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Abstract

Dyslipidemia, specifically abnormal levels of low-density lipoprotein cholesterol (LDL-C), is an important risk factor of
cardiovascular disease. Evidence showing the promising abilities of probiotics to lower total cholesterol or LDL-C has,
however, not yet convinced experts to recommend probiotic bacteria as treatment for blood lipid management. Therefore,
there are opportunities for the development of new efficient cholesterol-lowering probiotics. Bile salt hydrolase (BSH) and
feruloyl esterase (FAE) are bacterial enzymes proposed to explain the cholesterol-lowering capacity of some bacteria and
have both been shown to be responsible for lipid reduction in vivo. Here, in order to select for cholesterol-lowering bacteria,
70 strains related to Lactobacillaceae were screened for BSH and FAE activities. Based on this two-way screening approach,
two bacteria were selected and assessed for their capacity to assimilate cholesterol in vitro, another suggested mechanism.
Lactobacillus acidophilus CL1285 showed BSH and FAE activity as well as capacity to assimilate cholesterol in vitro.
Lactiplantibacillus plantarum CHOL-200 exhibited BSH activity and ability to assimilate cholesterol. These properties
observed in vitro make both strains good probiotic candidates for the management of dyslipidemia. Further investigation is

needed to assess their ability to reduce blood cholesterol in human trial.
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Introduction

Cardiovascular disease (CVD) is the leading cause of death
worldwide [1]. Dyslipidemia, abnormal levels of blood
lipids, especially low-density lipoprotein cholesterol (LDL-
C), is a major risk factor for CVD [2, 3]. Countless phar-
maceutical drugs are available by prescription and are used
all around the world to normalize serum lipids in hypercho-
lesterolemic patients. However, the vast majority of these
drugs cause adverse events such as muscular pain, diabetes,
decrease in renal function, and an increase in depression-like
symptoms [4]. Over 30% of all patients using statins experi-
ence muscle pain [5]. These side effects lead many patients
to seek alternative solutions to improve their lipid metabo-
lism, such as the utilization of various foods or supplements
like green tea, soluble fiber, or garlic [6, 7]. Additionally,
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probiotic bacteria have gained much attention due to their
strain-specific cholesterol-lowering effects [8].

Probiotics are defined as live microorganisms that, when
administered in adequate amounts, confer a health benefit
on the host [9]. Lactobacillaceae are well-characterized
probiotic bacteria that show promising cholesterol-lowering
capacity in vitro as well as in animal and clinical trials [10,
11]. In a meta-analysis, Wu et al. analyzed the results of 15
randomized human clinical trials to determine the effect of
consumption of Lactobacillus spp. on the serum lipid profile
[12]. By pooling 14 of these studies, the authors showed that
Lactobacillus spp. could significantly reduce blood levels of
total cholesterol (TC) and LDL-C. Subgroup analysis high-
lighted the potential of Lactiplantibacillus (Lactobacillus)
plantarum and Limosilactobacillus (Lactobacillus) reuteri
to significantly lower TC and LDL-C. Also, Sun and Buys
revealed, based on the pooled effect of 10 clinical studies,
that consumption of probiotics, especially formulations con-
taining multiple strains and those containing Lactobacillus
acidophilus, was effective to decrease LDL-C levels [13].
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Among potential mechanisms that have been proposed to
explain the cholesterol-lowering activity observed with some
probiotic bacteria, the most well studied are bile salt hydro-
lase (BSH) activity, assimilation of cholesterol, conversion
of cholesterol to coprostanol, co-precipitation of cholesterol
with unconjugated bile salts, feruloyl esterase (FAE) activity,
and modulation of NPC1L1 gene expression [14—16]. BSH,
synthesized by some bacteria related to Lactobacillaceae,
Bifidobacterium spp., Enterococcus spp., Clostridium spp.,
and Bacteroides spp., breaks the peptide linkage between
primary bile acid and either glycine or taurine and liberates
the amino acid from the sterol core [17-21]. The unconju-
gated bile acids released by the enzyme are less soluble and
stay in the intestinal lumen. These unconjugated bile acids
are mixed with intestinal content and naturally excreted in
feces. This mechanism thus forces the body to synthesize
new bile acid molecules de novo with cholesterol present
in the host, thereby reducing circulating blood cholesterol
[22, 23].

Another suggested mechanism is feruloyl esterase (FAE)
activity. This enzyme has been found in some lactic acid
bacteria (LAB) such as Lactobacillus gasseri, Lactobacillus
acidophilus, Lactobacillus helveticus, Lactobacillus johnso-
nii, and Limosilactobacillus (Lactobacillus) fermentum and
is involved in the liberation of phenolic compounds, such
as ferulic acid (FA), from plant cell walls [24-26]. FA can
act as a competitive inhibitor of one of the main enzymes
responsible for de novo synthesis of cholesterol, 3-hydroxy-
3-methylglutaryl-coenzyme A reductase (HMG-CoA reduc-
tase), the same target as statins [27]. FA can also activate the
peroxisome proliferator-activated receptor alpha (PPAR),
a nuclear transcription factor implicated in the synthesis
of two-cholesterol transporters, high-density lipoprotein
(HDL), and LDL. PPAR« activation has been associated
with an increase of HDL and a decrease of LDL [28].

Moreover, the strain-specific capacity of certain LAB to
assimilate cholesterol in vitro has been investigated. Choles-
terol incorporated into the cell membrane of bacteria, which
are excreted through feces, could decrease the overall pool
of circulating blood cholesterol [23, 29-31].

Bio-K Plus International Inc. (Bio-K+) is specialized in the
development and manufacturing of a lactobacilli-based pro-
biotic formulation, combining the Lactobacillus acidophilus
CL1285, Lacticaseibacillus (Lactobacillus) casei LBCSOR,
and Lacticaseibacillus (Lactobacillus) rhamnosus CLR2
strains. This formulation has previously showed to significantly
reduce the incidence of antibiotic-associated diarrhea and
Clostridioides (Clostridium) difficile infections and improve
the quality of life in people with diarrhea-predominant irrita-
ble bowel syndrome [32-36]. In this study, a Bio-K + propri-
etary collection of Lactobacillaceae has been screened using
a multi-mechanism approach, targeting BSH and FAE activi-
ties, to select bacterial candidates with the potential to manage
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and reduce cholesterol levels in humans. Following screening,
L. acidophilus CL1285 and L. plantarum CHOL-200 were
selected based on their strong BSH and FAE activities and
further characterized for their capacity to assimilate cholesterol
in vitro and for their probiotic properties.

Experimental Section
Bacteria Used in This Study

All bacteria were grown on de Man, Rogosa, Sharpe (MRS)
agar (EMD Millipore, No. 1.10661) under anaerobic atmos-
phere using a Bactron300 anaerobic chamber (Sheldon Man-
ufacturing Inc., Cornelius, OR, USA) containing a gas mix-
ture made of 5% hydrogen, 10% nitrogen, and 85% carbon
dioxide (MEGS, a division of Air Liquide, Montreal, Can-
ada). BK strains, as well as strains L. acidophilus CL1285,
L. casei LBC80R, and L. rhamnosus CLR2, are Bio-K+’s
proprietary strains and have been isolated from food or from
human milk, oral, vaginal, and fecal samples. Other strains
were purchased from the American Type Culture Collection
(ATCC, Manassas, VA, USA), the Belgian Coordinated Col-
lections of Microorganisms (BCCM/LMG, Gent, Belgium),
and the Patent and Bio-Resource Centre (Formerly Fermen-
tation Research Institute; FERM, Chiba, Japan). For human
bacterial isolates, participants were informed of the purpose
of the study and gave their informed consent before provid-
ing self-collected samples. Bacteria were stored at— 80 °C
and thawed at room temperature before use. Before each
experiment, bacteria were streaked on MRS plates to verify
their purity.

Bacterial Identification

Bacterial identification was performed by sequencing the rrs
gene coding for the 16S ribosomal RNA (rRNA) (Génome
Québec, Montreal, Canada). Sequences were then compared
to homologous bacterial sequences using BLAST (www.
ncbi.nlm.nih.gov/BLAST). For DNA extraction, bacterial
colonies were resuspended in a 2-mL sample tube containing
100 pL of 10 mM Tris—HCL (Fisher Scientific, No. BP153)
and 100 mg of glass beads (Sigma-Aldrich, N. Z250465).
The samples were placed horizontally on a vortex, using
a vortex adapter, and were bead beaten at maximum speed
for 2 min. Samples were cooled on ice for 2 min. The bead
beating and cooling steps were repeated twice and the sam-
ples were centrifuged at 10,000 X g for 2 min. Supernatants
were then used for DNA amplification. DNA coding for
16S rRNA gene sequences was amplified in a DNA thermal
cycler (Tpersonal Thermocycler, Biometra, Goettingen, Ger-
many) using the pA (5'-AGAGTTTGATCCTGGCTCAG-3")
and pH (5'-AAGGAGGTGATCCAGCCGCA-3') primers
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Table 1 Nu_mber of Genus Number
each bacterial genus of of
Lactobacillaceae used for
screening purposes in this study

bacteria

Lacticaseibacillus 15
Lactiplantibacillus 14
Lactobacillus 17
Lentilactobacillus 7

Levilactobacillus 10
Limosilactobacillus 7

Total 70

[37]. PCR amplifications were performed in a 50 uL reaction
volume with 20 ug bovine serum albumin (Sigma-Aldrich,
No. B8667), 10 pmol of each primer (AlphaDNA, Montreal,
Canada), 4 uL of DNA sample, and 2.5 U of MyTaq™ HS
DNA polymerase (Bioline, No. Bio-21113) in 1X MyTaq™
buffer. The amplifications were performed at 95 °C for 5 min
and 55 °C for 5 min; then 30 cycles at 72 °C for 45 s, 94 °C
for 45 s, and 55 °C for 45 s; and a single final extension step
at 72 °C for 10 min [38]. Table 1 lists all bacterial genera
used in this study. 16S rRNA gene sequences of L. acidophi-
lus CL1285 and L. plantarum CHOL-200 have been depos-
ited on GenBank and can be accessed via accession numbers
ON544019 and ON544020.

Detection of BSH Activity

Evaluation of BSH activity was conducted using a method
described by Pereira et al. [39]. A loop of fresh bacterial cul-
ture was streaked on the surface of MRS agar (1.5% w/v)
(EMD Millipore, No. 1.10661) supplemented with 0.5%
sodium taurocholate hydrate (TCA) (Sigma-Aldrich; No.
86339) or 0.5% sodium glycocholate hydrate (GCA) (Sigma-
Aldrich, No. G7132) and 0.37 g/L calcium chloride anhydrous
(Labo MAT, No. CP-0108). Each plate was incubated under
anaerobic atmosphere at 37 °C for 72 h. BSH activity was
characterized by the presence of a precipitate around the col-
ony, a rough aspect of the colony, or both. Semi-quantitative
data are expressed by “+” symbol comparing the growth and/
or precipitation zone of each bacteria strain on an agar plate
with and without bile salts. The number of “+” symbols is
proportional to the intensity of the activity. A negative result
is indicated by a negative symbol, meaning the bacteria can
grow on the medium but no activity was detected when com-
pared with the same medium without bile salts.

Detection of FAE Activity

Detection of FAE activity was performed using a semi-
quantitative method described by Donaghy et al. with some

modifications [40]. Briefly, a modified MRS medium with
1.5% agar (Fisher Scientific, No. BP1423) was prepared
using all the same ingredients for the MRS medium broth,
but without glucose. The medium was sterilized at 121 °C
for 20 min and cooled at 50-55 °C. Six milliliters of a solu-
tion containing 10% ethyl 4-hydroxy-3-methoxycinnamate
(ethyl ferulate) (Sigma-Aldrich, No. 320617) dissolved in
N,N-dimethylformamide (Sigma-Aldrich, No. D4551) was
added to 500 mL of medium and gently mixed. The medium
was then poured into sterile Petri dishes and solidified at
room temperature. A loop of fresh bacterial culture was
streaked on the surface of each Petri dish and the plates
were incubated under anaerobic atmosphere at 37 °C for 3 to
6 days. All results are expressed by comparing the growth of
each strain and disappearance of the fogginess around each
bacterial colony on an agar plate with and without ethyl feru-
late. Plus “+” symbols were used to describe FAE activity;
the number of symbols is proportional to the FAE activity.
A negative result is indicated by a negative symbol, meaning
the bacteria can grow on the medium, but no activity was
detected when compared with the same medium without
ethyl ferulate.

Cholesterol Assimilation by the LAB

Cholesterol micelles were prepared according to the method
developed by Razin et al. with some modifications [41].
Briefly, 100 mg of cholesterol (Sigma-Aldrich, No. C8667)
and 220 mg of lecithin soybean—a mixture of phosphatidyl-
choline and lysolecithin (American Lecithin Company, No.
LPC50)—were solubilized in 10 mL of chloroform (Fisher
Scientific, No. BP1145). Chloroform was evaporated using
nitrogen gas (Praxair Canada Inc., Laval, Quebec). Then,
30 mL of a 0.4 M sucrose solution (Fisher Scientific, No. S5)
was added and the cholesterol/lecithin mixture was sonicated
to produce cholesterol micelles. Sonication was performed
on ice using a Sonic Dismembrator 500 (Fisher Scientific,
Pittsburg, PA, USA) at maximum amplitude with power
set between 100 and 120 watts for three periods of 15 min,
renewing ice between each period. The solution was then
centrifuged (Avanti J-26S XPI, Beckman Coulter, Brea, CA,
USA) in high-speed centrifuge tubes for 30 min at 30,000 X g
to eliminate metal particles from the sonicator probe.

After two successive overnight anaerobic incubations
in MRS broth, each culture was washed using saline water
(NaCl 0.85% w/v) and pellets were resuspended in sterile
water. Then, 100 pL of the pellet suspension was mixed with
1 mL of cholesterol micelles in pre-reduced MRS medium
supplemented with 0.2% sodium thioglycolate (Sigma-
Aldrich, No. T0632) and 0.6% Ox gall (Sigma-Aldrich, No.
B3883). Subsequently, all tubes were incubated under anaer-
obic atmosphere at 37 °C for 48 h. The strain L. acidophilus
ATCC 43121 was selected as positive control.
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Quantification of cholesterol assimilation by bacteria
was measured using the method described by Rudel and
Morris and Gilliland et al. with some modifications [29,
42]. Briefly, the contents of each tube, containing 9 mL of
culture, were centrifuged at 3,700 X g for 15 min and the
pellets, containing the assimilated cholesterol, were resus-
pended with the same volume of sterile water. One milliliter
of each sample was transferred to a borosilicate tube con-
taining 3 mL of 95% ethanol (Les Alcools de Commerce,
No. USP+432,526) and 2 mL of a 50% potassium hydrox-
ide solution (Acros Organics, No. 232550010). Each tube
was vortexed 20 s and then heated in a water bath at 60 °C
for 10 min. Then, the tubes were cooled at room tempera-
ture for 10 min. Five milliliters of n-hexane (Acros Organ-
ics, No. AC160780010) and 3 mL of sterile distilled water
were subsequently added to the tubes and vortexed for 30 s.
The tubes were incubated at room temperature for 15 min
to allow phase separation. After that, 2.5 mL of the supe-
rior phase was transferred to another borosilicate tube. The
tube was warmed in water heated at 70 °C and n-hexane
was completely evaporated using nitrogen gas. The pel-
let was resuspended in 4 mL of a freshly prepared solu-
tion of o-phthalaldehyde (Sigma-Aldrich, No. 79760) at a
concentration of 0.5 mg/mL previously dissolved in glacial
acetic acid (Fisher Scientific, No. 351271). Tubes were
incubated at room temperature for 10 min. Then, 2 mL con-
centrated sulfuric acid (Fisher Scientific, No. 351298-212)
was added to each tube, mixed for 20 s by vortexing, and
again incubated for 10 min at room temperature. ODsso,m
of each sample was measured using a BioPhotometer plus
(Eppendorf, Hamburg, Germany). Blank consisted of 4 mL
of o-phthalaldehyde solution and 2 mL of concentrated sul-
furic acid. Standard curve was generated using a cholesterol
solution of 0, 25, 50, 75, 100, 200, and 400 pg/mL. TC was
determined by subtracting the ODss,, . of thioglycolate- and
bile-supplemented MRS medium without cholesterol from
the ODss5,., of thioglycolate- and bile-supplemented MRS
media containing cholesterol micelles. All standards and
samples were subjected to identical procedures. Assimila-
tion percentage was calculated using the following formula:

Cholesterol llet L
%assimilation = < olesterol from pellet(jg/m )> 100

Total cholesterol(pg/mL)

For each bacterium, percentage of cholesterol assimilation
was evaluated from three independent samples run in dupli-
cate. Values are expressed as mean + standard deviation. Data
were analyzed by one-way analysis of variance (ANOVA),
using SPSS Statistics for Windows, version 19.0 software
(IBM Corporation, Armonk, NY, USA). Differences among
the groups were analyzed with a post hoc Duncan’s multiple
range test. Differences between means were considered sig-
nificant at p <0.05 [43].
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Gastric Survival

On the day of the experiment, simulated gastric fluids (SGF)
pH 1.5, 2, and 2.5 were prepared. Briefly, 2 g of sodium chlo-
ride (Fisher Scientific, No. BP358-212) and 3.2 g of pepsin
(Sigma-Aldrich, No. P7000) were dissolved in 900 mL of
osmosis filtered water. The pH was adjusted with 5 M hydro-
chloric acid (Fisher Scientific, No. A144-212) and measured
using an Orion 3 Star pH BenchTop (Thermo Scientific, Bev-
erly, MA, USA) equipped with a Ross Ultra pH/ATC Triode.
Following pH adjustment, SGF volume was brought upto 1 L
using sterile osmosis water and 19 mL of SGF was transferred
to 50-mL conical tubes. Before the experiment, each tube was
placed in an incubator at 37 °C for 1 h to warm the solution.
One milliliter of an overnight culture of L. acidophilus
CL1285 or L. plantarum CHOL-200 was added to each tube
containing SGF and was immediately placed into a MaxQ 4450
Incubator-shaker (Thermo Scientific, Marietta, OH, USA) pre-
heated to 37 °C and agitated at 250 rpm for 30 and 60 min.
After incubation, 1 mL of each SGF-bacterial mixture was neu-
tralized in 9 mL of a sterile solution of 0.1 M sodium phosphate
buffer. Bacteria were enumerated by ten-fold serial dilution in
peptone water (1 g/L peptone and 0.5 g/L. sodium chloride).
Appropriate dilutions were plated on MRS agar (1.5% w/v) and
incubated under aerobic atmosphere at 37 °C for 48 h.

Bile Salt Tolerance

Bile salt tolerance was performed on both L. acidophilus
CL1285 and L. plantarum CHOL-200 strains, using three
different types of bile. Tolerance to Ox gall powder (Sigma-
Aldrich, No. B3883, Bile Salts (Sigma-Aldrich, No. 48305)
and bacteriological bile (OrganoTechnie, No. 10236) was
evaluated by inoculating the bacteria on plates containing
either 0.15% or 0.3% (w/v) of each type of bile. Each strain
was streaked on the surface of a bile salt-supplemented
MRS agar plate and incubated under anaerobic atmosphere
at 37 °C for 48 h. Growth on MRS agar without bile salts
was used as a positive control to determine the capacity of
each strain to grow on each type of supplemented MRS agar.

Results

A total of 70 bacteria belonging to the family Lactobacil-
laceae, isolated from human feces, oral, vaginal and milk
samples, foods, or purchased from commercial suppliers,
were screened for the presence of BSH or FAE activities. Of
these, 18 harbored BSH activity, with 10 strains being appar-
ently selective to the taurine-conjugated form of bile acids
(TCA), and five exhibiting specific activity toward glycine-
conjugated bile acids (GCA). In addition, three strains related
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to Lactobacillus acidophilus, Lacticaseibacillus casei, and
Lactiplantibacillus plantarum showed the capacity to decon-
jugate bile acid with either taurine or glycine. Among these
three strains, two appear to have stronger BSH activity. L.
acidophilus CL1285 and L. plantarum CHOL-200 exhibited,
in the presence of either GCA or TCA, robust BSH activity
compared to all other Lactobacillaceae tested (Table 2).

In parallel, the same bacterial strains were also evaluated
for FAE activity. Twenty-six strains were positive for FAE
activity (Table 2): seven of genus Lactiplantibacillus, 14
of genus Lactobacillus, one from Levilactobacillus genus,
and four of genus Limosilactobacillus. However, only one
of these strains harbored strong FAE activity, L. acidophi-
lus CL1285. Representative data of BSH- and FAE-positive
activity is shown in Fig. 1, using L. acidophilus CL1285 and
L. plantarum CHOL-200 results as reference.

Following this screening approach, two candidates were
selected for further characterization. L. plantarum CHOL-200
showed strong BSH activity for taurine- or glycine-conjugated
bile acids and L. acidophilus CL1285 showed strong activ-
ity in both BSH and the FAE assays. Both strains were then
assessed for their capacity to assimilate cholesterol, a third
suggested mechanisms to explain the strain-specific capacity
of some bacteria to decrease cholesterol in vivo. In addition to
these two strains, cholesterol assimilation was measured for L.
acidophilus ATCC 43121 as positive control [29, 31]. Both
CHOL-200 and CL.1285 demonstrated the ability to assimilate
cholesterol present in the culture media. A cholesterol removal
rate of 76.3% was observed for L. plantarum CHOL-200 and
61.5% for L. acidophilus CL1285. This is comparable to the
cholesterol removal rate obtained with the positive control
strain L. acidophilus ATCC 43121 (Fig. 2).

To exert their beneficial effects, probiotic bacteria must
resist the harsh acidic and bilious environments of the stom-
ach and small intestine, respectively. To further characterize
the probiotic properties of L. acidophilus CL1285 and L.
plantarum CHOL-200, both strains were challenged in SGF,
simulating the acidic and enzymatic stomach conditions, of
pH 1.5 to 2.5 for 30 and 60 min (Fig. 3). L. acidophilus
CL1285 is unaffected (difference from the initial bacterial
count< 1 Log,, CFU/mL) by up to 60 min of exposure to
SGF pH 2 and 2.5. L. acidophilus CL1285 is also resistant
to SGF at pH 1.5 for 30 min. However, viability was reduced
by 3.07 Log,, CFU/mL after 60 min in SGF pH 1.5. L. plan-
tarum CHOL-200 survived for up to 60 min in SGF pH 2.5
and for 30 min in SGF pH 2. However, decreased viability
by nearly 1.9 Log;, CFU/mL was observed after 60 min in
SGF pH 2. CHOL-200 was minimally resistant to SGF pH
1.5 for 30 or 60 min as shown by a reduction of 2.84 and
5.43 Log,, CFU/mL respectively.

Goldin and Gorbach state that probiotic bacteria should
be able to grow in the presence of 0.15 to 0.3% bile salt
[44]. L. acidophilus CL1285 and L. plantarum CHOL-200

Table 2 Bile salt hydrolase (BSH) and feruloyl esterase (FAE) activi-
ties. -: negative, +: positive, + +: strongly positive

Bacteria Strain origin BSH FAE
GCA?* TCA"
L. casei
BK16 Human oral mucosa - - -
BK26 Human oral mucosa - - -
BK28 Human oral mucosa - - -
BK35 Human oral mucosa - - -
LBC8OR Human fecal microbiome + + -
ATCC 393 Dairy - ++ -
L. paracasei
BK1 Human oral mucosa - - -
BK20 Human oral mucosa - - -
BK91 Human oral mucosa - - -
BKLM.4 Human milk - - -
BK86 Human fecal microbiome - - -
BKIA.1 Human fecal microbiome - - -
BK84 Human fecal microbiome - - -
L. rhamnosus
CLR2 Human fecal microbiome - - -
ATCC 53103 Human fecal microbiome - ++ -
L. pentosus
BK1034 Olive oil - - +
L. plantarum
BK300 Olive oil - - +
BK303 Olive oil - - +
BK324 Olive oil - - +
BK1135 Olive oil - - +
BK1140 Olive oil - - -
BK1039 Olive oil - - +
BK1040 Olive oil - - +
BK213 Olive oil - - -
BK232 Olive oil - - -
BK251 Olive oil - - -
BK180 Olive oil - - -
BK19%4 Olive oil - - -
CHOL-200 Human fecal microbiome ++ ++ -
L. acidophilus
BK1197 Human oral mucosa - - +
ATCC 314 Human - ++ +
ATCC 4355 Rat - ++ +
ATCC 4356 Human - + -
ATCC 4796 Unknown - + +
ATCC 53544 Human infant, rectal swab - ++ +
ATCC 53671 Swine intestine - ++  +
ATCC 9224 Unknown - + -
LMG 11466 Unknown - - +
CL1285 Human fecal microbiome ++ ++  ++
FERM BP-4980 Human fecal microbiome - - +
FERM BP-4981 Human fecal microbiome - - +
L. crispatus
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Table 2 (continued)

Bacteria Strain origin BSH FAE
GCA?® TCAP
BK343 Human vaginal mucosa - - +
BK482 Human vaginal mucosa - - +
ATCC 55221 Derived from existing strain - ++ -
L. gallinarum
LMG 9435 Chicken crop - - +
L. gasseri
ATCC 33323 Human - - +
L. buchneri
BK308 Olive oil - - -
BK287 Olive oil - - -
BK235 Olive oil - - -
BK170 Olive oil - - -
BK187 Olive oil - - -
BK192 Olive oil - - -
BK1062 Olive oil - - -
L. brevis
BK107 Fermented food - - -
BK115 Fermented food - - -
BK205 Fermented food - - -
L. namurensis
BK?298 Olive oil - - -
BK302 Olive oil - - -
BK317 Olive oil - - -
BK330 Olive oil - - -
BK334 Olive oil - - -
BK270 Olive oil - - -
BK214 Olive oil - - +
L. vaginalis
BK337 Human vaginal mucosa + - -
BK372 Human vaginal mucosa + - -
BK373 Human vaginal mucosa + - +
BK349 Human vaginal mucosa + - +
BK488 Human vaginal mucosa + - +
BK383 Human vaginal mucosa - - +
BK384 Human vaginal mucosa - - -

AGCA, glycine-conjugated bile acid
TCA, taurine-conjugated bile acid

were therefore evaluated for tolerance to three different com-
mercial mixtures of bile acids (Table 3). CL1285 was able
to grow in the presence of Ox gall powder, bacteriologi-
cal bile, and 0.15% bile salts. However, an inhibitory effect
on growth was observed in the presence of 0.3% bile salts.
CHOL-200 grew on MRS supplemented with all three bile
salts, regardless of the concentration tested. Of the three
products tested, both strains showed a greater resistance to
the presence of Ox gall powder. Hu et al. assessed the com-
position of different commercial ox gall powders and showed
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that the Ox gall powder from Sigma-Aldrich is similar to
human bile based on the ratios of bile acids present. This
observation supports the choice of Sigma-Aldrich Ox gall
powder as the most appropriate to evaluate the bile resist-
ance of probiotic bacteria [45].

Discussion

Elevated levels of TC, especially from LDL particles, are
a major risk factor for the development of CVD. Although
a number of therapeutic strategies are applied in order to
manage hypercholesterolemia, only 32.1 to 55.7% of patients
reach LDL-C targets providing a cardiovascular risk reduc-
tion [46]. In addition, side effects observed in some patients,
with the use of statins for example, can lead to a decrease
of adherence to treatment and therapy discontinuation [47].
Based on this, there is opportunity for new lipid-lowering
natural products, to be used alone or in combination with
actual proposed pharmaceutical treatments. Until now,
numerous studies have evaluated the capacity of nutraceu-
ticals, like berberine, green tea extracts, and probiotics, to
impact blood lipid levels [6]. Clinical evidence showed the
efficacy of some probiotic bacteria, especially strains related
to Lactobacillaceae, to improve lipid profile [11]. In 2017, a
group of experts stated that data available at the time did not
allow recommending probiotics as an alternative treatment
for managing dyslipidemia [6]. Nevertheless, probiotics are
safe, with no side effects reported after consumption to date.
The potential preventive effect of probiotics on dysregulated
lipid profiles cannot be excluded and should be explored
further based on studies on the complex interaction between
the gut microbiome and digestive function. To fulfill the
need for new, efficient, lipid-lowering probiotic formula-
tions, candidate probiotic strains were selected with in vitro
properties related to mechanisms that are proposed to result
in the cholesterol-lowering effects of some bacteria. Among
all suggested mechanisms, BSH and FAE activities were
selected as screening targets.

Of 70 Lactobacillaceae strains tested against tauro-
conjugated and glyco-conjugated cholic acids, 18 showed
BSH activity for either one or the other form of bile salts or
both. This is in agreement with other studies demonstrat-
ing that BSH are not ubiquitous among lactobacilli [48, 49]
and that their substrate specificity varies greatly [50, 51]. In
this study, most BSH-positive strains exhibited specificity
for taurocholic acid. L. acidophilus CL1285 and L. plan-
tarum CHOL-200, in addition to having the strongest BSH
activity, were the only strains, besides L. casei LBCSOR,
to show in vitro activity toward both glycocholic acid and
taurocholic acid. Although more analysis is needed to deter-
mine substrate preference, the capacity to hydrolyze bile
acids conjugated to taurine and glycine could be beneficial
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Fig.1 Visual representation of Bacteria

BSH- and FAE-positive activi-
ties of L. acidophilus CL1285
and L. plantarum CHOL-200.
Strains were grown in the pres-
ence of TCA and GCA for 72 h
under an anaerobic atmosphere
at 37 °C or in the presence of
ethyl ferulate (FAE) for up

to 6 days under an anaerobic
atmosphere at 37 °C. No FAE

L. acidophilus
CL1285

activity was detected for L.
plantarum CHOL-200

L. plantarum
CHOL-200

for L. acidophilus CL1285 and L. plantarum CHOL-200 by
providing them an adaptation advantage for the diverse pool
of bile salts found in the human gut [50]. Thirteen strains
of L. plantarum were tested on BSH agar plate assay. Inter-
estingly, only CHOL-200 hydrolyzed bile salts. However,
according to literature, many other L. plantarum strains
harbor BSH activity [49]. Most of BSH-positive strains
presented here have been isolated from fecal samples. This
is in line with the importance of BSH in shaping the gut
microbiota, for example, by allowing bacteria to resist the
toxic effects of some bile acids in the gastrointestinal (GI)
tract [50]. O’Flaherty et al. [49] showed that Lactobacillus-
encoded BSH proteins were typically associated with the GI
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Fig.2 Percentage of cholesterol assimilation. 1: L. plantarum CHOL-
200, 2: L. acidophilus CL1285, 3: L. acidophilus ATCC 43121.
Numbers bearing a different letter are significantly different (p <0.05)

tract of vertebrates, suggesting a selective pressure to adapt
to this environment.

Twenty-six strains were positive for FAE activity, with L.
acidophilus CL1285 exhibiting the strongest. These strains
were isolated from plants, animals, or humans which is con-
sistent with functionality of microbial FAE releasing phe-
nolic compounds, such as FA, from plant cell walls, thus
supporting digestion of dietary fibers. Our results showed
that not all Lactobacillus have the ability to produce FA via
FAE activity. This is supported by a previous study by Liu
et al. [52], where only 12 of the 33 strains tested were able
to produce FAE activity. Once liberated, FA can act in many
ways including as an antioxidant by scavenging reactive oxy-
gen species (ROS), as natural antimicrobial compound, and
as an anti-inflammatory agent, thus playing a major role as
an anti-diabetic molecule and conferring many other desir-
able therapeutic benefits [53].

In addition to FAE and/or BSH activities, our results showed
that L. plantarum CHOL-200 and L. acidophilus CL1285 have
the ability to assimilate cholesterol in vitro, a characteristic
widespread among lactobacilli [54]. Multiple mechanisms
have been proposed for this ability. Cholesterol could be incor-
porated into the cellular membrane of the bacteria, bind to the
surface of lactobacilli by adsorption, or be assimilated and
transferred directly into the cytoplasm of the bacteria [30, 31,
55]. Both strains are also able to survive an in vitro simulated
gastric environment and grow in the presence of bile acids, two
essential properties that a probiotic should possess to survive
passage through the GI tract and allow for exerting beneficial
effects on the host [44].

Initial selection of BSH and FAE was based on evidence
that this in vitro activity can translate to animal models
and humans. In an in vivo study, a significant decrease in
LDL-C and TC serum level was observed using fermented
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Fig. 3 Gastric survival of L. acidophilus CL1285 and L. plantarum CHOL-200 when exposed to SGF of pH 1.5 to 2.5 for 30 and 60 min. Black

bar: L. acidophilus CL1285, gray bar: L. plantarum CHOL-200

milk containing BSH-positive L. casei FO0822 but no effect
was found when BSH genes were removed [56]. Following
in vitro screening of lactic acid bacteria for their capacity
to deconjugate bile salts, remove cholesterol, and modulate
NPCILI protein levels, only identification of BSH activity
correlated with a lowering-cholesterol effect by L. plan-
tarum CAAS 18008 in an animal model [57]. L. plantarum
ECGC 13110402, a probiotic strain selected for its BSH
activity, was shown to reduce TC and LDL-C in normal,
mildly hypercholesterolemic and hypercholesterolemic indi-
viduals [58, 59]. Along the same lines, administration of FA
extract was shown to reduce LDL-C in rats [27] and, more
recently, to impact favorably and significantly TC, LDL-C,
triglycerides, and HDL-C in hypercholesterolemic patients
[60]. Supplementation with L. fermentum CRL1446, an

FAE-positive bacteria, reduced triglycerides and TC levels
in animal models [61]. Moreover, L. fermentum NCIMB
5221, another FAE-positive strain, significantly reduced
triglycerides and LDL-C as well as atherogenic and ath-
erosclerosis index in a rat model displaying hyperglycemia
and hyperlipidemia [16]. Also, administration of a blend of
L. rhamnosus NCIMB 6375, L. plantarum NCIMB 8826,
and L. fermentum NCIMB 5221, combining the BSH activ-
ity of NCIMB 8826 and the FAE activity of NCIMB 5221,
was shown to reduce TC, LDL-C, and triglyceride levels in
an high fat (HF) diet hamster model [62].

Independent of the mechanism of the action proposed,
numerous studies have shown that probiotic interventions
have a beneficial impact on the blood lipid profiles [12, 13,
63, 64]. More specifically, subgroup analysis suggested that

Table 3 Growth of L. acidophilus CL1285 and L. plantarum CHOL-200, after 48 h under anaerobic atmosphere, on MRS supplemented with
0.15% and 0.3% of bile salts (w/v). -: no growth, +: growth, + +: strong growth

Bacteria MRS Ox gall powder® Bile salts® Bacteriological bile®
0.15% 0.3% 0.15% 0.3% 0.15% 0.3%

CHOL-200 ++ ++ ++ ++ + ++ ++

CL1285 ++ ++ ++ + - + +

“Bile bovine consisting of 70% bile salts, 22% phospholipids, 4% cholesterol, 3% proteins, and 0.3% bilirubin (source: Sigma-Aldrich)

"Mixture of ~50% cholic acid and ~50% deoxycholic acid (source: Sigma-Aldrich)

“Bile acids (as cholic acid) corresponding to >45% of dry matter (source: Organotechnie)
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consumption of the probiotic strains L. plantarum or L. reu-
teri is particularly effective in reducing TC and LDL-C in
hypercholesterolemic patients [12]. In other meta-analyses,
probiotic formulations containing L. acidophilus showed
significant reduction of TC and/or LDL-C [13, 63]. How-
ever, these meta-analyses were performed only on a limited
number of specific strains, sometimes as part of multi-strain
formulations, and found variable impacts on cholesterol lev-
els, suggesting that cholesterol-lowering efficacy cannot be
generalized at the species level.

The impact of L. acidophilus CL1285 and L. plantarum
CHOL-200 on blood lipids alone or in combination has
been evaluated in a hypercholesterolemic hamster model
(unpublished data). Results demonstrated that L. acidophilus
CL1285 tends to decrease the concentration of non-HDL-
C (p=0.08) with this effect becoming significant when L.
acidophilus CL1285 is combined with L. plantarum CHOL-
200 (p £0.05). In addition, the CL.1285 strain alone and in
combination with CHOL-200 significantly increased the
HDL:cholesterol ratio (p <0.05). Impacts on non-HDL-C
concentration and HDL:cholesterol ratio seem to be driven
by L. acidophilus CL1285 as administration of L. plantarum
CHOL-200 showed opposite effects. However, more analysis
is needed to decipher the exact mechanism at work, whether
BSH, FAE, a combination of both activities, or even the
capacity to assimilate cholesterol is responsible in vivo for
the improvement in lipid profile observed with L. acido-
philus CL1285 and the combination of both CL1258 and
CHOL-200.

In summary, an approach targeting multiple bacterial
lipid-lowering mechanisms, BSH and FAE activity, has led
to the selection of L. acidophilus CLL1285 and L. plantarum
CHOL-200. Both strains exhibited strong abilities, relatively
to their probiotic properties and their multiple cholesterol-
lowering mechanisms, suggesting they can be considered
good probiotic candidates for the management of dyslipi-
demia. In addition, their mechanisms of action suggest they
could harbor the capacity to act on various therapeutic tar-
gets in vivo. An in vivo assay, using a hypercholesterolemic
hamster model, demonstrated the ability of L. acidophi-
lus CL1285 alone and in combination with L. plantarum
CHOL-200, but not of L. plantarum CHOL-200 alone, to
reduce blood non-HDL-C concentration and to improve
HDL.:cholesterol ratio. However, more work will be needed
to validate the exact mechanism of action supporting the
cholesterol-lowering effect observed in this study and to
determine if these results can be translated to humans.
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