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BSH Isogenic Lactobacillus plantarum 80 Strains and 
EstirnatiGn of Cholesterol Liwering through Enhanced 
BSH Activity 
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Growth and bile salt hydrolase (BSH) activity of the isogenic LactobacilZus plantarum 80 (LP80) strains were studied 
in vitro. In pure culture experiments viability and growth performance of the BSH- LP80 strain was negatively 
affected by the presence of conjugated bile salts. The LP80 wild type (WT) and BSH overproducing LP80 (pCBH1) 
strains did not show a die-off upon supplementation of bile salts. The latter strains hydrolysed glyco-conjugated 
deoxycholate (GDCA) more readily than tauro-conjugated deoxycholate (TDCA), indicating substrate specificity of 
the enzyme. BSH activities towards TDCA of LP80 WT and LP80 @CBHl) stationary phase cells were 0.17 and 
1.02 FmoUmg CDW.h respectively; activities towards GDCA of the respective strains were 3.52 and 54%0 FmoUmg 
CDW.h respectively. The study of BSH activity as a function of growth revealed a marked difference in behaviour 
between LP80 WT and LP80 (pCBH1) with LP80 WT hydrolysing GDCA when reaching the exponential phase, 
whereas LP80 (pCBH 1) immediately started to hydrolyse GDCA. TDCA hydrolysis increased after GDCA 
hydrolysis was completed. BSH activity of LP80 (pCBH1) in a mixed microbial association, resembling that of the 
small intestine, was comparable to that determined under pure culture conditions, indicating that BSH activity will 
probably not be influenced by the presence of the normal intestinal microbiota. Based on the BSH activity of LP80 
(pCBH 1) and on physiological data on the bile salt-cholesterol metabolism interrelationship, it was calculated that 
a daily intake of a realistic amount of highly BSH active Lactobacillus cells, e.g. in the form of yoghurt, might lead 
to a significant reduction of cholesterol. Hence, this in vitro study indicates that altering BSH activity can be a valid 
(micro) biological alternative treatment for patients with severe hypercholesterolaemia. 

KEY wows-Bile salt hydrolysis; Lactobacilli; Cholesterol; Hypercholesterolaemia; Probiotic food products. 

INTRODUCTION 

During the last few decades, numerous epidemi- 
ologic, laboratory and clinical studies have dem- 
onstrated the connection between elevated serum 
cholesterol levels and increased risk for athero- 
sclerosis and coronary heart disease (CHD), the 
latter being a major cause of death in Western 
c o ~ n t r i e s . ~ , ~ , ~ ~ ~ ~ ~  Potential hypocholesterolaemic 
pharmaceuticals and food products are continu- 
ously being developed in order to control serum 
cholesterol levels in persons with abnormally high 
levels. These pharmaceuticals are mostly based on 
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interruption of the enterohepatic circulation 
(EHC) of bile salts.73 

Bile salt metabolism and cholesterol metabolism 
are closely linked. Bile salts are the water-soluble 
excretory end-products of cholesterol, and are 
essential for emulsification of fats in the digestive 
tract. They are synthesised in the liver mainly as 
glyco- or tauro-conjugates. During EHC, the bile 
salt pool (5 to 10 mmol) is secreted several times a 
day (six on average) in the duodenum, and passes 
through the jejunum into the ileum. During intes- 
tinal transit, most of the bile salts are absorbed to 
return to the liver via the portal vein. The daily 
faecal loss of bile salts that escape reabsorption is 
about 1 mmo1.30~50~73 Sin ce the body bile salt pool 
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is approximately constant, this loss is to be newly 
synthesised from cholesterol. The liver is the 
key organ regulating the overall economy of 
cholesterol and bile salts. It is the major site of 
cholesterol synthesis. In addition, it controls the 
fate of cholesterol, i.e., its conversion to bile salts, 
its secretion into bile, and its input into plasma 
with  lipoprotein^.^,^^ Although affected by, for 
example, heredity, age and nutrition,60 the whole 
body cholesterol content remains approximately 
unchanged throughout life under normal, healthy 
conditions. It is the net result of all inputs and 
outputs. The cholesterol inputs are its endogenous 
synthesis (80 to 90 per cent) and absor tion of 
dietary cholesterol (10 to 20 per ~ e n t ) . ~ ~ ~ ~ ~ ~ ~ , ~ ~  The 
major excretory pathway of cholesterol involves 
secretion into bile.70 

Upon surgical, pharmacological or pathological 
interruption of the EHC of bile salts, bile salt 
synthesis is increased, leading to an increased 
demand for cholesterol in the 

Apart from the therapeutical or surgical at- 
tempts to lower serum cholesterol levels through 
interruption of the EHC, it has been suggested that 
the ingestion of certain bacterial cells might also 
influence cholesterol levels through interference 
with bile salt metabolism. Lactobacilli have been 
frequently associated with health-promoting ef- 
fects in the human and animal intestinal tract, and 
the use of lactobacilli as a probiotic has been a 
subject of interest for many years.16 One of the 
so-called probiotic effects of lactobacilli is the 
reduction of serum cholesterol levels. 18-20,25,27967 

Although the underlying mechanism is not yet 
fully understood, it is suggested that the capacity 
to hydrolyse bile salts might be responsible for 
lowering the cholesterol level. During intestinal 
transit, bile salts undergo a number of bacterial 
 transformation^,^^ of which one of the most im- 
portant is bile salt hydrolysis (BSH). The ability to 
hydrolyse bile salts is encountered in many intes- 
tinal Lactobacillus spp., but also in numerous other 
genera including Enterococcus, Peptostreptococcus, 
BIJdobacterium, Fusobacterium, Clostridium, and 
Bacteroide~.~ ,44,48 U pon bile salt hydrolysis, 
glycine or taurine is liberated from the steroid 
moiety of the molecule, resulting in the formation 
of free (deconjugated) bile salts. Free bile salts are 
more easily precipitated at low pH or with 

They are less efficiently reabsorbed than 
their conjugated counterparts. Hence, they are 
excreted in the faeces. Since the steady state re- 
quires that the amount of bile salts extracted from 

Ca2' 71,74 . 

the EHC is matched by de novo synthesis of bile 
salts from cholesterol, elevated BSH activity will 
lead to an increased demand for cholesterol. More- 
over, it was stated by Chikai et d7 that deconju- 
gated bile salts are adsorbed to a higher extent to 
bacterial cells and dietary fibre, which enhances 
their faecal excretion. In addition, deconjugated 
bile salts might also physicochemically interact 
with cholesterol. Klaver and Van der Meer41 
showed that bile salts are able to co-precipitate 
cholesterol at sufficiently low pH (below 5.5).  They 
presented in vitro experimental evidence on the 
role of BSH activity of lactobacilli in relation to 
cholesterol lowering in culture liquid. This co- 
precipitation was earlier reported as 'cholesterol 
assimilation' by Gilliland et al. ,20 who sug- 
gested that the hypocholesterolaemic effect of L. 
acidophilus is due to the capacity of bile resistant 
strains to assimilate cholesterol. However, their 
experiments to prove cholesterol assimilation did 
not take into account the effects of bacterial BSH 
activity. Finally, cholesterol absorption from the 
intestinal content may be impaired. Since choles- 
terol must be in a soluble state to be absorbed, its 
absorption is limited by the amounts that can be 
solubilised into micelles, i.e. by the intraluminal 
availability of bile salts and phospholipids, which 
expand mixed m i c e l l e ~ . ~ ~ ~ ~ ~  In this respect, it is 
assumed that deconjugated bile salts, due to their 
greatly reduced solubility, reduce the solubility of 
cholesterol.s7 

In this work, BSH activity was studied in vitro 
using BSH isogenic L. plantarum 80 strains in view 
of the potential in vivo cholesterol lowering 
through enhanced BSH activity. Therefore, the 
experimental in vitro data were validated by a 
theoretical evaluation on the level of bile salt 
and cholesterol balances. This study is to be re- 
garded as an in vitro assessment of the potential 
use of cultured dairy products to lower serum 
cholesterol. 

MATERIALS AND METHODS 

Media and chemicals 
Sodium salts of taurodeoxycholic acid (TDCA), 

glycodeoxycholic acid (GDCA), glycocholic acid 
(GCA) and deoxycholic acid (DCA) were obtained 
from Sigma. De Man-Rogosa-Sharpe (MRS) 
broth was obtained from Difco. Other selective 
and non-selective media used were purchased from 
Oxoid. 
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Bacterial strains and growth conditions 
The strains used in this study are three bile salt 

hydrolytic (BSH) isogenic Lactobacillus plantarum 
80 (LP80) strains, i.e. the BSH wild type strain 
(LP80 WT), the BSH negative mutant (LP80 
BSH - ), and the BSH overproducing LP80 
(pCBH1) strain (Table 1). The LP80 WT strain3* 
carries the chromosomal bsh gene. The LP80 
BSH- strain was constructed by Leer et al.43 by 
insertional inactivation of the chromosomal bsh 
gene with a chloramphenicol resistance gene. Over- 
production of the BSH enzyme in LP80 was ob- 
tained as described by Christiaens et a1.' The BSH 
overproducing LP80 strain harbours the multicopy 
plasmid pCBHl carrying the LP80 chromosomal 
bsh gene and an erythromycin resistance gene. 

The Lactobacillus strains were grown in MRS 
broth" at 37°C in an anaerobic cabinet (Forma 
Scientific Anaerobic System model 1024) which 
contained a mixture of 80 per cent N,, 10 per cent 
CO, and 10 per cent H,. The BSH overproducing 
LP80 strain was grown in MRS broth supple- 
mented with 100 pg/ml erythromycin. Viable 
counts were performed on Rogosa agar plates.' 
LP80 (pCBH1) was enumerated on Rogosa plates 
which contained 100 pg/ml erythromycin. 

Simulation of the Human Intestinal Microbial 
Ecosystem-SHIME 

This five-stage reactor to simulate the human 
gastrointestinal microbial ecosystem was devel- 
oped by Molly et a1.53,54 This multi-stage reactor 
was used to study the bile salt hydrolytic activity of 
the isogenic LP80 strains in a complex mixed 
microbial association that is representative for the 
in vivo intestinal microbiota. This in vitro gas- 
trointestinal microbial ecosystem is subjected to 
relevant physicochemical stresses that play an im- 
portant role in vivo in the control of the population 
levels and the activity of the human gut bacteria, 
i.e. gastric and pancreatic juice, and bile salt stress. 

Bile salt hydrolase assay 
A modification of the HPLC-procedure de- 

scribed by was used to determine BSH 
activity. A reversed phase column PLRP-S (300 A, 
8 pm; 150 x 4.6 mm; Alltech) and an appropriate 
pre-column were used. The HPLC was equipped 
with a DAD 440 detector (Kontron), an auto- 
sampler MSI T-660 (Kontron), a pump 325 system 
(Kontron) and DEGASYS DG 1210 (Kontron). 
Software DS 450 (version 1) was used. The sol- 

vents used were HPLC-grade methanol (solvent 
A), and solvent B, which consisted of a mixture of 
65 per cent methanol in 0.03 M sodium acetate 
adjusted to pH 4.3 by means of phosphoric acid. 
An isocratic elution of 35 per cent solvent A and 
65 per cent solvent B was used at a flow rate of 
1 mumin. An injection loop of 10 p1 was used, and 
UV-detection occurred at 202 nm within 25 min 
after injection of the bile salt extract. 

One ml samples to be analysed were acidified by 
the addition of 10 p16 N HCI to stop BSH activity. 
GCA was added as an internal standard. From the 
I ml sample, bile salts were then extracted using 
isopropanol (1:4; v:v).~ The samples were mixed 
vigorously for 10 min and centrifuged at 1000 g for 
10min. Four ml of the isopropanol supernatant 
was evaporated under an N,-flow at elevated tem- 
perature (37°C) to accelerate the evaporation pro- 
cess. After complete isopropanol removal, the bile 
salt extract was redissolved in 800 p1 methanol, 
and filtered through a 0.45 pm HPLC-filter 
(Gelman Sciences, Ann Arbor, MI, USA). Prior to 
injection in the HPLC, samples were stored at 
- 20°C. 

BSH activity of resting cells 
Cells of the L. plantarum 80 isogenic strains were 

grown in MRS broth of pH 6.5. When the cultures 
had reached the stationary phase, 5.0 mM GDCA 
or 5-0 mM TDCA were added. During 3.5 h of 
anaerobic incubation, samples were taken at regu- 
lar time intervals to analyse for conjugated bile salt 
content by HPLC. At the same time, viable counts 
were performed on Rogosa agar plates after 10- 
fold dilution in physiological saline (8.5 g/l NaCI). 
The cell dry weight (CDW) of the LP80 isogenic 
strains was (0.75 f 0.04) g CDW/Log,, 12 CFU. 
BSH activity was expressed as pmol DCA 
formed/mg CDW.h. 

BSH activity of growing cells of LP80 WT and 
LP80 (pCBH1) 

A 1 per cent inoculum of an overnight grown 
culture of the LP80 WT and overproducing LP80 
(pCBH1) strains was added to fresh MRS broth 
(pH 6.0) to which 5.0mM GDCA and 5-0mM 
TDCA were added. During the incubation, pH 
was not controlled. The initial cell concentration 
was Log,, 7.35 f 0.15 CFU/ml. Samples were 
taken at regular time intervals during 9 h incu- 
bation to determine bile salt content and viable cell 
concentration. The experiment was performed in 
duplicate. 
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Table 1. Lactobacillus plantarum 80 (LP80) strains used in this study 

L. plantarum 80 strain Genetic markers or description Reference 

L. plantarum 80 
Wild type (LP80 WT) Grass silage starter; chromosomal bsh gene 
BSH - mutant (LP80 BSH - ) Inactivated chromosomal bsh gene through insertion 

BSH overproducer (LP80 (pCBH1)) Multicopy plasmid pCBHl with bsh gene and 

Josson et ~ 1 . ~ '  

Leer et aL43 

Christiaens et al.' 

of chloramphenicol resistance gene 

erythromycin resistance gene 

BSH activity of LPSO (pCBHI) in the 
gastrointestinal simulator (SHIME)  

To investigate the BSH activity of the BSH 
overproducing LP80 (pCBH1) strain in a mixed 
intestinal microbial association, batch experiments 
in SHIME-reactor content of the small intestine 
(reactor vessel 1) were performed. One hundred ml 
of reactor medium was supplemented with 7.5 mM 
GDCA and 2.5mM TDCA, thus simulating the 
average bile secretion into the proximal small 
intestine after a Three batch experiments 
were set up, i.e. a control batch (i) in which no 
LP80 (pCBH1) cells were inoculated to determine 
the background BSH activity present in the 
SHIME reactor. In the second batch (ii), content 
of the SHIME reactor corresponding with the 
small intestine was supplemented with LP80 
(pCBH1) to a final concentration of Log,, 
8-70 + 0.10 CFU/ml. In the third batch experiment 
(iii), filter-sterilised SHIME content (0.22 pm; 
Millipore) was supplemented with about Log,, 
8.70 & 0.10 LP80 (pCBH1) CFU/ml. This experi- 
mental set-up in batch was not intrinsically differ- 
ent from the normal SHIME performance since 
this system simulates the small intestine as a fill- 
and-draw system.53 At regular time intervals, the 
different incubation mixtures were sampled, and 
bile salts were extracted and analysed by HPLC. 
Estimation of a number of representative gastro- 
intestinal bacterial groups were performed at the 
start and after 6.5 h incubation respectively. The 
following seIective and non-selective growth media 
were used: Violet Red Bile Glucose agar (Oxoid) 
for Enter~bacteriaceae,~' Slanetz and Bartley 
medium (Oxoid) for faecal s t rep toco~ci ,~~ MRS 
agar (Difco) for lactic acid bacteria," Rogosa agar 
(Oxoid) for Lactobacillus s p.,' and Nutrient Agar 
(Oxoid) for total aerobes. The experiments were 
performed in duplicate. 

P 

RESULTS 
BSH activity of LPSO resting cells 

Cells of the BSH isogenic LP80 
harvested at stationary phase and 

strains were 
subjected to 

5 0 m M  GDCA and 5 0 m M  TDCA respectively. 
Conjugated bile salt analyses of these mixtures at 
regular time intervals showed a linear decrease in 
the concentration of GDCA and TDCA in the 
respective LP80 WT and LPSO (pCBH1) cultures. 
The BSH - mutant strain did not hydrolyse either 
of the bile salt conjugates. BSH activities of the 
BSH WT and overproducing LP80 strains towards 
GDCA and TDCA respectively were determined 
and are given in Table 2. These data indicate that 
the BSH overproducing LP80 (pCBH1) strain 
showed a 15-fold higher BSH activity towards 
GDCA than the LP80 WT strain. Both the BSH 
WT and overproducing LP80 strains show a much 
lower activity towards TDCA. Furthermore, the 
glyco-conjugated bile salts exerted an acute bac- 
tericidal effect on LP80 BSH- in that the con- 
centration of viable cells decreased by about 2 

Table 2. Bile salt hydrolytic activity (pmol DCA 
formedlmg CDW.h) of the L. plantarurn 80 BSH wild 
type (LP80 WT) strain, the BSH overproducing L. 
plantarum 80 (pCBH1) strain, and the BSH negative L. 
plantarum 80 mutant strain (LP80 BSH - ) in stationary 
phase 

BSH activity 
(bmol DCA/mg CDW.h) towards 

Strain GDCA TDCA 

LP80 WT 3.52 0.17 
LP80 (pCBH1) 54.80 1.02 
LP80 BSH - 0 0 
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(a) Growth (Log,OCFUlml) 

gr  
Concentration (mM) 

l6 

I '0 
0 1 2 3 4 5 6 7 8 9 

Time (h) 

1 Growth - Concentration GDCA - -  Concentration TDCA 1 
Figure la. Growth (Log,,, CFU/ml) and BSH activity (mM) as a function of time of L. 
plantarum 80 wild type in MRS (PH 6.0) supplemented with 5.0 mM GDCA and 5.0 mM 
TDCA. The experiment was performed in duplicate; error bars indicate standard deviations 

@) Growth (Log,OCFU/ml) 
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Figure lb. Growth (Log,, CFUlml) and BSH activity (mM) as a function of time of L. 
plantarum 80 (pCBH1) in MRS (pH 6.0) supplemented with 5.0 mM GDCA and 5.0 mM 
TDCA. The experiment was performed in duplicate; error bars indicate standard deviations 

Log,,-units within 30min after the start of the 
incubation. Tauro-conjugates did not cause such a 
reduction (data not shown). Growth of LP80 WT 

and LP80 (pCBH1) was not negatively affected 
by the presence of glyco- and tauro-conjugates 
(Figures l a  and lb). 
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Table 3. BSH activity of L. plantarum 80 (pCBHI) in a mixed microbial association. pH and viable counts 
(Log,, CFU/ml small intestinal SHIME content) of a number of representative gastrointestinal bacterial groups in 
simulated gastrointestinal fluid at the onset of the experiment (t=0 h) and after 6.5 h incubation respectively. The 
experiment was performed in duplicate. Data are the means of two values; standard deviations of pH measurements 
were 20.08 pH-units; standard deviations of viable counts were <Log,, 0.45 CFU/ml 

Control SHIME fluid 
(9 

PH 6.25 5.94 
Total aerobes 5.89 8.96 
Enterobacteriaceae 2.78 8.64 
Faecal streptococci 3.37 7.21 
Lactic acid bacteria 3.89 7.54 
Lactobacillus spp. < 1 * 2.08 
LP80 (pCBH1) <1* < I *  

~ 

SHIME fluid + LP80(pCBHl) Sterile SHIME fluid+ LP80(pCBH 1) 
(ii) (iii) 

t=O h tx6.5 h t=O h t=6.5 h 

6.22 5.81 6.19 6.08 
5.78 8.59 < I *  <1* 
2.86 5.60 <1* <1* 
3.45 4.06 < I *  < I *  
8.78 8.84 8.74 8.92 
8.65 8.73 8.72 8.79 
8.61 8.65 8.68 8.76 

~ _ _ _ _ _ _ _ _ _  

*<1: value lower than experimental detection limit (Log,, 1 CFU/ml). 

BSH activity of growing cells of LP80 WT and 
LP80 (pCBHl)  

To investigate whether BSH activity is growth- 
related, growth of a fresh 1 per cent inoculum of 
the BSH WT and overproducing LPSO strains in 
MRS broth (pH 6.0) supplemented with 5.0 mM 
GDCA and 5.0mM TDCA was monitored over 
9 h and BSH activity was examined at regular 
intervals. Figures la and lb  show the results 
obtained from the experiments with the LP80 WT 
strain and the BSH overproducing LP80 (pCBH1) 
strain respectively. It is clear from Figure l a  that 
BSH activity of the WT strain towards GDCA 
only started when cells had reached the exponen- 
tial growth phase (after about 5 h of incubation). 
TDCA was not hydrolysed at all during the 9 h 
incubation period (Figure la). The BSH over- 
producing LP80 (pCBH1) strain started to hy- 
drolyse GDCA immediately, and after about 5 h 
of incubation, all of the glyco-conjugated bile salts 
were hydrolysed (Figure lb). Hydrolysis of TDCA 
only started after 5 h incubation, i.e. when all of 
the GDCA had been hydrolysed (Figure lb). 

BSH activity of LP80 (pCBH1) in the 
gastrointestinal simulator 

BSH activity of the BSH overproducing LP80 
(pCBH1) was examined in the reactor content of 
vessel 1 of the simulation of the human intestinal 
microbial ecosystem. The initial bile salt concen- 
tration was set at 7.5 mM GDCA and 2.5 mM 

TDCA. Three parallel experiments were per- 
formed (Table 3), i.e. (i) a control to which no 
LPSO (pCBH1) cells were administered to the 
simulated gastrointestinal fluid, (ii) SHIME fluid 
to which Log,, 8-70 f 0.10 LP80 (pCBH1) 
CFU/ml were added, and (iii) filter-sterilised 
SHIME fluid containing Log,, 8.70 * 0.10 LP80 
(pCBH1) CFU/ml. 

Table 3 shows the pH and viable cell concen- 
trations of a number of representative gastro- 
intestinal bacterial groups at the onset of the 
experiment and after 6.5 h incubation respectively. 
The pH was not controlled during the 6.5 h incu- 
bation period. The pH decreased about 0.30 units 
in the control fluid (i) and about 0-45 units in (ii) 
[SHIME+LP80 (pCBH1)J. The (iii) batch [sterile 
SHIME+LPSO (pCBHl)] showed a decrease in pH 
of about 0.2units (Table 3). The LP80 (pCBH1) 
concentrations in experiments (ii) and (iii) re- 
mained at Log,? 8.70 f 0.10 CFU/ml throughout 
the 6.5 h incubation period (Table 3). Levels of all 
other bacterial groups were higher after 6.5 h 
incubation (Table 3). However, comparison be- 
tween the viable counts of batches (i) and (ii) 
shows a marked difference in number of Entero- 
bacteriaceae and faecal streptococci. The presence 
of about Log,,, 8.70 LP80 (pCBH1) CFU/ml in 
batch (ii) caused the number of Enterobacteriaceae 
and faecal streptococci to be decreased by about 3 
Log,,-units compared to the control batch (i) 
(Table 3). The BSH activities against 7-5mM 
GDCA and 2 3  mM TDCA in these batch 
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(a) Concentration GDCA (mM) 

8r 

Time (h) 

-- Control - SHIME content + LP80(pCBHl) ....... sterile SHlME content + LP80(pCBHl) 

Figure 2a. BSH activity of L. plantarurn 80 (pCBHI) in mixed microbial population. 
Hydrolysis of GDCA (mM) as a function of incubation time. The control treatment shows 
the background BSH activity in SHIME small intestinal content without LP80 (pCBH1) 
supplementation. The experiment was performed in duplicate; error bars indicate standard 
deviations 

@) Concentration TDCA (mM) 

0' 1 

0 1 2 3 4 5 6 7 

Time (h) 

-- Control - SHlME content + LPEO(pCBH1) sterile SHIME content + LP80(pCBHl) 

Figure 2b. BSH activity of L. plantarum 80 (pCBH1) in mixed microbial population. 
Hydrolysis of TDCA (mM) as a function of incubation time. The control treatment shows 
the background BSH activity in SHIME small intestinal content without LP80 (pCBH1) 
supplementation. The experiment was performed in duplicate; error bars indicate standard 
deviations 

experiments are given in Figures 2a and 2b respec- from this figure that background BSH activity of 
tively. The hydrolysis of GDCA as a function of the intestinal microbiota was of very limited 
incubation time is shown in Figure 2a. It is clear importance, whereas in both experiments with 
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LPSO (pCBHl), GDCA was readily hydrolysed. 
Comparison between the non-sterile inoculated 
small intestinal content (ii) and the filter-sterilised 
inoculated small intestinal content (iii) showed no 
significant difference in BSH activity (Figure 2a). 
In both experiments, 7.5mM GDCA was com- 
pletely hydrolysed within about 3.5 h by the ad- 
dition of LP80 (pCBH1). Figure 2b shows that the 
level of TDCA hydrolysis was significantly lower 
than that of GDCA hydrolysis in each of the three 
batches. In addition, hydrolysis of TDCA in both 
the filter-sterile (iii) and non-sterile LPSO (pCBH1) 
inoculated (ii) experiments only started after about 
3.5 h incubation, which coincided with complete 
GDCA hydrolysis. 

DISCUSSION 
Research on mutant bacterial strains that differ in 
a single characteristic from their wild type strain 
may assist in answering many basic questions 
relatin to the microecology of the gastrointestinal 
tract?' In this study, bile salt hydrolytic (BSH) 
isogenic strains of L. plantarum 80 were com- 
pared for their BSH activity and growth in the 
presence of bile salt conjugates in vitro. Although 
L. plantarum 80 is a silage isolate, earlier experi- 
ments had clearly shown that the bsh gene of LPSO 
shows homology with the DNA of intestinal lacto- 
bacilli isolates displaying BSH activity.8 The 
presence of the BSH enzyme in a Lactobacillus 
silage isolate may be explained by the physical 
linkage between the sila e ecosystem and the 

From the BSH activity testing with resting cells 
towards either GDCA or TDCA, it was demon- 
strated that both LPSO WT and LP80 (pCBH1) 
showed a higher affinity for glyco-conjugates than 
for tauro-conjugates (Table 2). BSH activity of the 
overproducing strain towards GDCA corresponds 
to 54.80 pmol DCA formedlmg CDW.h, whereas 
that of the WT strain was about 15 times lower 
(3.52 pmol DCA formed/mg CDW.h) (Table 2). 
BSH activities towards TDCA of the LPSO 
(pCBH1) and LP80 WT strains were 1.02 and 
0.17 pmol DCA formed/mg CDW.h respectively. 
This specificity was confirmed when BSH activity 
was examined in mixtures containing both GDCA 
and TDCA (Figures la and lb; Figures 2a and 2b), 
indicating that glyco-conjugated bile salts were 
being hydrolysed preferentially. Indeed, the BSH 
enzyme has substrate specificity, dependin on the 

gastrointestinal ecosystem. g8.72 

glycine or taurine amino acid moiety. 8,22,48,47,63 

The study of BSH activity of the WT and 
overproducing LPSO strains as a function of 
growth phase revealed a marked difference in 
behaviour between the LPSO WT and LPSO 
(pCBH1) strains (Figures l a  and lb  respectively). 
It was shown that BSH activity of the LPSO WT 
strain was growth dependent. The LPSO WT cul- 
ture started to hydrolyse glyco-conjugates when it 
had reached the exponential growth phase, i.e. 
after a lag-phase of about five hours. Tauro- 
conjugates were not hydrolysed during the nine 
hour incubation period observed (Figure la). This 
growth dependency was also observed for Lacto- 
bacillus sp. strain 100-100 by Lundeen and 
Savage.47 However, the BSH overproducing LPSO 
(pCBH1) strain readily started to hydrolyse 
GDCA from the start of the incubation, and after 
about five hours, complete GDCA hydrolysis was 
observed (Figure lb). At that stage, TDCA hy- 
drolysis started. In the latter experiments, BSH 
activity was not induced by the addition of bile 
salts to the growth medium prior to the BSH 
activity assay. This indicates that BSH activity is 
expressed constitutively, which is in agreement 
with several other  report^.^^,^^,^^ 

These experiments also investigated if BSH ac- 
tivity of the overproducing LP80 (pCBH1) strain 
in a mixed microbial community matched the 
activity shown in pure culture experiments. For 
that purpose, content of the small intestine as 
produced by the SHIME,53354 containing a micro- 
biota representative of the in vivo human gastro- 
intestinal microbiota, was used. Three parallel 
batch experiments were performed, each of which 
initially contained about 10 mM total bile salt 
concentration (Figures 2a and 2b), corresponding 
to the average bile salt secretion in the upper small 
intestine after a meal.30 The control experiment 
revealed that background BSH activity in the 
SHIME was very low, whereas supplementation of 
the highly active LPSO (pCBH1) strain in both 
normal and filter-sterilised SHIME content 
markedly increased the level of BSH activity (Fig- 
ures 2a and 2b). In addition, no significant differ- 
ences were observed between the normal and 
sterile batch, indicating that the presence of the 
normal gastrointestinal microbiota was not sup- 
pressing the BSH active LPSO (pCBH1) strain. 
Under the experimental conditions used, it took 
LPSO (pCBH1) less than four hours (i.e. the aver- 
age in vivo residence time in the small intestine) 
to completely hydrolyse the 7-5 mM glyco- 
conjugated bile salts initially present. The activity 
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towards tauro-conjugates was shown to be much 
lower. However, when extrapolating these data to 
in vivo conditions, where about 7.5 mM glyco- and 
2.5 mM tauro-conjugates are excreted in the small 
intestine after a meal,30 it can be concluded that 
the majority of these bile salt conjugates can be 
hydrolysed by the BSH overproducing L. plan- 
tarurn 80 strain. In addition, this experiment dem- 
onstrated the effect of high levels of L. plantarurn 
80 (pCBH1) cells on a number of representative 
bacterial groups of the gastrointestinal tract (Table 
3 )  in that certain bacterial groups were being 
inhibited by the lactobacilli. Although the levels 
of all bacterial groups tested increased during 
the experimental six and a half hour incubation 
period, LP80 (pCBH1) had remained at the same 
level as at the time of inoculation. However, a 
marked difference in the numbers of enterobac- 
teriaceae and faecal streptococci was observed 
between the experiments with or without LP80 
(pCBH1) addition. Due to the presence of high 
numbers of LP80 (pCBH1) cells in batch (ii) the 
numbers of Enterobacteriaceae and faecal strepto- 
cocci were significantly decreased (Table 3 ) .  This 
confirmed in vivo antagonistic effects of lactobacilli 
observed by several  investigator^.^^,^^,^^-'^ Indeed, 
lactobacilli have often been used to control the 
gastrointestinal microbiota so that potential en- 
teropathogens are eliminated, whereas desirable 
organisms are maintained. For example L. acido- 
philus was shown to be effective in the treatment of 
different types of diarrhoea in humans colonised 
with pathogenic Escherichia coli. 3,9 

Based on the physiological interrelationship be- 
tween bile salt and cholesterol metabolism and the 
experimental data described above, the potential 
positive net effect on the overall cholesterol level 
was calculated. A daily intake of 250 ml yoghurt, 
containing about Log,, 9.50 CFU/ml of the BSH 
overproducing LP80 (pCBH1) strain (0.75 g 
CDW/Log,, 12 CFU), was assumed. This dose 
corresponds to about 500mg CDW. Based on 
in vivo data, it was further assumed that 1 per 

of this Lactobacillus inoculum (i.e. 5 mg 
CDW) survives gastric transit and enters the small 
intestine. In addition, these cells were assumed 
to reside transiently before being carried along 
with the small intestinal content without actually 
colonising the small intestine. Therefore, taking 
into account the BSH activity of strain LP80 
(pCBHl), i.e. about 55 pmol DCA formedlmg 
CDW.h, and an average residence time of four 
hours in the small intestine, one can calculate that 
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about 1 mmol(O.5 g) of deconjugated bile salts can 
be formed through BSH activity by this lactobacil- 
lus inoculum. This estimate has to be evaluated 
against an average hepatic bile salt secretion of 
2 mmol/4 h.” Hence, the assumed amount of BSH 
active lactobacilli can deconjugate about half of 
the bile salt conjugates that are excreted in the 
small intestine during their residence. In order to 
evaluate to what extent this altered bile salt 
metabolism may affect the cholesterol net balance, 
a number of in vivo data on the physiology and 
physicochemistry of bile salts and cholesterol were 
considered. In healthy humans about 75 per cent 
of the bile salt pool is reabsorbed in the conjugated 
form in an active sodium-dependent way, the 
remaining 25 per cent being hydrolysed during 
intestinal transit (Figure 3) .  Maximally about 15 
per cent of the bile salt pool is reabsorbed daily in 
the unconjugated form via passive diffusion. Thus, 
about 60 per cent of the deconjugated bile salts are 
passively reabsorbed. Accordingly, 40 per cent of 
the deconjugated bile salts are being excreted in the 
faeces. One mmol deconjugated bile salts formed 
through increased BSH activity thus yields a 
supplementary faecal excretion of 0.4 mmol bile 
salts (40 per cent of 1 mmol). This amount then 
requires to be newly synthesised from cholesterol 
to maintain bile salt homeostasis. With an average 
daily faecal loss of bile salts in the order of 
1 m r n ~ l , ~ ~ , ~ ’  this extra loss would be significant 
and might potentially lead to a decrease of about 
30 per cent of the half life of bile, thus increasing 
the demand for cholesterol as a precursor for bile 
salt synthesis. In this way, about 30 per cent of the 
average amount of cholesterol daily passing into 
the intestine (1.4 mmOlsO) is needed for de n o w  bile 
salt synthesis. 

The alteration in bile salt metabolism through 
enhanced BSH activity might also affect choles- 
terol in a more direct way, i.e. by influencing 
its solubility and intestinal absorption. Mixed 
micelles, being the main form of bile salts encoun- 
tered in the small intestine, can maximally dissolve 
4 per cent (wt/wt) chole~terol .~~ The intestinal 
solubility of cholesterol depends on the integration 
of cholesterol in such micelles. Since the critical 
micellar concentration values of the conjugated 
bile salts and their deconju ated counterparts are 
not significantly different:$ the 4 per cent (wt 
cholesterol/wt conjugated bile salts in micelles) 
ratio can also be used for deconjugated bile salts. 
Deconjugated bile salts are less resistant to precipi- 
tation with Ca2+ or to precipitation at pH lower 
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Figure 3. Enterohepatic circulation of bile 
percentages of the bile salt poo1.30~50~73 

than 6.071,74 and in this way decrease cholesterol 
solubility in the inte~tine.~' In vitro co- 
precipitation of cholesterol with deconjugated bile 
salts has been observed when BSH active lacto- 
bacilli were cultured in the presence of conjugated 
bile salts under acidifying  condition^.^^ From con- 
trol experiments without BSH active lactobacilli 
but with unconjugated bile salts, it appeared that 
at a pH lower than 5.5,  even in the absence of 
bacterial cells, cholesterol was removed from the 
medium by precipitation with the unconjugated 
bile salts. It was therefore assumed that the 
amount of cholesterol that might be removed from 

JEJUNUM i 
ILEUM 

25% deconjugated 
bile salts 

' COLON 

salts. Daily bile salt fluxes are given as 

suspension and prevented from absorption, is pro- 
portional to the amount of deconjugated bile salts 
that is formed. Based on the increased BSH activ- 
ity yielding about 1 mmol of free bile salts, and the 
4 per cent s~lubility-ratio,~~ one can calculate that 
about 0.05 mmol cholesterol can be solubilised in 
mixed micelles formed out of the 1 mmol deconju- 
gated bile salts. Thus, 4 per cent of the total 
amount of cholesterol that passes the small intes- 
tine daily (1.4 r n m ~ l ~ ~ )  can potentially be precipi- 
tated. However, due to the pH-dependency, this 
phenomenon is probably only of limited impor- 
tance in vivo since the pH is neutral to alkaline in 
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the major part of the small intestine. Indeed, when 
studying the physicochemical interaction between 
deconjugated bile salts and cholesterol, Klaver and 
Van der Meer41 found that when the pH was 
maintained at 6.0, no co-precipitation of choles- 
terol with deconjugated bile salts was observed. 
Normally, about 0.4 mmol cholesterol (about 30 
per cent of the cholesterol passing the small intes- 
tine) is absorbed from the intestine daily.30,50 As 
cholesterol needs to be in a soluble state before it 
can be absorbed, its absorption is limited by the 
amounts that can be solubilised into micelles. 
Consequently, any change in intestinal bile salt 
availability might influence cholesterol absorption. 
When bile salts are diverted from the intestine, 
or absent as in total biliary obstruction, it was 
demonstrated that no cholesterol is ab~orbed.~' 
However, due to the complexity of the bile salt- 
cholesterol interactions, a quantitative estimation 
of the absorption phenomenon is difficult to make. 

Based on the above calculation, it may be con- 
cluded that the overall effect of increased intestinal 
BSH activity on cholesterol would be expected to 
be due to increased amounts of bile salts excreted 
in the faeces, and to influence intestinal cholesterol 
absorption to a lesser extent. This is no more than 
an amplification of the steady state in vivo con- 
ditions: only about one third of the intestinal 
cholesterol is normally reabsorbed in the small 
intestine, whereas the majority is excreted in the 
faeces3' Thus, enhanced intestinal BSH activity 
might be compared to a microbial cholestyramine 
effect, increasing hepatic bile salt synthesis, thus 
lowering cholesterol levels. However, a question of 
crucial importance remains, i.e. how adaptive is 
the bile salt synthesis pathway from cholesterol to 
make up for the increased faecal bile salt losses. It 
has been shown by Dowling et that the 
increase in bile salt synthesis is only proportional 
to the degree of interruption of the EHC until the 
maximal rate of synthesis is achieved. The latter 
authors were the first to show that in Rhesus 
monkeys the capacity of bile salt synthesis in 
response to an interruption of the EHC was lim- 
ited and reached a maximum at 20 per cent inter- 
ruption of the EHC. Higher levels of interruption 
led to bile salt depletion. Grundy et al.24 demon- 
strated that the normal human bile salt pool is 
maintained despite a 2- to 3-fold increase in faecal 
bile salt excretion. To meet the cholesterol require- 
ment for supplementary bile salt synthesis, more 
cholesterol is gathered in the liver through the 
up-regulation of LDL receptors and through 

increased cholesterol synthesis. G r ~ n d y ~ ~  demon- 
strated that cholestyramine treatment of persons 
without hypercholesterolaemia reduced serum 
cholesterol levels by 15 to 30 per cent. Patients 
suffering from hypercholesterolaemia showed 
average reductions between 20 and 30 per cent, 
except for those with homozygous familial hyper- 
cholesterolaemia, who showed more variable 
results. Surgical removal of a part of the ileum 
resulted in decreases of more than 30 per cent.23 

The net positive effect due to enhanced BSH 
activity, calculated under very favourable con- 
ditions, would therefore be in the same order of 
magnitude compared with literature data obtained 
from therapeutic or surgical alterations of the 
EHC. Based on the one-to-two r ~ l e , ' ' ~ ~ ~  which 
states that a 1 per cent reduction of the serum 
cholesterol level causes a 2 per cent lowering of the 
risk for coronary heart disease (CHD), a signifi- 
cant positive effect for patients suffering from 
elevated cholesterol might be obtained by ingesting 
a realistic amount of BSH active lactobacilli. Side- 
effects of altered bile salt metabolism have been 
reported. It is known that bile salt malabsorption, 
resulting from ileal resection, ileal disease or other 
disruption of ileal physiology, can reduce water 
and electrolyte absorption from the colon, leading 
to watery d i a r r h ~ e a . ~ ~ , ~ " ~ ~  Digestion of dietary 
fat and fat-soluble compounds is relatively un- 
impaired except for patients with large ileal re- 
section~.~' Based on these pathophysiological data, 
increased small intestinal BSH activity might 
hypothetically lead to watery diarrhoea. However, 
in patients with severe hypercholesterolaemia, this 
inconvenience has to be evaluated against the 
positive effect on the risk for atherosclerosis and 
coronary heart disease. 

In conclusion, it needs to be stated that this 
in vitro study is only of indicative value in the 
research on the hypocholesterolaemic effect of 
fermented dairy products, a field which has been 
gaining much attention recently. In vivo testing 
in suitable animal models is necessary. Partial 
evidence for the impact of bacterial BSH activity 
on the animal host has already been given by 
Feighner and Da~hkevicz'~, '~ and Fuller et al. l 7  

These investigators observed an inverse relation- 
ship between growth performance of poultry and 
cholyltaurine hydrolase activity. Growth depres- 
sion in chickens could be alleviated by reducing 
the population of BSH active microorganisms 
through the administration of sub-therapeutic 
concentrations of feed additive antibiotics. This 
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indicates that the established BSH active gastro- 
intestinal microbiota directly influences diet utilis- 
ation and energy conversion of its host. However, 
when extrapolating in vivo data from animal ex- 
periments to humans, one should take into ac- 
count that bile salt and cholesterol metabolism in a 
particular test animal may differ from that of 
humans. Cholesterol metabolism in the hamster 
has been widely studied because the male hamster 
was recognized as a good model for man in this 
respect.6’ Other investigators stated that man is 
even more sensitive to bile salt removal through 
cholestyramine in the extent to which this is 
reflected in lowered serum cholesterol levels 
when compared to small laboratory animal 
models. 52,64 

The BSH isogenic L. plantarum 80 strains used 
in this study are not of human or animal origin. 
Research is now being focused on the isolation of 
highly BSH active gastrointestinal lactobacilli for 
two prevalent reasons. First, the lactic acid bac- 
teria, mainly lactobacilli and/or streptococci, used 
in probiotic products are mostly intestinal isolates, 
and the use in food and feed production of micro- 
organisms normally inhabiting other biotopes 
is not generally approved. Furthermore, the L. 
plantarum 80 strains are genetically modified 
microorganisms. Although biotechnology has al- 
ready had a major effect on the animal feed trade 
with products contributing to better feed utilis- 
ation, improved health and welfare of livestock, 
there remains ambiguity about what is possible 
and what is acceptable in food production systems. 
As for the current situation with regard to the use 
of genetically engineered microoganisms in foods, 
public awareness requires extensive validation in 
terms of proof of safety and efficiency. 
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