control group.

The hypocholesterolaemic effect of these polysaccharides
has also been observed in clinical trials. In this manner, the cell
wall extract of Kluyveromyces marxuanus YIT 8292 (2 and
4 g/d, for 4 weeks) when consumed by mildly hypercholester-
olaemic subjects reduced serum TC and LDL-cholesterol con-
centrations. A similar effect was observed when normal and
hypercholesterolaemic subjects consumed a yogurt supple-
mented with 3 or 4g/d of polysaccharides extracted from the
cell wall of K. marxuanus YIT 8292, for 8 weeks”?.

, where Syrian golden


https://doi.org/10.1017/S0954422416000226

Nutrition Research Reviews

o

https://doi

46 S. A. Reis et al.

The hypocholesterolaemic effect caused by the consumption
of the polysaccharides extracted from the cell wall of the yeast
may be due to an increase in the faecal excretion of bile salts,
which increases the demand for cholesterol for the hepatic
synthesis of bile salts. Moreover, these polysaccharides can be
used as a substrate by the intestinal microbiota, which may lead
to an increase in the production of SCFA, especially propionate,
which as previously described can decrease the hepatic
synthesis of cholesterol®®

Similar to probiotic bacteria, some strains of yeasts are
capable of producing the BSH enzyme, and consequently
deconjugating bile salts”?. This would lead to an increase in
the excretion of endogenous cholesterol, which would stimu-
late the hepatic synthesis of bile salts, and consequently reduce
the amount of absorbed intestinal cholesterol; hence the
formation of micelles will be compromised'®.

Liu et al.”? observed that the BSH activity of K. marxianus
K1 and M3 is proportional to the amount of cholesterol
that is removed from the culture medium. Also, partly, the
decrease in the concentration of cholesterol is due to its
co-precipitation with the deconjugated bile salts. Thus, the
mechanism of co-precipitation of cholesterol carried out by
yeasts resembles that made by bacteria. In this manner,
Wistar rats fed a high-cholesterol diet and treated with different
doses (5, 10 and 20g/kg body weight) of K. marxianus
M3 isolated from Tibetan mushrooms, for 7 weeks, showed
a reduction in serum TC, LDL-cholesterol and TAG con-
centrations, and an serum HDL-cholesterol
concentration'’?.

Yeasts are also able to assimilate the cholesterol present in
the medium; however, this mechanism is highly strain-specific
and growth-dependent. Thus, from the nine strains of yeasts
evaluated, only Saccharomyces cerevisiae KK1, Saccharomyces
cerevisiae 832, Saccharomyces boulardii and Isaatchenkia
orientalis KK5.Y.1 were able to assimilate significant amounts

of cholesterol present in the culture medium, in comparison
73)

increase in

with the other strains

Psomas et al.”> observed that the yeast cells that were
grown in the medium containing both oxgall and cholesterol
were more resistant to lysis by sonication. After enzymic lysis,
the authors concluded that the assimilated cholesterol is
incorporated into the membrane or cell wall and is not meta-
bolised by them. Therefore, the cholesterol assimilation
mechanism of probiotic yeasts is similar to that of probiotic
bacteria.

In an experimental study, the consumption of Saccharomyces
boulardii (12 x 10" CFU/kg of diet; for 14 d) was able to prevent
and treat hypercholesterolaemia and hypertriacylglycerolaemia
in golden Syrian hamsters fed on a diet enriched with 0-1%
cholesterol”®. The hypocholesterolaemic effect of S. boulardii
may be a consequence of the assimilation of cholesterol”®.
Also, Aloglu et al.” attributed the hypocholesterolaemic effect
observed by them to the high cholesterol assimilation capacity
(73:33%) of Cryptococcus humicola M5-2. Thus, Wistar rats
fed a cholesterol-enriched diet supplemented with 0-1% of
C. humicola M5-2 lyophilised (1 X 107 cells/mD had a significant
reduction in serum TC and TAG concentrations in comparison
with the control.
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In a clinical study, Ryan et al7® atwibuted the decrease in

serum remnant lipoprotein particle concentrations in hypercho-
lesterolaemic adults treated with Saccharomyces boulardii
(1-4 x10*° CFU/capsule, eight capsules/d, for 8 weeks) to the
ability of this strain to assimilate the cholesterol present in the
medium. However, serum TC, LDL-cholesterol and HDL-
cholesterol concentrations were not altered by the treatment
with the yeast.

Further studies are needed to evaluate the hypocholester-
olaemic effect of probiotic yeasts, as the results are promising,
although clinical trials are scarce. Through more studies, it will
also be possible to identify more mechanisms through which
regular consumption of yeast can cause the hypocholester-
olaemic effect.

Conclusion

The hypocholesterolaemic effect of probiotic bacteria and
yeasts has been observed in some in vitro, experimental and
clinical studies. This effect on the lipid profile provided by
probiotics is still modest if compared with statins. However, this
does not prevent the use of these micro-organisms for the
prevention, as well as for the treatment, of dyslipidaemia in
association with statins.

The potential mechanisms described as responsible for the
hypocholesterolaemic effect of probiotic bacteria and yeasts are
highly strain-specific, and some are co-dependent. These
mechanisms usually include the increase in faecal excretion of
cholesterol as bile salts; the decrease in absorption of the
intestinal cholesterol and lipids; and the modulation of lipid
metabolism.

However, some conflicting results have been found, mainly
as a consequence of the different experimental designs. It is
necessary to point out that there exists a gap in the knowledge
about the hypocholesterolaemic effect of probiotics, as the
mechanisms involved in this effect are not fully understood and
some have never been observed in humans. In this context,
further studies are necessary, particularly with respect to
probiotic yeasts, which have been poorly studied.

Additionally, experimental and clinical studies do not use
other biomarkers besides TC, LDL-cholesterol, HDL-cholesterol
and TAG. These biomarkers are no longer considered by many
investigators as independent risk factors for CVD. In this
manner, we suggest calculation of the HDL-cholesterol-related
ratios (TAG:HDL-cholesterol, TC:HDL-cholesterol and LDL:
HDL-cholesterol) and the apoB100:apoAl ratio, as they help to
predict the cardiovascular risk.
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