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The size and composition of the circulating bile acid (BA) pool are important factors in regulating the human gut
microbiota. Disrupted regulation of BA metabolism is implicated in several chronic diseases. Bile salt hydrolase (BSH)-
active Lactobacillus reuteri NCIMB 30242, previously shown to decrease LDL-cholesterol and increase circulating BA, was
investigated for its dose response effect on BA profile in a pilot clinical study. Ten otherwise healthy
hypercholesterolemic adults, recruited from a clinical trial site in London, ON, were randomized to consume delayed
release or standard release capsules containing L. reuteri NCIMB 30242 in escalating dose over 4 weeks. In another
aspect, 4 healthy normocholesterolemic subjects with LDL-C below 3.4 mmol/l received delayed release L. reuteri
NCIMB 30242 at a constant dose over 4 weeks. The primary outcome measure was the change in plasma BA profile over
the intervention period. Additional outcomes included circulating fibroblast growth factor (FGF)-19, plant sterols and
LDL-cholesterol as well as fecal microbiota and bsh gene presence. After one week of intervention subjects receiving
delayed release L. reuteri NCIMB 30242 increased total BA by 1.13 § 0.67 mmol/l (P D 0.02), conjugated BA by 0.67 §
0.39 mmol/l (P D 0.02) and unconjugated BA by 0.46 § 0.43 mmol/l (P = 0.07), which represented a greater than 2-fold
change relative to baseline. Increases in BA were largely maintained post-week 1 and were generally correlated with
FGF-19 and inversely correlated with plant sterols. This is the first clinical support showing that a BSH-active probiotic
can significantly and rapidly influence BA metabolism and may prove useful in chronic diseases beyond
hypercholesterolemia.

Introduction

Bile acids (BA) are involved in a variety of metabolic processes
such as energy regulation,1 cholesterol metabolism,2 and modula-
tion of inflammation.3,4 Further, the size and composition of the
circulating BA pool are important factors in regulating gut micro-
bial community structure in humans.5 Disrupted BAmetabolism is
associated with an expanding list of chronic diseases, including met-
abolic syndrome,6 obesity,7 and disorders of the liver8 and gastroin-
testinal (GI) tract.9,10 Synthesized in the liver from cholesterol, BA
are then secreted into the small intestine where they undergo several
enzymatic bacterial transformations. BA deconjugation, carried out
by the enzyme bile salt hydrolase (BSH), is the gateway reaction in
the GI tract. Additionally, BA deconjugation is ubiquitous within
the healthy gut microbiota and an important process in the host’s
health.5 In particular, the release of unconjugated BA by BSH func-
tion as mediators in the regulation of cholesterol synthesis as well as
in energy management through nuclear farnesoid X receptor (FXR)
in enterocytes and hepatocytes11 or G-protein coupled receptor
(TGR5) in various tissues.12

Microbiota dysbiosis associated with metabolic or inflamma-
tory disorders including obesity,13 type 2 diabetes14 or inflamma-
tory bowel disease,15 have been correlated with lower levels of bsh
gene presence and enzymatic activity in the gut.16 Further, a phy-
lum level abundance analysis showed a significant reduction in
Firmicute-derived bsh gene in ulcerative colitis and type 2 diabe-
tes, relative to healthy controls.17 BSH positively influences lipid
metabolism, weight gain, and cholesterol levels in the host.18,19

Moreover, probiotic bacteria with elevated BSH activity have
been clinically shown to improve LDL-cholesterol (LDL-C).20-22

Ooi et al. demonstrated reduced LDL-C in subjects receiving 4
capsules daily containing 109 colony forming units (CFU) of L.
gasseri CHO-220 as well as the prebiotic inulin for 12 weeks.22

Our group has reported reduced LDL-C and increased circulat-
ing BA with 3 £ 109 CFU of L. reuteri NCIMB 30242 twice
daily for 9 weeks.21 In particular, it was shown that individual
changes in LDL-C were inversely correlated with circulating BA
over the entire intervention period. However, the BA time and
dose response to L. reuteri NCIMB 30242 was not investigated.
Similarly, the dose response in fibroblast growth factor (FGF)-
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19, an FXR target gene activated by intestinal BA stimulation,23

and plant sterols, surrogate markers of cholesterol absorption,24

were previously unknown. Further, the release profile of the pro-
biotic was investigated in terms of the above parameters. As
deconjugation should be targeted between BA release in the

duodenum and active absorption in the terminal ileum, it was
postulated that standard or delayed release of the probiotic may
provide a differential response.

The primary objective of this study was to investigate the
effect of standard or delayed release L. reuteri NCIMB 30242,

taken in escalated dose, on the BA pro-
file in otherwise healthy hypercholester-
olemic subjects. We subsequently
evaluated L. reuteri NCIMB 30242 in
affecting BA profile in a cohort of
healthy normocholesterolemic adults.

Results

Hypercholesterolemic study
population

Ten otherwise healthy hypercholes-
terolemic subjects were randomized,
with 5 subjects receiving standard cap-
sules and 5 subjects receiving delayed
release capsules. The two groups
showed largely homogeneous baseline
characteristics, including age, sex, body
weight, BMI and blood pressure
(Table S1). Antibiotics were not con-
sumed by any subject during the study
period. BA profile was not different
between groups at baseline, with mean
total BA of 1.04 § 0.88 mmol/l and
1.06 § 0.35mmol/l for the delayed
and standard release capsule groups,
respectively. No significant differences
in mean baseline LDL-C was observed
for delayed release (4.65 § 0.24
mmol/l) or standard release (4.38 §
0.55 mmol/l) capsule groups.

BA and lipid profile in
hypercholesterolemic adults

The distribution and mean response
of total, conjugated and unconjugated
BA over the 4-week intervention and 2-
week post-intervention are shown in
Figure 1. After week one of the interven-
tion period (NLT 3.0 x 109 CFU daily
at dinner), subjects receiving delayed
release L. reuteri increased mean total BA
by 1.13§ 0.67 mmol/l (PD 0.02), con-
jugated BA by 0.67§ 0.39 mmol/l (PD
0.02) and unconjugated BA by 0.46 §
0.43 mmol/l (P D 0.07), which repre-
sented mean changes, relative to baseline
of 178%, 179% and 179%, respectively.
Increases in BA profile were largely
maintained or showed further increases

Figure 1. Plasma total bile acids (BA), conjugated BA and unconjugated BA at baseline, during 4-week
dose escalation period and after 2-week follow-up in otherwise healthy hypercholesterolemic subjects
consuming L. reuteri NCIMB 30242 in delayed release capsules (left column) or standard capsules (right
column). Each timepoint is represented by individual values and mean § SEM. Significantly different
from baseline (*P ˂ 0.05).
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after weeks 2, 3, and 4. In fact, themean Tmax, calculated by taking
the mean time from baseline to maximal effect for each individual
subject, was 4.0 weeks, 4.2 weeks, and 2.6 weeks for total, conju-
gated, and unconjugated BA, respectively. The mean Cmax, calcu-
lated by taking the mean of the maximal concentration for each
individual subject, was 3.84 § 0.92 mmol/l, 2.49 § 0.73 mmol/l,
and 1.74 § 0.71 mmol/l, for total, conjugated, and unconjugated
BA, respectively. The increases observed in total and conjugated BA
over time were predominantly due to increased glyco-conjugates, as
shown in Figure 2. Further, in subjects consuming delayed release
L. reuteri, mean LDL-C post-intervention was significantly changed
from baseline by – 0.39 § 0.21 mmol/l (P D 0.02), with all sub-
jects displaying decreased LDL-C.

Subjects consuming standard release L. reuteri did not show
appreciable differences in total, conjugated or unconjugated BA
over time. With the exception of one subject with baseline BA
levels >2.5 SD from the mean, all other subjects within the first
week increased total BA by 0.65 § 1.21 mmol/l, conjugated BA
by 0.47 § 0.86 mmol/l and unconjugated BA by 0.18 §
0.50 mmol/l, which represented mean changes, relative to base-
line of 91%, 94%, and 107%, respectively (Fig. 1). However,
these differences were not significant. Increases above baseline
remained variable after weeks 2, 3, and 4. Mean LDL-C post-
intervention in subjects consuming standard release L. reuteri was
non-significantly changed from baseline by –0.09 § 0.27, with
4 of 5 subjects displaying decreased LDL-C. Between capsule
groups, a trend to a greater reduction in LDL-C was observed in
subjects consuming delayed release L. reuteri as compared to sub-
jects consuming standard release capsules (P D 0.09).

FGF-19 and plant sterol profile in hypercholesterolemic
adults

The mean response of fasting plasma FGF-19 and plant sterol
profile are shown in Figure 3. Among subjects taking delayed
release L. reuteri, no appreciable differences in FGF-19 were
observed at any of the timepoints. However, one subject pre-
sented baseline FGF-19 levels ˃2.5 SD from the mean. A sub-
analysis of all other subjects demonstrated increased mean FGF-
19 of 84.9 § 52.3 pg/ml, 80.7 § 21.6 pg/ml, 58.6 §
46.8 pg/ml, and 90.0 § 48.5 pg/ml after weeks 1, 2, 3, and 4
respectively. However, in the sub-analy-
sis only the 2 week timepoint reached
statistical significance (P D 0.04). Sub-
jects consuming standard release L. reu-
teri showed no significant differences in
FGF-19. Examining the between group
response over time, a trend was observed
to higher FGF-19 in subjects consum-
ing delayed release L. reuteri as com-
pared to standard release L. reuteri (P D
0.08).

After four weeks, subjects consuming
delayed released L. reuteri showed non-
significant decreases in mean total plant
sterols of 591.0 § 717.1 ng/ml while
subjects consuming standard release L.

reuteri showed significant increases in mean total plant sterols of
1415.6 § 595.0 ng/ml (P < 0.01). Examining the between
group effect over time, a trend was observed toward lower total
plant sterols in subjects consuming delayed release L. reuteri as
compared to standard release L. reuteri (P D 0.05).

Association between BA, FGF-19 and plant sterols in
hypercholesterolemic adults

A heat map visualization is shown in Figure 4, demonstrating
the association between individual changes in BA and changes in
FGF-19 and plant sterols over the 4-week intervention period.
An analysis of all subjects consuming L. reuteri NCIMB 30242
showed significant positive associations between unconjugated
BA and FGF-19 (P < 0.05). As well, individual changes in total
and conjugated BA were shown to be inversely associated with
changes in the primary plant sterol (campesterol) as well as total
plant sterols (P < 0.05).

Figure 2. Bile acid (BA) profile response over the 4-week dose escalation
period in otherwise healthy hypercholesterolemic subjects consuming L.
reuteri NCIMB 30242 in delayed release capsules. BA profile consists of
glyco-conjugated BA, tauro-conjugated BA and unconjugated BA. Each
timepoint is represented by mean § SEM. Significantly different from
baseline (*P < 0.05).

Figure 3. Plasma FGF-19 (left) and plant sterol profile (right) at baseline, during 4-week dose escala-
tion period and after 2-week follow-up in otherwise healthy hypercholesterolemic subjects consuming
L. reuteri NCIMB 30242 in delayed release capsules (D) or standard capsules (S). Each timepoint is rep-
resented by mean § SEM. Plant sterol profile consists of campesterol, sitosterol and stigmasterol.
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Effect of L. reuteri on fecal microbiome and bsh copy
numbers

L. reuteri NCIMB 30242 bsh gene copies were not detectable
in any subject at baseline. In contrast, L. reuteri NCIMB 30242
bsh gene copies were recovered from all individuals after week 4
of intervention (P < 0.05), including subjects taking delayed
release capsules (Median: 69.2 copies/ng DNA; Range: 16.7–
226.4 copies/ng DNA) and subjects taking standard capsules
(Median: 92.4 copies/ng DNA; Range: 6.1–960.0 copies/ng
DNA). Total firmicute-derived bsh gene copies after week 4 of
intervention were not significantly different to baseline. How-
ever, subjects taking delayed release capsules showed a trend (P D
0.07) to increased Firmicutes to Bacteroidetes ratio post-inter-
vention (Median: 1.91; Range 1.16–5.02) as compared to base-
line (Median: 1.36; Range: 0.77–4.01), representing a mean
increase of 43.1% (Fig. 5). No other differences in bacterial phyla
were observed.

BA profile in normocholesterolemic adults
After observing improved BA profile and LDL-C response in

otherwise healthy hypercholesterolemic adults, delayed release L.
reuteri NCIMB 30242 was further evaluated for its effect on BA
profile in healthy normocholesterolemic adults. Demographic

data is shown in Table S2. Antibiotics were not consumed by any
subject during the study period. The distribution and mean
response of BA profile in the normocholesterolemic cohort
receiving a constant dose of delayed release L. reuteri is shown in
Figure 6. Three out of 4 subjects exhibited 3-fold increases from
baseline in total, conjugated and unconjugated BA through 3
weeks before normalizing during week 4. FGF-19 profile
responded similarly to BA profile, with normocholesterolemic
subjects displaying an approximate 2-fold increase from baseline
to week 4 of intervention before normalizing during the post-
intervention period. The mean Cmax for total BA, conjugated
BA, unconjugated BA and FGF-19 was 5.06 § 2.13 mmol/l,
3.50 § 2.18 mmol/l, 2.23 § 0.89 mmol/l and 501.9 §
199.1 pg/ml, respectively. This compared to baseline concentra-
tions of 1.42 § 0.70 mmol/l, 0.60 § 0.18 mmol/l, 0.83 §
0.75 mmol/l and 204.7 § 123.5 pg/ml, for total BA, conjugated
BA, unconjugated BA and FGF-19, respectively. However, the
mean changes in BA profile and FGF-19 did not reach statistical
significance. Among normocholesterolemic subjects, plant sterols
did not appreciably change during the intervention period or
after the post-intervention period.

Discussion

A therapeutic dose of 3.0 £ 109 CFU, taken once daily at din-
ner, was established to have a greater than 2-fold increase in cir-
culating BA within the first week of treatment, with all subjects
receiving delayed release L. reuteri NCIMB 30242 responding to
intervention. Delivery using delayed release capsules appeared to
ameliorate the response in circulating BA as compared to stan-
dard capsules. It is postulated that delayed release capsules pro-
moted a greater release of viable cells and BSH activity at the site
of interest. Nevertheless, both capsule delivery systems resulted
in significant recovery of strain specific bsh gene copies in all indi-
viduals, with no differences between groups. In previous random-
ized controlled trials, BSH-active L. reuteri NCIMB 30242 was
shown to increase circulating BA levels with changes inversely
correlated with LDL-C.21 In contrast, L. reuteri NCIMB 30242
did not increase BA excretion in the feces of otherwise healthy

Figure 4. Heat map visualization of changes in bile acids over the 4-week
dose escalation period and associations with changes in FGF-19 and
plant sterols in otherwise healthy hypercholesterolemic subjects con-
suming L. reuteri NCIMB 30242. Changes in total bile acids (TBA), conju-
gated bile acids (CBA) and unconjugated bile acids (UBA) are ordered on
the x-axis while changes in campesterol, total plant sterols (TPS) and
FGF-19 are ordered on the y-axis. Significant positive or negative associa-
tions (*P< 0.05, **P< 0.01).

Figure 5. Fecal abundance of bacterial populations (phylum-level) in
otherwise healthy hypercholesterolemic subjects consuming L. reuteri
NCIMB 30242 in delayed release capsules at baseline (Week 0) and after
the 4-week dose escalation period (Week 4).
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hypercholesterolemic adults.20 This is
interesting in the context of increased
fecal bsh gene copies shown herein and
could be explained by the efficient
absorption of BA, both conjugated
and unconjugated, via a combination
of passive and active transport
mechanisms.25

In subjects consuming delayed
release L. reuteri, total circulating BA
concentrations were largely maintained
following the initial week, however
increases in circulating unconjugates
were replaced by glyco-conjugates with
ascending dose. This increase in circu-
lating glyco-conjugates was observed
despite the fact that the L. reuteri
NCIMB 30242 BSH enzyme is more
efficient at hydrolyzing glyco-conju-
gates than tauro-conjugates. Substrate
recognition for the BSH enzyme is
suggested to be primarily at the amino
acid moiety, with most BSH’s, includ-
ing that of L. reuteri NCIMB 30242,
showing preference for glycine.26

While glycine is readily available in the human liver, taurine is
primarily dietary and thus limiting in its ability to conjugate
BA.27 It is therefore postulated that increased unconjugated BA
as a result of intestinal BA deconjugation were preferentially and
efficiently conjugated by glycine, resulting in a shifted BA profile
with dose escalation.

Variation in community BSH profiles, including overall
number, structure, substrate specificity and preferred pH26,28

have important physiological implications for the host.
Recently, Joyce et al. reported on cloned and expressed bsh
genes from L. salivarius JCM1046 and L. salivarius UCC118,
referred to as BSH types 1 and 2 respectively.19 Of these
BSH types, BSH1 displayed dramatically increased activity
and differential substrate selection as compared to BSH2,
attributable to an 8-amino acid region that was absent
in the latter.26 Sequence alignment of L. reuteri NCIMB
30242 and L. salivarius JCM 1046 homologues encoding
highly active BSH show this region to be largely conserved
(Fig. S1). BA deconjugation with BSH has been implicated
in several key transcriptional changes in circulation, liver
and the GI tract, including genes encoding effectors of lipid
and cholesterol metabolic pathways.19 Mice colonized with
the more active BSH type demonstrated reduced weight
gain, serum LDL-C and liver triglycerides19 as well as
increased intestinal gene expression of adenosine triphos-
phate-binding cassette (ABC) G5/G8 transporters known to
contribute to cholesterol efflux29 and promote neutral sterol
excretion.30 In context of the current results and sequence
similarities, these comparisons are of potential interest
despite well documented differences in human and murine
BA metabolism.

Our group has previously reported on reduced concentrations
of plasma plant sterols, surrogate markers of cholesterol absorp-
tion,24 with L. reuteri NCIMB 30242 intervention as compared
to placebo.21 Specifically, campesterol, sitosterol, stigmasterol
and total plant sterols were decreased by 41.5%, 34.2%, 40.7%,
and 38.9%, respectively from baseline to 9-week endpoint in
subjects receiving L. reuteri NCIMB 30242 relative to placebo.21

The current study shows that the release profile of L. reuteri
NCIMB 30242 may play a key role in the observed effect. While
a placebo comparator was not available in the current pilot study,
it is postulated that a non-treated group would have shown
increased circulating plant sterols over the autumn study period.
In a previous randomized controlled trial, a significant increase
in plant sterol concentrations was observed in subjects taking pla-
cebo over a similar seasonal period21 and could be explained in
part by seasonal variation in plasma volume and lipid levels in
northern climates.31 Further, individual changes in BA were
inversely associated with plant sterols, potentially indicative of
increased cholesterol efflux due to increased intestinal BA decon-
jugation in response to intervention. ABCG5/G8 transporters,
which play established roles in limiting the accumulation of cho-
lesterol and other dietary sterols.32 are expressed in locations
where BA are present in high concentrations.33 In particular, BA
have been shown to increase ABCG5/G8 specific cholesterol
efflux through increased ATPase activity, with unconjugated BA
supporting the highest ATPase activity in ABCG5/G8.33 As well,
mice colonized with active BSH type show increased intestinal
gene expression of ABCG5/G8,19 further supporting the inverse
associations observed herein. The possibility, however, that the
observed changes in plant sterols are a result of decreased absorp-
tion, due to an inhibition of Niemann-Pick C1-like 1 transporter

Figure 6. Plasma total bile acids (BA), conjugated BA and unconjugated BA (upper row, left to right) and
FGF-19 and plant sterol profile (bottom row, left to right) at baseline, during 4-week constant dose inter-
vention period and after 2-week follow-up in normocholesterolemic subjects consuming L. reuteri
NCIMB 30242 in delayed release capsules. Plant sterol profile consists of campesterol, sitosterol and stig-
masterol. Each timepoint is represented by individual values and mean § SEM for total BA, conjugated
BA and unconjugated BA and by mean § SEM for FGF-19 and plant sterol profile.
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or a combination of mechanisms, should be considered as well.
Independent of the mechanism, subsequent studies examining
the excretion of neutral sterols, including cholesterol, would be
of interest to further clarify the purported effect.

Comparatively, FGF-19 increased in normocholesterolemic
subjects as well as in 4 of 5 hypercholesterolemic subjects receiv-
ing L. reuteri in delayed released capsules. Further, individual
changes in BA were positively associated with FGF-19, suggest-
ing increased BA deconjugation as a mechanism. FGF-19 is pro-
duced by the small intestine through BA stimulation and is an
FXR target gene.23 Ileal FXR activation enhances gene transcrip-
tion of FGF-19 in humans, as well as its ortholog FGF-15 in
mice, ultimately acting on the liver to repress BA synthesis.34

Postprandial increases in intestinal BA concentrations activate
FXR, inducing expression and secretion of FGF-19.34,35 Simi-
larly, increasing intestinal unconjugated BA through supplemen-
tary BA deconjugation is postulated to increase FGF-19.,
Unconjugated BA, notably CDCA, have been shown to be the
most potent stimulators of FGF-19 expression.36 In agreement
with this, Kuribayashi et al. showed enhanced ileal FXR signaling
through bacteria-mediated deconjugation of taurocholic acid.37

In the current study, the FGF-19 response in the normocholes-
terolemic cohort receiving L. reuteri was similar to that observed
with obeticholic acid, a semi-synthetic FXR agonist with 100-
times greater potency than CDCA administered to subjects with
primary BA diarrhea.38 A potentially higher FGF-19 response in
normocholesterolemics as compared to hypercholesterolemics is
of interest and should be investigated further. Unconjugated BA
display greater passive diffusion than conjugated BA, but the
location of which, in particular the jejunum as compared to the
colon, could be impacted by the site of BA deconjugation as well
as diet, transit time and intestinal pH. Differences in absorption
profile could well contribute to differences observed in BA stimu-
lation of FGF-19. Also of note is the difference in mean age and
BMI between the hypercholesterolemic and normocholesterole-
mic populations, indicating that they may be a cofactors of inter-
est in the context of a large randomized controlled trial. The
current result is also of interest when compared to previous data
showing down-regulation of the FXR-FGF-15 axis in mice due
to increased BA deconjugation with the probiotic VSL#3.39 In
particular, the murine conjugated BA profile comprises a pre-
dominance of tauro-conjugated BA as compared to glyco-conju-
gates as well as several BA, including tauromuricholic acids, not
common to humans.40

BA have both direct anti-microbial effects on gut microbes,
and indirect effects through FXR-induced antimicrobial pepti-
des.5 BA pool size and composition both regulate and are regu-
lated by the gut microbiota and in turn, show striking differences
between germ-free and conventional murine models.5 Dysbiosis
in the gut microbiota, demonstrated in several chronic diseases,
is often characterized by alteration in the Bacteroides:Firmicutes
ratio and increase in potentially pathogenic taxa such as Entero-
bacteriaceae.8 It has also been reported that Bacteroidetes are
expanded in mice fed a high-fat diet, irrespective of the type of
fat.41 Moreover, the ratios of Bacteroidetes to Firmicutes as well
as Bacteroides-Prevotella to C. coccoides-E. rectale appear to be

correlated with plasma glucose concentration.14 Administration
of L. reuteri NCIMB 30242 showed a trend to increased Firmi-
cutes, at the expense of Bacteroidetes in hypercholesterolemic
subjects. Increased Firmicutes:Bacteroidetes was previously
reported in mice receiving the probiotic VSL#3, as a result of
enhanced BA deconjugation and fecal excretion.39 In contrast,
oral antibiotic treatment was shown to reduce insulin sensitivity
as well as microbial diversity, with a decrease in Firmicutes and a
compensatory increase in Proteobacteria.42 Altered Firmicutes
was associated with decreased fecal secondary BA.42 Short term
administration of BSH-active L. reuteri NCIMB 30242 therefore
appears to affect fecal microbiota composition in the opposing
direction to oral antibiotic treatment. Whether the associated
changes in microbiota result in or are a result of changes in BA
metabolism are unclear and should be investigated further. Also,
while no antibiotics were consumed during the study period,

This study shows the potential of a BSH-active probiotic to
significantly influence BA profile, FGF-19 and sterol absorption
while improving LDL-C. Administration of L. reuteri NCIMB
30242 in a delayed release formulation was shown to increase cir-
culating BA by greater than 2-fold, with responses observed in
both hypercholesterolemic and normocholesterolemic adults.
Individual increases in circulating BA, as a result of increased
intestinal BA deconjugation, were associated with increased acti-
vation of FGF-19, a downstream effector of BA, and inversely
associated with markers of cholesterol absorption. As a pilot
study with a small sample size, the observed effects should be sub-
stantiated with a well-powered randomized controlled study. A
greater understanding of fasting and postprandial BA response in
the context of differential diet, transit time and intestinal pH
would also be of interest. However, our data provide the first
clinical support of BSH activity taken in ascending dose and its
ability to affect BA over time. In addition to hypercholesterol-
emia, the observed effect has the potential to address metabolic
or inflammatory disorders that have been linked to deficiencies
in BSH gene presence and enzymatic activity in the GI tract.

Subjects and Methods

Subjects
The present study was conducted according to the principles

of the Declaration of Helsinki. Otherwise healthy hypercholester-
olemic adults were recruited from KGK Synergize Inc. (London,
ON). The study protocol and informed consent form were
approved by IRB Services (FDA/OHRP IORG Registration
#IORG0000456, Aurora, ON) and Health Canada (Notice of
Authorization).

Ten otherwise healthy hypercholesterolemic males and
females between 20 and 75 y (inclusive) with LDL-C above
3.4 mmol/l, TG below 4.0 mmol/l, body mass index (BMI) of
23.0–32.5 kg/m2 and total BA below 10 mmol/l were included.
Females who were pregnant, breast feeding or with an intent to
get pregnant were excluded. Additional exclusion criteria
included previously diagnosed diabetes, high Framingham risk
score, history of chronic use of alcohol or heavy smoking, current
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intake of systemic antibodies, corticosteroids, androgens or phe-
nytoin, history of angina, congestive heart failure, inflammatory
bowel disease, pancreatitis, gastrointestinal, renal, pulmonary,
hepatic or biliary disease, or cancer. In another aspect, 4 healthy
normocholesterolemic male subjects with LDL-C below
3.4 mmol/l and an average age of 37.75 § 8.26 y were included.
The study protocol was carefully explained and all subjects pro-
vided written informed consent prior to inclusion. The study was
registered under identifier NCT02216825 on clinicaltrials.gov.

Preparation of capsules
Lactobacillus reuteri NCIMB 30242 was propagated using

current Good Manufacturing Practices (cGMP) at Dupont
Nutrition and Health (Madison, US). White, size one, delayed
release (DRcap�) or standard vegetarian (Vcap�) capsules (Cap-
sugel, Colmar, FR) contained a blend of L. reuteri NCIMB
30242 in a base of microcrystalline cellulose, silicon dioxide and
magnesium stearate. Capsules were produced under cGMP at
Ropack Inc. (Montreal, CA) and PNP Pharmaceuticals Inc.
(Burnaby, CA). Microbiological analyses and culture purity were
confirmed following production. Capsules were identical in taste
and appearance and bottled in white screw-cap bottles with poly-
ethylene shell and integrated desiccant plastic sleeve (CSP Tech-
nologies Inc., Auburn, US).

Study design
The study was a pilot, randomized, dose-escalation design

lasting 6 weeks. Otherwise healthy hypercholesterolemic subjects
were assigned to receive delayed or standard release L. reuteri
NCIMB 30242 over a 4-week intervention period. During week
one, subjects received Not Less Than (NLT) 3.0 £ 109 CFU L.
reuteri once daily at dinner. During weeks 2, 3, and 4, subjects
received NLT 3.0 £ 109 CFU, 6.0 £ 109 CFU and 9.0 £ 109

CFU respectively, twice daily with lunch and dinner. Capsule
potency was confirmed, with no significant differences between
or within groups over the intervention period (P > 0.05). The
intervention period was followed by a 2-week post-intervention
period in which subjects did not consume L. reuteri NCIMB
30242. Normocholesterolemic subjects received delayed release
L. reuteri NCIMB 30242 at a dose of NLT 6.0 £ 109 CFU twice
daily with lunch and dinner over a 4-week intervention period
followed by a 2-week post-intervention period.

Blood collection and analyses
Twelve-hour fasting blood samples were obtained by veni-

puncture at baseline, weeks 1 through 4 of intervention and 2
weeks post-intervention. Baseline specimens were transported
immediately to a central laboratory (LifeLabs Medical Laboratory
Services, London, CA) for analysis. Serum total cholesterol (TC),
HDL-cholesterol (HDL-C), triglycerides (TG), biochemistry,
hematology and total BA were analyzed (Advia Chemistry Sys-
tems 1200/1800/2400) using appropriate reagent kits and con-
trols. Plasma BA profile, FGF-19 and plant sterols (campesterol,
sitosterol, and stigmasterol) were assessed at baseline, weeks one
through 4 of intervention and 2 weeks post-intervention at Uni-
versity Hospital Regensburg (Regensburg, DE) by liquid

chromatography-tandem mass spectrometry,43 ELISA and gas
chromatography-tandem mass spectrometry,44 respectively.
LDL-C was assessed by electrospray ionization tandem mass
spectrometry at baseline and endpoint of intervention at Univer-
sity Hospital Regensburg.

Fecal collection and analyses
DNA was isolated from fecal samples at baseline and endpoint

of intervention. Fecal samples were frozen and stored at ¡80�C
until DNA isolation. A 0.2-to-0.3g aliquot of the fecal sample
was extracted with the Powersoil DNA isolation kit (MO BIO
laboratories, Carlsbad, US), following the manufacturer’s
instructions. The DNA was quantified and stored at -20�C in
TE buffer.

Quantification of bsh copy number
Quantification of L. reuteri NCIMB 30242 and firmicute

derived bsh gene copy number was performed by qPCR using the
Microbiome SenseIT bsh kit (Micropharma Limited, Montreal,
CA) on a CFX96 thermal cycler (Bio-Rad Laboratories Inc..,
Hercules, US) following manufacturer’s instructions. The PCR
reactions were prepared using iTAQtm universal probes master-
mix (Bio-Rad Laboratories Inc.., Hercules, US).

16s sequencing for assessment of bacterial diversity
The 16S rRNA gene V4 variable region PCR primers 515/

806 were used to assess bacterial diversity. Sequencing was per-
formed on an Ion Torrent Personal Genome Machine with data
processing at Molecular Research LP (Shallowater, US). In sum-
mary, sequences were depleted of barcodes and primers, then
sequences <150bp as well as sequences with ambiguous base calls
and with homopolymer runs exceeding 6bp were removed.
Sequences were denoised, operational taxonomic units (OTUs)
generated and chimeras removed. OTUs were defined by cluster-
ing at 3% divergence (97% similarity). Final OTUs were taxo-
nomically classified using BLASTn against a curated GreenGenes
database.

Statistical analysis
The primary null hypothesis was that BSH-active L. reuteri

NCIMB 30242, delivered in a delayed release or standard cap-
sule, would not alter plasma BA profile over a 4-week dose escala-
tion intervention period. Descriptive statistics are presented as
mean § SD or as median and range for continuous variables
or as a percentage for categorical variables. Differences between
groups for baseline characteristics were analyzed using a one-way
analysis of variance (ANOVA) or a non-parametric Mann-Whit-
ney Wilcoxon test for continuous variables, or Fisher’s exact test
for categorical variables. Within group changes over time in BA,
FGF-19, plant sterols and LDL-C was assessed by paired t-test.
Between group changes over the intervention period for delayed
release and standard capsule groups were assessed by repeated
measures ANOVA. A Pearson correlation coefficient was used to
assess correlations between BA, FGF-19 and plant sterols.
Changes in bsh gene copy number and phylum-level diversity
were analyzed by Wilcoxon signed-rank test. Statistical
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significance was determined at P < 0.05 for all analyses. All data
analyses were performed using SPSS software package version
19.0 (SPSS Inc., Chicago, US).
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