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Lactic acid bacteria with cholesterol-lowering properties
for dairy applications: In vitro and in situ activity
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ABSTRACT

Cholesterol-lowering activity is one of the most
promising properties of lactic acid bacteria with
probiotic characteristics. In the present study, 58 po-
tentially probiotic lactic acid bacteria were tested for
their ability to survive in vitro digestion and reduce
cholesterol in a medium containing cholesterol and bile
acids. The best-performing strains (Lactobacillus casei
VC199, Lactobacillus paracasei ssp. paracasei SE160
and VC213, Lactobacillus plantarum VS166 and VS513,
Enterococcus faecium VC223, and Enterococcus lactis
BT161) resulted in a 42 to 55% reduction of the cho-
lesterol level in broth and were further tested in cheese
manufacture. The cholesterol content in all the cheeses
decreased with ripening. All the strains were present
in the cheese at levels higher than 10 cfu/g until 60 d
of ripening, the highest reductions (up to 23%) being
obtained when Lb. paracasei ssp. paracasei VC213 and
E. lactis BT161 were added during the cheese-making.
The adjunct cultures had no negative effect on the sen-
sory characteristics of the cheese. Thus, these strains
with proven in vitro properties are good candidates
for novel probiotic-containing formulations and could
be used to functionalize foods such as dairy fermented
products.
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INTRODUCTION

Coronary heart disease is the main cause of death in
many countries around the world, and the magnitude of
cardiovascular diseases continues to accelerate globally
(Liu, 2007; Townsend et al., 2016). The risk of heart
attack is 3 times higher in people with hypercholester-
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olemia than in those with normal blood lipid profiles
(Kumar et al., 2012). Some studies have shown that
even a small (1%) reduction in serum cholesterol could
reduce the risk of coronary heart disease by 2 to 3%
(Manson et al., 1992; Liong and Shah, 2005). Pharma-
cological agents that effectively reduce cholesterol lev-
els are available for the treatment of high cholesterol;
however, they are expensive and are known to have side
effects (Bliznakov, 2002; Kumar et al., 2012).

The World Health Organization delineated that un-
healthy diets, such as those high in saturated fat, trans
fat, cholesterol, and salt and low in fruit, vegetables,
and fish, increase the risk of cardiovascular diseases
(Puska et al., 2011). Plant stanols and sterols, which
lower serum concentrations of cholesterol, have been
incorporated into foods, but they are expensive (Law,
2000). Over the years, the probiotic activity of lactic
acid bacteria (LAB) has been studied (Collins, 2014),
and LAB have been associated with improved lactose
intolerance, increased natural resistance to infectious
disease in the gastrointestinal tract, the suppression of
cancer, and better digestion and skin health (Lye et al.,
2010; Clarke et al., 2012; Kanmani et al., 2013; Zhong
et al., 2014; Jeong et al., 2016). Moreover, Mann and
Spoerry (1974) and Shaper et al. (1963) evidenced the
hypocholesterolemic effects of a diet containing LAB
strains, and it has been proven that some LAB can lower
total cholesterol and low-density lipoprotein cholesterol
levels (Zeng et al., 2010; Ishimwe et al., 2015). The
LAB strains previously reported to possess cholesterol
reduction ability belong to Lactobacillus casei (Klaver
and Van Der Meer, 1993), Lactobacillus plantarum, Lac-
tobacillus paracasei (Belviso et al., 2009), Lactococcus
lactis (Kimoto et al., 2002), and Enterococcus faecium
(Hlivak et al., 2005; Ayyash et al., 2018). Raw milk
cheeses represent a notable source of wild LAB strains
that can have health-promoting properties in addition
to giving the cheese its unique characteristics (Brasca
et al., 2016; Guarcello et al., 2016). Moreover, it is well
documented that dairy products such as cheese and
dairy-based desserts are excellent natural and clean-
labeled delivery systems for probiotic inclusion in the
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diet (Vinderola et al., 2000; Lollo et al., 2015; Dantas et
al., 2016; Moura et al., 2016). Thus, LAB also represent
a potential strategy to reduce cholesterol in foodstuffs.
However, to date, very few attempts have been made to
use LAB to reduce the cholesterol in foods, particularly
in dairy products, as a potential alternative to the more
expensive chemical and physical processes, which can
lead to texture alteration and flavor removal (Larsen
and Froning, 1981; Aloglu and Oner, 2006; Han et al.,
2007; Belviso et al., 2009).

Thus, there is a need to focus on the scientific explo-
ration of natural low-fat foods and on products that
may be able to lower the serum cholesterol level exten-
sively with minor or no side effects. The development of
products with health benefits is a key research priority
for the food sector, providing a powerful opportunity
for the dairy industry as the global market of functional
foods is expected to grow rapidly over the coming years.

The aim of the present work was to assay 58 LAB
strains for their ability to remove cholesterol during
growth using in vitro assessment to further test for the
best-performing strains for their ability (1) to survive
gastrointestinal conditions, (2) to survive in cheese
during the ripening time at adequate levels to provide
beneficial effects for consumers, and (3) to reduce cho-
lesterol to a great extent in cheese.

MATERIALS AND METHODS

Bacterial Strains, Culture Conditions,
and Microbiological Analyses

A total of 58 LAB strains isolated from traditional
Italian cheeses, obtained from the National Research
Council Institute of Sciences of Food Production (Milan
Italy) collection, were considered. The strains belonged
to different species of major interest as culture starters
or considered to be potentially beneficial: 7 Lb. casei,
27 Lb. paracasei ssp. paracasei, 15 Lb. plantarum, 7 Lc.
lactis ssp. lactis, 1 E. faecium, and 1 Enterococcus lactis
(Supplemental Table S1; https://doi.org/10.3168/jds
.2018-15096). The strains were previously identified
by partial 16S ribosomal DNA sequence analysis as
described by Morandi et al. (2015). The 2 enterococci
strains had previously been tested for antibiotic resis-
tance and did not harbor any of the virulence genes
reported by the European Food Safety Authority
(EFSA) for the safety assessment of E. faecium (EFSA
Panel on Additives and Products or Substances Used in
Animal Feed, 2012; Morandi et al., 2013, 2015).

The lactobacilli strains were maintained in de Man,
Rogosa and Sharpe (MRS) broth (Biolife, Milan, Tta-
ly), whereas lactococci and enterococci were cultured
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in M17 broth (Biolife). For experimental use, working
cultures were subcultured twice in their respective
broths for activation. Then, they were taken at the end
of the exponential phase of growth at cell densities of
approximately 10° cfu/mL and inoculated at 1% (vol/
vol). In the experimental trials the bacterial counts
were evaluated using MRS agar under anaerobic condi-
tions (AnaerocultA, Merck, Darmstad, Germany) at
37°C for 72 h for lactobacilli, whereas M17 agar and
kanamycin aesculin azide agar (Scharlau Science, Bar-
celona, Spain) at 37°C for 48 h were used for lactococci
and enterococci, respectively.

Culture Conditions for Determination of Cholesterol
Removal from Media In Vitro

Modified broth [MRS or M17 supplemented with
0.2% (wt/vol) sodium thioglycolate (Sigma Chemical
Co., St. Louis, MO] as an oxygen scavenger (Usman
and Hosono, 1999) was used to screen the cultures for
cholesterol uptake. The broths were further supple-
mented with 0.3% (wt/vol) oxgall and a water-soluble
form of cholesterol (polyoxyethanyl-cholesteryl seba-
cate; Cholesterol-PEG 600, Sigma). The final choles-
terol concentration in the medium was 120 pg/mL. The
cultures were inoculated at 1% (vol/vol) and incubated
at 30°C for 24 h in anaerobic jars in triplicate. Unin-
oculated sterile broth was used as the control (Pereira
and Gibson, 2002).

Survival in Simulated In Vitro Digestion

The transit tolerance was performed in vitro by ex-
posing the milk fermented by the single strains through
the simulated gastric juice and simulated small intesti-
nal juice successively, as described by Vizoso Pinto et
al. (2006) and Nueno-Palop and Narbad (2011). The
LAB strains were inoculated at a level of 1% in re-
constituted sterile nonfat dry milk (10% wt/vol; Sacco
s.r.l., Cadorago, Italy) and grown overnight at 37°C.
Ten grams of the fermented milk was diluted 1/10 in
PBS. To simulate the possible hydrolysis of bacteria
in the human oral cavity, lysozyme (Bioseutica, Lu-
gano, Switzerland) was added to a final concentration
of 100 mg/kg. The sample was incubated for 5 min at
37°C; then, to simulate an artificial gastric fluid, pH
was adjusted to 3.0, and pepsin (Sigma) was added
to a final concentration of 5% (wt/vol). The mix was
incubated at 37°C for 90 min. To create the small intes-
tine conditions, the sample was adjusted to pH 6.0 and
solutions of Pancreatin (Sigma) and bile salts (Oxgall,
Fluka, St. Louis, MO) at final concentrations of 0.1
and 0.3% (wt/vol), respectively, were added. Samples
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were incubated for 150 min at 37°C. Changes in cell
viability were monitored along the digestion pathway,
specifically before and after oral, gastric, and intestinal
digestion. An aliquot of the sample was serially diluted
and then plated on MRS agar in triplicate. The plates
were incubated aerobically for 48 h for enterococci and
72 h under anaerobic (AnaerocultA) conditions for lac-
tobacilli. The cell counts were determined considering
the volume variation due to pH adjustments and the
subsequent samplings.

Culture Conditions for Determination of Cholesterol
Removal in Cheese

The best-performing strains, showing the ability to
reduce cholesterol in vitro more than 40% (arbitrarily
chosen threshold), were further tested in cheese-making
trials in addition to the starter culture. To prepare the
inoculum for cheese-making, the strains were inocu-
lated in UHT caprine milk, incubated at 30°C for 18
h, and added to vat milk to a final concentration of
approximately 10" cfu/mL.

Cheese Manufacture

Experimental cheese-making trials were conducted
by Il Boscasso cheese factory (Ruino, Pavia, Italy).
Fach experiment consisted of a control vat and vats
inoculated with single adjunct LAB cultures. Briefly,
the vat containing 10 L of goat raw milk (3.5% fat; wt/
wt) was warmed to 34°C. A commercial freeze-dried
thermophilic lactic culture including Streptococcus ther-
mophilus and Lactobacillus delbrueckii ssp. bulgaricus
(TC 00, Santamaria s.r.l., Burago di Molgora, Italy)
was used as the starter culture in the cheese-making
following the manufacturer’s instructions. In addi-
tion, the experimental vats were inoculated with the
single cholesterol-removing strains (Lb. casei VC199,
Lb. paracasei ssp. paracasei SE160 and VC213, Lb.
plantarum VS166 and VS513, E. faecium VC223, and
E. lactis BT161) at 10" cfu/mL. Fifteen minutes after
the starter addition, calf rennet paste was added to
the milk and incubated at 35°C for approximately 25
min. After the completion of curdling, the curd was
cut to obtain grains of maize size and was stirred for
about 10 min. The curd was then distributed in circular
shapes (12 c¢cm in diameter) to allow whey drainage.
After draining at 20 to 23°C for 20 h, the cheese was
dry salted on the surface with coarse-grained salt for 24
h on wooden boards and after a further 24 h ripened
for up to 60 d at about 10 to 12°C with 90% relative
humidity. Two cheese-making trials were performed for
each test strain.
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Assessment of the Viability of Cholesterol-Removing
Strains in Cheese

Bacterial Isolation from Cheese Samples. The
persistence in the cheeses of the selected LAB strains
was assessed at each sampling point for up to 60 d of rip-
ening by microbiological analysis. Ten grams of cheese
produced with the addition of the selected strains was
diluted in 90 mL of a 2% (wt/vol) sterile K,HPO, buf-
fer solution (potassium hydrogen phosphate; Sigma) for
1 min in a Stomacher BagMixer (Interscience, St. Nom,
France). The samples were serially diluted in quarter-
strength Ringer’s solution, and 1-mL aliquots were used
to inoculate MRS agar pH 5.4 under anaerobic condi-
tions at 37°C for 72 h for the lactobacilli and kanamycin
aesculin azide agar for enterococci. From each sample
and at each ripening stage, 10 colonies showing the test
strain colony morphology were selected and purified on
homofermentative-heterofermentative differential agar
(Biolife) and stored as stock cultures in 20% (vol/vol)
glycerol at —20°C for further examination.

DNA Extraction. The original strains used for
milk inoculation and the isolates from the cheeses were
grown overnight at 37°C in MRS broth (lactobacilli) or
M17 broth (enterococci). Then, DNA was extracted us-
ing the Microlysis kit (Labogen, Rho, Italy), following
the manufacturer’s instructions.

Strain Typing and Traceability in Cheese by
Randomly Amplified Polymorphic DNA Profile.
To evaluate the implantation capacity of the cholester-
ol-lowering strains, the random amplified polymorphic
DNA (RAPD) PCR analysis was used to characterize
the isolates from the experimental cheeses. The RAPD
PCR reactions were performed with primers M13
(5'-GAGGGTGGCGGTTCT-3"; McCabe et al., 1995).
Grouping of the RAPD PCR profiles was obtained
with the BioNumeric 5.0 software package (Applied
Maths, Kortrjik, Belgium) using unweighted pair group
method using arithmetic averages (UPGMA) cluster
analysis. The reproducibility value of the RAPD PCR
assay, calculated from 2 repetitions of independent am-
plification of the LAB type strains, was higher than
90%. Thus, isolates showing a similarity coefficient
equal to or higher than 95% to the inoculated strain
were considered as being identical.

Cholesterol Determination in Culture
Medium and Cheese

Sample Preparation. For the in vitro tests, the
cells were removed after the incubation period by cen-
trifugation (8,000 x g, 10 min, 4°C), and the spent
broth and uninoculated control broth were then as-
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sayed for their cholesterol content using the method of
Fletouris et al. (1998) with modifications. Briefly, an
aliquot (2 mL) of the supernatant was mixed with 5 mL
of methanolic KOH 0.5 mol/L (Carlo Erba Reagents,
Milan, Ttaly) and an internal standard solution of
squalene  (2,6,10,15,19,23-hexamethyl-2,6,10,14,18,22-
tetracosa-hexaene; Sigma). The final squalene concen-
tration was 24 pg/mL. The tubes were capped tightly,
and the content was vortexed for 15 s. The lower half of
the tube was heated at 80°C for 15 min, and the tube
was removed every 5 min to vortex for 10 s. The tube
was cooled; then, 1 mL of distilled water and 5 mL
of hexane (Merck) were added, and the content was
vortexed vigorously for 1 min and then centrifuged at
2,000 x g for 1 min at 37°C. An aliquot of the upper
phase was diluted with hexane for a final volume of 1
mL and injected (1 pL) into the GC.

The cholesterol level in the cheese was determined
on the lipid fraction. About 44 mg of fat extracted
from the cheeses was accurately weighed into a vial to
which 1 mL of hexane, 50 pL of internal standard solu-
tion of squalene (24 pg/mL), and 50 pL of methanolic
NaOCH; 2 M (sodium methoxide; Sigma) were added.
The samples were vortexed for 3 min and then centri-
fuged for 1 min at 2,000 x g at 37°C. A small amount of
HNaSO,H,0 (sodium hydrogen sulfate monohydrate;
Sigma) was added. The samples were further vortexed
for 3 min and then centrifuged for 1 min at 2,000 x g¢
at 37°C. An aliquot of the upper phase was diluted with
hexane for a final volume of 1 mL and injected (1 pL)
into the GC.

GC-Flame Ionization Detector (GC-FID).
This analysis was performed using a Varian (Palo
Alto, CA) model 3300 gas chromatograph fitted with
a flame ionization detector, split/splitless injector, and
an SPB-1 capillary column (30 m x 0.32 mm i.d., 0.25
pm film thickness; Supelco, Bellefonte, PA) and helium
as the carrier gas (2 mL/min). Injector and detector
temperatures were 250 and 300°C, respectively. The
initial oven temperature was 50°C and was increased
by 20°C/min to 230°C, then by 4°C/min, and then held
at 250°C for 25 min. Data processing was performed
using AZUR V5.0 software (Analytical Technology,
Brugherio, Italy). The concentration of cholesterol was
calculated using the internal standard method. All as-
says were repeated in triplicate.

Sensory Analysis and Overall Acceptability

To evaluate consumer-perceived quality differences,
the experimental cheeses were scored for their overall
acceptability as well as for appearance, taste, aroma,
and texture after 30 and 60 d of ripening. The cheese
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samples (10-15 g) were assessed by a panel of 8 judges
(members of the research institute) using a standard
5-point hedonic scale, where 5 = excellent, 4 = very
good, 3 = good, 2 = satisfactory, and 1 = unsatis-
factory. In addition, judges were required to point out
defects (Lutchmedial et al., 2004).

Statistical Analysis

All data are presented as means (£SD) of at least 3
independent experiments; each experiment had 3 rep-
licates of each sample. For comparing samples, data
were analyzed by ANOVA and Tukey’s test for multiple
pairwise comparison. Statistical calculations were per-
formed with GraphPad Prism version 5.0 (GraphPad
Software for Science Inc., San Diego, CA). A difference
of P < 0.05 was considered significant.

RESULTS

Screening for LAB with Efficient Cholesterol-
Lowering Ability

The experimental results revealed different ability
levels in removing cholesterol from the growth medium.
In the presence of bile salts and during static growth,
all strains appeared stable and vital after the incuba-
tion, their cell count in broth being higher than 107
cfu/mL (data not shown). Bile tolerance and the abil-
ity to assimilate cholesterol were considered primary
characteristics to select potential probiotic strains with
a cholesterol-lowering effect.

With the exception of Lb. casei BT147, all the LAB
strains consumed cholesterol from the medium during
static growth in MRS or M17 after 24 h of incuba-
tion in the presence of bile salts, but there was a wide
variation in the cholesterol-reducing ability among and
within the species (Figures 1, 2, 3, and 4). The lowest
reduction in cholesterol was brought about by Lc. lactis
ssp. lactis, whereas Lb. plantarum and Lb. paracasei
ssp. paracasei gave the highest decrease. The 7 Lb. casei
strains lowered the cholesterol content by an average of
22.8 + 16.6%, but, interestingly, one (VC199) reduced
it with a mean percentage of approximately 54% (Fig-
ure 1).

Lactobacillus paracasei ssp. paracasei lowered the cho-
lesterol content by an average of 26.0 & 10.4%. Among
the 27 Lb. paracasei ssp. paracasei strains, SE160 and
VC213 showed the lowest cholesterol content after
incubation, with mean reduction percentages of 55
and 45%, respectively (Figure 2). The Lb. plantarum
strains (n = 15) possessed a cholesterol-lowering activ-
ity comparable with Lb. paracasei ssp. paracasei, with
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Figure 1. Cholesterol removal (%) of 7 Lactobacillus casei strains incubated in de Man, Rogosa and Sharpe broth (Biolife, Milan, Italy)
supplemented with 120 pg/mL of water-soluble cholesterol, 0.2% sodium thioglycolate, and 0.3% oxgall for 24 h at 30°C in anaerobic conditions.

Data are shown as means + SD of triplicate measurements.

an average of 26.1 + 14.2%, but 2 strains (VS166 and
VS513) exhibited higher activity, with a mean reduc-
tion of 55 and 47%, respectively (Figure 3). Enterococ-
cus faecium VC223 and FE. lactis BT161 lowered the
cholesterol content by 45 and 42%, respectively (Figure
4). Lactococcus lactis ssp. lactis was the species showing
the lowest activity; in fact, none of the 7 strains were
able to reduce the cholesterol content more than 30%
(Figure 4).

In Vitro Tests for Gastrointestinal Survival

Seven strains resulting in more than 40% reduction
of the cholesterol content in the culture medium (Lb.
caser VC199, Lb. paracasei ssp. paracasei SE160 and
VC213, Lb. plantarum VS513 and VS166, E. faecium
VC223, and E. lactis BT161) were further analyzed for
their probiotic properties. The viable cells of each LAB
strain were enumerated after sequential incubation in
conditions simulating the gastrointestinal tract. All 7
LAB showed resistance to, and the ability to survive,
the presence of the proteolytic enzymes and low pH
values prevailing in the stomach, the bile salts, and the
pancreatic juices of the small intestine (Table 1). They
did not undergo lysis in the presence of lysozyme, and
when exposed to pepsin and stomach-like acidity (pH
3) for 90 min, survival was greater than 96%. Finally,
the LAB strains proved to be resistant to bile salts and
pancreatin, as the overall viability rate after exposure
to small intestine conditions was in the range of 94 to
99.4% (Table 1).

Cholesterol Removal from Cheese

The 7 strains showing the highest activity in the in
vitro test were further examined for their suitability, vi-
ability, and cholesterol-lowering capacity in cheese. Two
experimental cheese-makings were conducted with each
adjunct culture, and the cheeses were analyzed after 30
and 60 ripening days. All 7 LAB had the capability to
reduce cholesterol in cheese, although to a lower extent
than in broth. In the 30-d ripened cheeses, cholesterol
was present in reduced amount in those cheeses with
added single test strains (Table 2). The differences were
significant (P < 0.05) in the cheeses where the adjunct
strains were inoculated, the greatest reductions being
observed for Lb. plantarum VS513 (21%), Lb. paracasei
ssp. paracasei VC213 (18%), E. faecium VC223 (17%),
and Lb. casei VC199 (16%). Differences in cholesterol
content of the control cheeses can be attributed to the
changes naturally occurring in goat milk composition
due to diet variation (Morand-Fehr et al., 2007).

For the up to 60-d ripening, there was a further re-
duction in cholesterol content in all the cheeses, the
only exception being that produced by the addition Lb.
plantarum VS166 and VS513, where it changed insig-
nificantly (Table 2). Instead, there were significant dif-
ferences (P < 0.05) in the cholesterol level between 30
and 60 d of ripening in both the control cheeses (2 and
3) and the cheeses produced with Lb. paracasei ssp. pa-
racasei SE160, E. lactis BT161, and E. faecium VC223.
The data indicate that over the ripening time the
starter itself, along with the microorganisms naturally
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Figure 2. Cholesterol removal (%) of 27 Lactobacillus paracasei ssp. paracasei strains incubated in de Man, Rogosa and Sharpe broth (Biolife,
Milan, Italy) supplemented with 120 pg/mL of water-soluble cholesterol, 0.2% sodium thioglycolate, and 0.3% oxgall for 24 h at 30°C in anaero-
bic conditions. Data are shown as means = SD of triplicate measurements.

present in the cheese, exerts an influence on cholesterol
reduction, an effect that can be significantly enhanced
by specific LAB strains. After 60 d of ripening, the cho-
lesterol content was significantly lower in all the cheeses
produced with the adjunct of the cholesterol-lowering
LAB strains than in the controls, with the exception
of Lb. plantarum VS166. The highest reductions were
obtained when Lb. paracasei ssp. paracasei VC213 and
E. lactis BT161 were added.

Cell Viability in Cheese

Microbiological analysis of the cheeses was used to
evaluate LAB strain persistence for up to 60 d of ripen-
ing, and RAPD PCR was carried out to control wheth-
er, and to what level, selected LAB strains can sustain
viability throughout ripening (Supplemental Figure
S1; https://doi.org/10.3168/jds.2018-15096). Indeed,
throughout the cheese ripening, the LAB were present
at a level of 10° to 10” cfu/g. In the controls, the LAB
content was essentially stable throughout the investiga-
tion and lower than that of the corresponding cheeses
with the adjunct culture; this finding might be indica-
tive of a mutually beneficial interrelationship between
the starter LAB consisting of S. thermophilus and Lb.
delbrueckii ssp. bulgaricus and the tested strains (Table

Journal of Dairy Science Vol. 101 No. 12, 2018

3). All 7 of the cholesterol-reducing LAB strains tested
during cheese manufacture were reisolated after 30 and
60 d of ripening and were found to be highly viable
throughout the period, the log count of the different
strains always being higher than 8 log cfu/g (Table 3).

Generally, the viable counts remained quite constant
for up to 60 d of ripening. Only Lb. paracasei ssp. pa-
racasei VC213 showed a marked increase in count, by
more than 1 log unit during the second 30 d of ripening.

Sensory Analysis

Sensory analysis evidenced high rating scores (>4)
for all the sensory attributes, and no significant differ-
ence was found between the experimental and control
cheeses (data not shown). The overall acceptability of
the experimental and control cheeses was high (4.5 +
0.24 vs. 4.35 £ 0.14, respectively) and did not differ
significantly after 30 and 60 d of ripening. No flavor or
texture defect was noted.

DISCUSSION

Fifty-eight LAB strains belonging to 6 species usu-
ally involved in cheese production as starter or adjunct
cultures were evaluated for their cholesterol-lowering
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Figure 3. Cholesterol removal (%) of 15 Lactobacillus plantarum strains incubated in de Man, Rogosa and Sharpe broth (Biolife, Milan,
Italy) supplemented with 120 pg/mL of water-soluble cholesterol, 0.2% sodium thioglycolate, and 0.3% oxgall for 24 h at 30°C in anaerobic

conditions. Data are shown as means 4+ SD of triplicate measurements.

potential. Data related to the in vitro tests highlighted
a broad diversity in the hypocholesterolemic action at
both species and strain levels, confirming that each
probiotic strain within each species may have different
activities (Castro et al., 2016). In contrast with Pan
and Zhang (2005), who found a Lc. lactis ssp. lactis
strain exerting 41.83% cholesterol reduction in broth,
the 7 Lec. lactis analyzed in our study were all charac-
terized by low activity in milk, whereas Lb. casei, Lb.
paracasei ssp. paracasei, and Lb. plantarum showed dif-
ferent behavior. Interestingly, the 2 enterococci strains
were characterized by a reduction ability higher than
40%. Seven strains out of the 58 tested demonstrated
the highest removal ability in MRS/M17 broth supple-
mented with cholesterol and bile salts, giving rise to a
noteworthy reduction of the cholesterol level in broth,
ranging from 42 to 55%. The strains included cocci and
rods belonging to different species: 1 Lb. casei (VC199),
2 Lb. paracasei ssp. paracasei (SE160 and VC213), 2 Lb.
plantarum (VS166 and VS513), 1 E. lactis (BT161), and
1 E. faecium (VC223). The cholesterol removal ratios
were higher than those reported in previous studies. In
fact, Pereira and Gibson (2002) evaluated in vitro the
effect of human gut—derived LAB and bifidobacteria
on cholesterol levels and reported that the amounts of
cholesterol assimilated by the cultures ranged from 0.4
to 47% of the cholesterol added in the medium. Mishra
and Prasad (2005) reported a Lb. casei strain NCDC
19 showing a decreased cholesterol content in broth
of 43.2%. Zeng et al. (2010) evaluated the ability of
cholesterol reduction of 3 Lactobacillus buchneri strains
and highlighted a wide variation among the strains.

The first had the highest cholesterol-reducing rate of
43.95%, whereas the second strain reduced by 30.28%
and the third showed the least at 2.73%. Remagni et
al. (2013) tested the cholesterol removal capacity of 58
strains of LAB belonging to Lb. plantarum, Lactoba-
cillus acidophilus, Lb. delbrueckii ssp. bulgaricus, and
Enterococcus italicus and reported that the amount
of cholesterol removed from the substrate after 24 h
ranged from a minimum of 0% to a maximum 33.31%.
Likewise, Lb. plantarum and Lc. lactis strains isolated
from camel milk displayed a cholesterol reduction range
of less than 50% (Abushelaibi et al., 2017). Miremadi
et al. (2014) highlighted a higher reduction activity for
1 Bifidobacterium longum (65%) and 2 Lb. acidophi-
lus (62-60%), whereas the performance of Lb. casei,
Lb. paracasei, and Lb. plantarum strains was lower
than that of those found in our study. In this study,
2 Enterococcus strains showed high cholesterol-removal
ability (E. lactis BT161 = 42%; E. faecium VC223 =
45%). The genus Enterococcus is the most controversial
group of LAB. Different papers on the microbiota of
many traditional Mediterranean cheeses have indicated
that enterococci play an important role in the ripening
of these cheeses. On the other hand, enterococci have
been associated with several human infections (Foul-
quié Moreno et al., 2006). Recently, the assessment
of E. faecium for qualified presumption of safety was
performed, and this led to the conclusion that strains
associated with clinical infections could be differenti-
ated from commensal strains (EFSA Panel on Biologi-
cal Hazards, 2013). The 2 strains used in this research
did not harbor genes encoding for virulence factors, and
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Table 1. Survival of lactic acid bacteria strains during simulated human digestion

Strain

Lactobacillus paracasei

Lactobacillus SSp. paracasei Lactobacillus plantarum Enterococcus Enterococcus
Simulated in casei faecium lactis
vitro digestion® VC199 SE160 VC213 VS166 VS513 VC223 BT161
T, 7.91 + 0.01 8.36 + 0.01 8.40 + 0.05 7.94 + 0.01 7.82 + 0.01 8.73 £ 0.11 7.83 + 0.06
T, 7.86 + 0.01 8.30 + 0.03 8.20 + 0.02 7.85 + 0.02 7.81 + 0.01 8.08 + 0.10 7.79 + 0.05
T, 7.79 + 0.02 8.24 + 0.04 8.09 + 0.01 7.84 + 0.01 7.40 + 0.03 8.40 + 0.06 7.64 + 0.01
T, 7.68 + 0.01 8.18 + 0.01 8.35 + 0.01 7.88 + 0.03 7.74 + 0.02 8.20 + 0.08 7.66 + 0.05

"Values are mean viable counts (log;, cfu/mL) + SD.

T, = initial inoculum; T, = simulated hydrolysis in the human oral cavity after 5 min; T, = simulated gastric juice after 90 min; Ty = simulated

small intestine after 150 min.

antibiotic resistance was established by EFSA criteria
for the safety assessment of E. faecium for intentional
use in feed or food (Morandi et al., 2013, 2015), thus
supporting possible use of these strains as probiotics.

The 7 best-performing LAB survived in the cheese
to sufficient numbers (higher than 10° cfu/g) to poten-
tially deliver the probiotic effect (Gomes da Cruz et al.,
2009; Bhadoria and Mahapatra, 2011; Karimi et al.,
2011). It is worthy of note that all the strains appeared
stable and vital after 24 h of incubation in the pres-
ence of bile salts and under conditions mimicking the
gastrointestinal tract. In fact, the first requirement for
a probiotic bacterium is its ability to survive transport
to the active site where its beneficial action is expected.
Hence, bacteria destined to benefit intestinal functions
must survive the passage through the hydrolysis in the
human oral cavity, the acidic environment of the stom-
ach, and intestinal conditions. Our results—survival
rates higher than 90% —are in agreement with those
reported by other authors for other probiotic strains.
Indeed, the 7 LAB tested in this study are not sensitive
to lysozyme and survive well at pH 3.0 in the pres-
ence of pepsin (Zarate et al., 2000; Huang and Adams,
2004; Klingberg et al., 2005; Paramithiotis et al., 2006;
Hosseini et al., 2009; Morandi et al., 2013). Once bac-
teria have survived the gastric barrier, the environment
of the small intestine is the second major barrier for
probiotic strains in their transit through the gastroin-
testinal tract. Although the pH of the small intestine
is more favorable for bacterial survival, the presence of
pancreatin and bile salts can have adverse effects. Our
results indicate that the selected strains are resistant,
even in the presence of bile salts, to the action of pan-
creatin, simulating the small intestine transit.

Thus, it can be reasonably supposed that these
strains are capable of surviving in the human body
and potentially remove cholesterol. Indeed, it is known
that cholesterol assimilation is associated with the
presence of bile salts (Tahri et al., 1996; Zeng et al.,
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2010). Moreover, the survival and growth of LAB that
assimilate cholesterol in the intestine are important in
that it decreases dietary cholesterol absorption from
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Figure 4. (Top) Cholesterol removal (%) by Enterococcus lactis
and Enterococcus faecium strains. (Bottom) Cholesterol removal (%)
by Lactococcus lactis ssp. lactis strains (n = 7) incubated in M17
broth (Biolife, Milan, Italy) supplemented with 120 pg/mL of water-
soluble cholesterol, 0.2% sodium thioglycolate, and 0.3% oxgall for 24
h at 30°C in anaerobic conditions. Data are shown as means + SD of
triplicate measurements.
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Table 2. Cholesterol content (mg/100 g of fat) in cheeses produced with cholesterol-lowering lactic acid

bacteria strains during ripening time

Ripening time

Ttem 30 d 60 d P-value
Control 1 191.2 + 1.7° 180.3 £+ 2.2% NS
Lactobacillus plantarum VS 166 168.4 + 0.5" (12%) 170.7 £ 1.1* (5%) NS
Control 2 230.1 4+ 13.1° 209.0 &+ 12.0° *x
Lactobacillus plantarum VS 513 182.8 + 0.8" (21%) 190.4 £ 0.1° (9%) NS
Lactobacillus casei VC 199 193.2 &+ 1.1* (16%) 187.3 & 0.3" (10%) NS
Lactobacillus paracasei ssp. paracasei SE 160 210.2 + 0.8" (9%) 186.5 + 1.2" (11%) ok
Lactobacillus paracasei ssp. paracasei VC 213 187.9 £+ 0.6" (18%) 174.7 + 2.9* (16%) NS
Control 3 310.2 + 2.7° 258.2 + 8.1° ok
Enterococcus lactis BT 161 269.7 + 0.3" (13%) 199.8 &+ 1.0" (23%) oK
Enterococcus faecium VC 223 256.7 + 2.4* (17%) 225.6 + 0.6" (13%) oAk

““Means within the same experiment and column followed by different superscripts differ significantly (P <

0.05).

!Control cheeses are included for each experimental cheese-making. Data are expressed as mean & SD of
triplicate determinations on 2 cheese-making trials. Reduction percentages, in parentheses, were calculated by

reference to the respective controls.
**P < 0.01; ¥***P < 0.001.

the digestive system into the blood and could thus have
the potential to aid in the control of serum and liver
cholesterol (Wang et al., 2012; Zanotti et al., 2015).
The experimental data available today indicate that
the constant consumption of probiotics can effectively
reduce serum cholesterol by more than 1%, thus en-
couraging the development of new functional foods as
complementary therapy (Hlivak et al., 2005; Ding et
al., 2017).

In this regard, it has to be considered that cheese
and dairy products are efficient food carriers for pro-
biotics because of their high fat content and their high
buffering capacity that enhances bacterial survival
through the intestinal tract (Dinakar and Mistry, 1994;
Desfossés-Foucault et al., 2012). In support of this, dif-
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ferent studies have shown that the regular consumption
of probiotic cheese and dairy products with microbial
populations similar to ours can contribute to improved
health by means of cardiovascular health parameters
(Lollo et al., 2015), blood lipid profile and antioxidant
defenses (Moura et al., 2016), the immune system
(Medici et al., 2004), oxidative stress-mediated athero-
genicity (Kullisaar et al., 2003), and cholesterol-lower-
ing efficacy (Ooi and Liong, 2010; Ding et al., 2017).
Another interesting aspect to consider is the possi-
bility of reducing the cholesterol content in the food
matrix itself by means of LAB. To date, only a few
studies are available on the cholesterol-lowering activity
of LAB in dairy products. Belviso et al. (2009) reported
2 Lb. plantarum removing cholesterol in milk (up to

Table 3. Bacterial counts (log cfu/g) in the experimental cheeses during ripening time (30 or 60 d)'

Total lactic acid bacteria
present in experimental cheeses

Cholesterol-removing strain added
to experimental cheeses

Test strain 30d 60 d P-value 30d 60 d P-value
Control 1 8.2+ 0.8 8.1+ 0.4 NS

Lactobacillus plantarum VS 166 9.1 £ 0.0 8.9 £ 0.3 NS 8.5+ 0.2 8.5+ 0.4 NS
Control 2 8.5+ 0.1 79+04 NS

Lactobacillus plantarum VS 513 8.6 £ 0.2 8.7+ 0.8 NS 8.4+ 0.1 8.4+ 0.3 NS
Lactobacillus casei VC 199 9.0 £ 0.3 9.3 £0.1 NS 8.8 £ 0.5 9.3 £0.1 NS
Lactobacillus paracasei ssp. paracasei SE 160 8.4+ 0.2 8.7+04 NS 83 0.1 8.5+ 0.1 NS
Lactobacillus paracasei ssp. paracasei VC 213 8.3 + 0.6 9.4 + 0.0 NS 79+0.1 9.3 +£0.2 HoAk
Control 3 8.5+ 04 8.1+0.2 NS

Enterococcus lactis BT 161 8.9+ 0.8 8.7+ 0.3 NS 8.5+ 0.2 8.3 £0.1 NS
Enterococcus faecium VC 223 8.9 £ 0.1 8.9 £ 0.2 NS 8.6 £ 0.3 8.6 £ 0.0 NS

'Data are expressed as mean + SD of triplicate determinations on 2 cheese-making trials.

KPP < 0.001.
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8.2%) through cell wall adsorption. In our study, 7 LAB
strains were shown to exert progressive cholesterol-
lowering activity in cheese, activity greater than that
reported to date (up to 21% during 60 d of ripening),
although the strains behaved differently. Lactobacillus
plantarum VS513, Lb. casei VC199, and Lb. paracasei
ssp. paracasei VC213 reached maximum activity before
the end of 30 d of ripening, whereas F. lactis BT161, E.
faecium VC233, and Lb. paracasei ssp. paracasei SE160
showed a further significant reduction by extending the
ripening to up to 60 d. This finding can be explained by
the naturally occurring high-level persistence of entero-
cocci and lactobacilli in cheese during ripening. The
progressive reduction of the cholesterol content in the
matrix indicates that cholesterol is not released during
resting or in the mortality phase, and it can be reason-
ably supposed that it was removed through cell wall
adsorption, as evidenced by other authors investigat-
ing LAB strains after their growth in culture medium
(Choi and Chang, 2015).

CONCLUSIONS

Our results demonstrate that 7 potential probiotic
LAB strains possess desirable properties in terms of
cholesterol-lowering activity. This opens the way to
their incorporation into novel functional foods; for ex-
ample, they could be used for the production of probi-
otic cheese and other dairy products such as fermented
milk or a dairy dessert with reduced cholesterol content
and with interesting functional properties. Increasing
consumer awareness with regard to the relationship be-
tween diet and health, and the consumption of cutting-
edge foods with health benefit functions, should lead to
greater real-life opportunities for both consumers and
the food industry. Further studies are needed not only
to explore the mechanisms by which LAB strains mod-
ulate hypocholesterolemic effects but also for a proper
safety assessment to prevent potential adverse reac-
tions. Moreover, to strengthen these proposals, in vivo
studies are needed to generate more direct evidence of
the cholesterol-lowering clinical efficacy of strains as a
probiotic formulation or as a fermented milk or cheese,
and in vivo studies could also be used to evaluate the
effective dosage and frequency of treatment required to
exert hypocholesterolemic effects.
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