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Abstract — The supply of carbohydrates is a growth-limiting factor for the intestinal microflora
which ferments non-digested or incompletely digested carbohydrates, rendering short-chain fatty
acids (SCFA) as major products. These organic acids are involved in a wide range of physiological
functions. Therefore, it is of great interest to increase the SCFA intestinal production by using pro-
biotic strains. The aim of this study was to assess in vitro and in vivo the contribution of four strains
of propionibacteria to the production of SCFA and lactic acid in the mouse cecum, and to determine
the viability and metabolic activity of propionibacteria in the cecum after feeding mice with a small
Swiss-type cheese elaborated with P. acidipropionici CRL 1198. The bacterial count and total
amount of SCFA, and the molar ratios of each acid and lactic acid concentration, were determined
in the cecal content of mice after 7 d of feeding with milk containing different dairy propionibacteria
(PAB). The same determinations were performed after in vitro lactose, sucrose or fructooligo-
saccharide fermentation in cecal homogenates inoculated with propionibacteria. Viability, adhesion
to the intestinal mucosa and bacterial B-galactosidase activity were also compared in mice fed with
milk or cheese containing P. acidipropionici CRL 1198 in a daily dose of 10” bacteria. In our expe-
riments, a milk and PAB feeding and lactose fermentation in the cecal content inoculated with PAB
led to a higher production of propionic acid. In most cases propionibacteria increased propionic acid
production at the expense of the butyric acid produced by the intestinal microflora. P. acidipro-
pionici CRL 1198 maintained its adhesive property, viability and metabolic activity in the cecum of
mice fed with a cheese diet. These results suggest that Swiss-type cheese could be used to deliver
probiotic strains of propionibacteria to the human intestine.
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Résumé — Les bactéries propioniques laitiéres ingérées dans un régime avec du lait ou du fro-
mage survivent et augmentent la production d’acide propionique dans le caecum des souris.
L’apport de glucides est un facteur limitant de la croissance de la microflore bactérienne intestinale,
qui fermente ces glucides partiellement ou non digérés, et produit principalement des acides gras a
chaine courte. Ces acides organiques sont impliqués dans de nombreuses fonctions physiologiques.
C’est pourquoi beaucoup d’efforts ont été fournis afin d’améliorer la production intestinale d’acides
gras a chalne courte en utilisant des souches probiotiques. Nous avons évalué la contribution de qua-
tre souches de bactéries propioniques, in vitro et in vivo, a la production d’acides gras a chaine
courte et d’acide lactique dans I’intestin de souris, ainsi que la viabilité et I’ activité métabolique des
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bactéries propioniques dans le caecum de souris ayant ingéré un petit fromage a pate pressée cuite
ensemencé en P. acidipropionici CRL 1198. Les niveaux de la microflore intestinale, la quantité
totale d’acides gras a chaine courte, les proportions de chaque acide gras et la concentration en acide
lactique ont été déterminées dans le caecum des souris apres le 7¢ jour d’alimentation avec un
régime expérimental contenant du lait et différentes souches de Propionibacterium. Les mémes
analyses étaient également effectuées lors de la fermentation in vitro de lactose, saccharose et des
fructooligosaccharides (FOS) dans les homogénisats de contenu cecal ensemencé en bactéries pro-
pioniques. La viabilité, I’adhésion a la muqueuse intestinale et I’activité de la B-galactosidase
bactérienne ont également été comparées chez des souris ayant ingéré un régime expérimental con-
tenant du lait ou du fromage et P. acidipropionici CRL 1198 2 une dose journaliére de 109 bactéries.
L’alimentation des souris avec du lait contenant des bactéries propioniques et la fermentation du
lactose dans le contenu cecal ensemencé avec les mémes souches aboutissait a une production plus
élevée d’acide propionique. Dans la plupart des cas, les bactéries propioniques augmentaient la pro-
duction d’acide propionique au détriment de I’acide butyrique produit par la microflore intestinale.
P. acidipropionici CRL 1198 conservait ses propriétés d’adhésion, sa viabilité et son activité méta-
bolique dans le caecum de souris ayant ingéré le fromage contenant cette souche. Ces résultats laissent
penser que le fromage a pate pressée cuite pourra étre utilisé comme vecteur d’apport de Propioni-

bacterium dans I’intestin chez ’homme.

Propionibacterium / survie / acide propionique / fromage probiotique

1. INTRODUCTION

The large intestine of adult humans har-
bors a complex microbiota in an intimate
interaction with the host. Different sub-
strates such as dietary residues, mucus and
lysis products from both epithelial and bac-
terial cells [25] are available for the nutri-
tion of intestinal bacteria. However, gut
bacteria depend on the supply of dietary
carbohydrates that have escaped digestion
in the upper gastrointestinal tract to obtain
energy for growth and maintenance of cel-
Iular functions. The supply of carbohydrates
is an important factor limiting bacterial
growth in the colon, and bacteria able to
transform the available substrates most rap-
idly occur in the greatest numbers [13].
Therefore, they have a great incidence on
the development of the different bacterial
species and their metabolic activity.

Fermentation is the main process whereby
strict and facultative anaerobes of the intes-
tinal microflora break down dietary and
endogenous substrates in order to obtain
energy for growth and maintenance of cel-
Iular functions. This anaerobic redox process
generates ATP via substrate-level phospho-
rylation coupled to the partial oxidation of
the substrate through pathways with differ-
ent metabolic intermediates. The pathways
of fermentation of most bacterial species are
complex, usually involving several organic

intermediates as electron donors and elec-
tron acceptors. Each bacterial genus trans-
forms the intermediate metabolites into
products of different type and molar yield
[27, 34] by the reductive steps of the fer-
mentation process.

In a mixed population like the intestinal
microflora, carbohydrates are broken down
cooperatively. The fermentation products
of some species are substrates for fermen-
tation or incorporated as intermediate meta-
bolites into the metabolic pathways of other
species, resulting in sequentially-fermented
substrates. Lactate, ethanol, pyruvate and suc-
cinate produced by some bacteria are utilized
by species other than their producers, mainly
generating short-chain fatty acids in the
intestinal content. Therefore, the major
products of sugar catabolism are acetate,
propionate and butyrate, which represent
85-95% of total SCFA in all the colon
regions [6, 7]. Although SCFA come mainly
from the breakdown of carbohydrates, pro-
tein, peptide and glycoprotein precursors
are also substrates for some anaerobic
microorganisms able to ferment amino acids.

These organic acids are involved in a
wide range of physiological functions such
as the transport of electrolytes and water,
growth and differentiation of colonic mucosa,
apoptosis of aged or altered colonocytes,
metabolism of lipids in the liver and energy
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supply for different tissues [6]. Many envi-
ronmental, dietary, microbial and host-
related factors regulate SCFA formation by
intestinal bacteria and determine the amounts
and types of acids produced in healthy indi-
viduals.

Several attempts have been made to
increase SCFA production of colonic fer-
mentation by means of Lactobacillus and
Bifidobacterium probiotic strains [19, 20].
Among dairy bacteria, propionibacteria
seem to be better candidates for improving
SCFA production within the intestine, since
they themselves are propionic and acetic
acid producers.

In the last few years, our laboratory has
evaluated the ability of dairy propionibac-
teria to survive in the adverse conditions of
the gastrointestinal tract [37, 39], adhere to the
intestinal mucosa [38] and contribute to
the production of SCFA with impacts on the
host’s health [29, 30]. Some factors involved
in the adhesion and how gastrointestinal
digestion affects this property were also
studied [40].

The objective of the present work was to
evaluate in vivo and in vitro the production
of SCFA in the intestinal environment by
using a murine model and different adhe-
sive propionibacteria strains able to survive
gastrointestinal digestion. The persistence
of one of the strains and its contribution to
the B-galactosidase activity in the intestinal
environment after feeding mice with an
experimental cheese manufactured in our
laboratory was also noted.

2. MATERIALS AND METHODS

2.1. Microorganisms and culture
conditions

The microorganisms used in this study
were Propionibacterium freudenreichii
CRL 757 and F3, and Propionibacterium
acidipropionici CRL 1198 and Q4 (CRL:
Centro de Referencia para Lactobacilos,
CERELA, Tucumdn, Argentina). Strains
F3 and Q4 were obtained from the Labora-
torio de Ecofisiologia Tecnoldgica-CERELA.

All strains were stored at —20 °C in 10% (w/
v) reconstituted non-fat milk (NFM) con-
taining 0.5% yeast extract. Before use, they
were activated by three successive transfers
for 24 h at 37 °C in BHI broth sterilized at
121 °C for 15 min. In some experiments,
strains were activated in YE lactose broth
[39] with the following composition: 1%
Tryptone, 1% yeast extract, 0.05% cysteine,
0.05% Tween 80, 0.025% K,HPO, and
0.005% MnSOy,. The medium was adjusted
topH 6.8, sterilized at 121 °C for 15 min and
then supplemented with 1% filter-sterilized
lactose.

2.2. Animals and feeding procedures
for in vivo studies

The animals used in our studies were
42-d-old BALB/c male albino mice. A first
trial was performed with 6 treatment
groups, each containing five animals. They
were housed in cages and received a solid
conventional balanced diet (CARGILL,
Molinos, Entre Rios, Argentina) with or
without (controls) different propionibacte-
ria strains delivered in their drink.

Twenty-four-hour cultures of each strain
of propionibacteria grown in YE with lac-
tose broth were harvested by centrifugation
(3000 g; 4 °C), washed in sterile saline solu-
tion and suspended in sterile 10% (w/v)
NFM (non-fat milk) to the desired concen-
tration (ca. 5 x 108 bacteria per mL). Dairy
propionibacteria, provided in the drinking
bottles of different test groups, represented
a consumption of ca. 109 bacteria per day.
Control groups received sterile NFM or
water.

The mice received the diet and their
assigned drink ad libitum for 7 d and were
sacrificed at the end of the treatment after
an overnight period with water only. The
cecum was bound at both ends with sterile
thread, cut 2 cm from each tie and intro-
duced into an anaerobic glove box (Anae-
robic System model 1024, Forma Scientific,
Marietta, USA) with an atmosphere of 85%
N5, 5% CO, and 10% H,. The cecal content
was removed, weighed and diluted in pre-
reduced sterile saline solution (0.9% w/v
NaCl) to adequate volume. Aliquots of the
cecal suspensions obtained were serially
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diluted and counts of the main intestinal
populations were determined. The suspen-
sions were finally centrifuged (1000 g;
10 min; 4 °C) and the supernatants were
frozen for further analysis.

In another trial, mice were randomly
divided into 4 treatment groups, each con-
taining five animals. They received the
solid conventional balanced diet and water,
NFM or NFM with P. acidipropionici
CRL1198 in their drinking bottles (a dose
of ca. 109 bacteria per day). Another group
of animals was given a conventional solid
diet supplemented with an experimental
Swiss-type cheese and water in their drink-
ing bottles.

Small, 500-g experimental Swiss-type
cheeses were prepared with cultures in the
exponential phase of S. thermophilus LEC1,
L. bulgaricus LEC2, L. helveticus CC1, L.
casei QC and P. acidipropionici CRL1198,
all of them from CERELA laboratories. The
cheese was made following a technology
for this variety [22] adapted to a small vol-
ume and ripened for 21 d at 12 °C and 28 d
at 25 °C. The daily cheese ration adjusted
for mice feeding provided 10° propionibac-
teria per day.

After 7 d of feeding with their assigned
diet, the mice received only water for an
overnight period and were sacrificed the
next morning. The cecal contents and tis-
sues, placed in an anaerobic glove box [29],
were used to determine the number of pro-
pionibacteria and -galactosidase activity.

2.3. Procedures for in vitro studies

For in vitro studies, nine mice were sac-
rificed by cervical dislocation and the cecal
contents were obtained as described above.
They were weighed and diluted in pre-
reduced sterile saline solution (0.9% w/v
NaCl) to give 10% (w/v) suspensions.
Twenty-four-hour cultures of each strain of
propionibacteria grown in lactose broth
were harvested by centrifugation (3000 g;
4 °C), washed in pre-reduced sterile saline
solution and suspended in one-tenth of the
original volume of the culture. Cecal sus-
pensions were inoculated with the different
strains of propionibacteria to the desired

concentration (109 bacteria per mL) and
supplemented with 25 g-L~! sterile lactose.
Control suspensions were prepared without
propionibacteria, or without lactose and
propionibacteria. After 12 h of incubation
at 37 °C in the anaerobic globe box, each
suspension was centrifuged (10000 g;
10 min; 4 °C) and the correspondent super-
natants were stored at —20 °C for further
analysis.

In a similar experiment, mice cecal
homogenates obtained as described above
were supplemented with sterile water,
sucrose or FOS (10 g-L~!) and half of the
volume of each sample was inoculated with
P. acidipropionici CRL1198. This strain
was grown in BHI broth and harvested after
24 h of incubation at 37 °C. A suspension
of one-tenth of the original volume of the
culture in pre-reduced sterile saline solu-
tion was used to inoculate cecal homoge-
nates up to 10° bacteria per gram of wet
weight. Homogenates were then incubated
for 12 h at 37 °C in an anaerobic environ-
ment. They were centrifuged (10 000 g;
10 min; 4 °C) and the correspondent super-
natants stored at—20 °C for further analysis.

2.4. SCFA and lactose measurements

Lactose concentration was measured
using a spectrophotometric lactose-galac-
tose method (Boehringer, Mannheim, Ger-
many) [20]. The samples were diluted 1:10
to 1:20 with redistilled water, acidified with
trichloroacetic acid (250 g-L-1) to precipi-
tate protein, centrifuged for 30 min (3000 g;
4 °C), and neutralized with 1 mol-L~! NaOH
before analysis.

Short-chain fatty acids and lactate were
determined by HPLC, using a 300 x 7.8 mm
Rezex ROA-organic acids column (Phe-
nomenex, Torrance, USA) operated at 55 °C
with H,SO, 0.01 mol-L~! as the mobile
phase. Samples were acidified with H,SO,4
0.01 mol-L, centrifuged for 30 min (3000 g;
4°C) and then filtered (0.2-\ membrane, Mil-
lipore, MA, USA). The retention times for
individual fatty acids were determined by
injecting each standard separately on the
column.
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2.5. Bacteriological analysis

Serial ten-fold dilutions of the cecal
homogenates were made in pre-reduced
0.1% (w/v) peptone in the anaerobic glove
box. They were plated in triplicate onto dif-
ferent selective and non-selective media as
follows: Brain Heart Infusion blood agar
(BHI, Difco, BD Argentina SRL, Buenos
Aires, Argentina) supplemented with vita-
min K and hemin (total bacteria); phe-
nylethanol agar (Difco) (total Gram-positive
bacteria) and Azide blood agar (Oxoid, NY,
USA) (mainly streptococci); all of them
incubated aerobically and anaerobically at
37 °C for 96 h. Slantez-Bartley agar (Oxoid)
aerobically incubated at 37 °C for 3 d and
violet red-bile-glucose agar (Oxoid) aero-
bically incubated at 37 °C for 24 h were used
for counts of Enterococcus and Enterobac-
teriaceae, respectively. Rogosa agar (Difco)
containing glacial acetic acid (1.32 mL-L1),
ECOTEC agar [4] and Columbia modified
agar medium [3] anaerobically incubated at
37 °C for 5 d were used for counts of Lacto-
bacillus; Propionibacterium and Bifido-
bacterium, respectively.

Confirmation of bacterial genera from
selective media was based on morphology,
Gram stain, fermentation product formation
and biochemical tests. Further identifica-
tion of individual species of microorgan-
isms was not undertaken.

2.6. Determination of 3-galactosidase
activity

The B-galactosidase (EC 3.2.1.23) activ-
ity in cecal homogenates was determined
by measuring the hydrolysis rate of the syn-
thetic substrate o-nitrophenyl-B-D-galacto-
pyranoside (ONPG, N-1127, Sigma) in
50 mmol-L~! KH,PO, - Na,HPO, buffer,
pH 7.0. The enzymatic reaction mixture
consisted of 200 puL of each homogenate,
0.836 mmol-L~! ONPG and 50 mmol-L~!
phosphate buffer, pH 7, in a final volume of
1 mL. The mixtures were incubated for
15 min at 37 °C and the reactions stopped
with 800 pL of 0.5 mol-L~! Na,CO; [39].
Reaction mixtures were clarified by centrifu-
gation (10 000 g; 10 min) before determining
the absorbance at 440 nm. The enzymatic

activity was expressed as nanomols of
o-nitrophenol (ONP) liberated per minute
per gram of cecal content.

2.7. Statistical analysis

The results are the average of the data
obtained. Significant differences between
means were determined by Tukey’s test
(P< 0.05) after analysis of variance
(ANOVA) with the Minitab Statistic Pro-
gram, release 12 for Windows.

3. RESULTS

3.1. In vivo fermentation

The objective of the first experiment was
to determine the actual concentration of
SCFA in the cecal content of mice while
feeding on milk and dairy propionibacteria
(PAB). Two control groups were included,
with water or milk in their drinking bottles.
Water control provided the basal value of
SCFA in the intestinal environment of the
mice while milk control was included to
assess the contribution of the normal flora
to acid production during milk consumption.

Figure 1 shows SCFA and lactic acid
production in both control groups. There
was a significant increase in the total
amount of SCFA determined after 7 d of a
daily consumption of milk, but not in the
individual acid species. The molar ratios of
each acid (Tab. I), as determined for both
control groups, showed a slight reduction in
acetic and propionic acid, and an increase
in butyric acid in the milk-feeding group,
indicating a higher contribution of butyric
acid producer flora to the intestinal fermen-
tation. The relative amount of lactic acid,
expressed as mmol per 100 mmol of total
acids, showed a significant reduction in that
group.

Figure 1 also shows intestinal SCFA and
lactic acid production in the test groups fed
with the diet of milk containing two different
strains of P. acidipropionici. There were no
significant differences with the milk-fed
control in the total amount of SCFA pro-
duced. However, we noticed moderate
increases in propionic acid, remarkable
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Table I. Relative amounts of acetic, propionic, butyric and lactic acids in the cecal content of mice
from different feeding groups?® and in mice cecal homogenates after lactose fermentation®.

Studies Sample Ratio Lactate
A :P:B¢ (%)4
In vivo?
Water (basal) 58 :22 :20 9.0
Milk 57 :20 :23 5.0
Milk + P. acidipropionici CRL1198 57 :24%: 19% 19.8%*
Milk + P. acidipropionici Q4 61 :27%: 12% 21.1%
Milk + P. freudenreichii CRL757 57 :27*: 16* 15.3%*
Milk + P. freudenreichii F3 57 :30%: 14* 9.3
In vitrob
Water control 54 :20 :26% 5.0
Lactose control 54 18 :28* 19.6%
Lactose + P. acidipropionici CRL1198 50%: 29%: 21 16.4
Lactose + P. acidipropionici Q4 43%: 34%: 23 16.9
Lactose + P. freudenreichii CRL757 49%*:31*: 20 7.3*%
Lactose + P. freudenreichii F3 45%:32%: 22 4.8*

4 The different groups were fed with a solid conventional diet and drank water, milk or milk with propio-

nibacteria (109 bacteria per day) for 7 d.

b Mice cecal homogenates were supplemented with sterile lactose, inoculated or not with different pro-
pionibacteria (10° cfu-g-1) and incubated for 12 h at 37 °C.

¢ A, acetate; P, propionate; B, butyrate (Mean value of % of total SCFA). Relative amounts of each
SCFA and lactate were calculated and statistically analyzed (Materials and Methods). A plus symbol in
control samples indicates significant differences (P < 0.05) compared with the basal value. Asterisks
indicate significant differences in PAB-supplemented samples compared with their correspondent con-

trol samples.
dMean value of % of total acids.

increases in lactic acid and reductions in
butyric acid production (Tab. I).

In the presence of P. freudenreichii, we
observed results similar to those of P. acidi-
propionici (Fig. 2). However, a lower
amount of lactic acid and a higher amount
of propionic acid were determined in the
test groups fed with milk containing P. freu-
denreichii F3 and P. freudenreichii CRL757,
probably due to the preferential consump-
tion of lactate by this species [24].

Counts of the overall flora were at a
slightly higher number after a daily con-

sumption of milk for 7 d (Fig. 3) in the milk-
fed control and in all the test groups, com-
pared with the water-drinking group.
Enterobacteria remarkably increased in the
milk-fed control compared with the water
control group, but the presence of PAB pre-
vented their proliferation in all test groups.
Two strains of PAB also had an inhibitory
effect on the growth of enterococci. How-
ever, the dominant bacterial groups of the
intestinal microflora responsible for the
production of SCFA were not modified by
the presence of PAB.
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Figure 1. SCFA and lactic acid in the cecal con-
tent of mice on the 7th day of feeding with
experimental diets. Diets are indicated as fol-
lows: Basal, water control; M, non-fat milk;
MP1198, non-fat milk containing P. acidipro-
pionici CRL1198; MPQ4, non-fat milk containing
P. acidipropionici Q4. Significant differences
between controls (P < 0.05) are indicated with
the character a; significant differences between
treatments and M group (P < 0.05) are indicated
with the character b. Columns: grey, total SCFA
(T); horizontal lines, acetic acid (A); slant lines,
propionic acid (P); white, butyric acid (B);
black, lactic acid (L).

3.2. In vitro fermentation

In order to understand the contribution of
PAB to the intestinal fermentation when a
load of carbohydrates reaches the ceca, we
evaluated the SCFA production in mice
cecal homogenates inoculated with PAB
and supplemented with 25 g-L-! of sterile
lactose after 12 h of incubation at 37 °C.

As shown in Figure 4, the control
homogenate to which only lactose was
added showed a ten- to twenty-fold increase
in SCFA and lactic acid production. The
relative amounts of SCFA and lactate
showed differences related to the basal
value. While acetic and propionic acids’
molar ratios diminished, butyric and lactic
acids’ relative amounts increased (Tab. I).
However, when the lactose control sample
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Figure 2. SCFA and lactic acid in the cecal con-
tent of mice on the 7th day of feeding with
experimental diets. Diets are indicated as fol-
lows: Basal, water control; M, non-fat milk;
MP757, non-fat milk containing P. freuden-
reichii CRL757; MPF3, non-fat milk contain-
ing P. freudenreichii F3. Significant differences
between controls (P < 0.05) are indicated with
the character a; significant differences between
treatments and M group (P < 0.05) are indicated
with the character b. Columns: grey, total SCFA
(T); horizontal lines, acetic acid (A); slant lines,
propionic acid (P); white, butyric acid (B);
black, lactic acid (L).

was compared with the water control sam-
ple, that was also incubated in anaerobic
conditions, we observed a significant dif-
ference only in the lactic acid production.

Homogenates inoculated with the strains
of P. acidipropionici produced more propi-
onic acid and less butyric acid than
homogenates without PAB addition. The
relative amount of acetic acid was also
lower, although PAB are acetic acid pro-
ducers (Tab. I).

We obtained similar results in homoge-
nates incubated with supplementation of
P. freudenreichii (Fig. 5). However, there was
a remarkable reduction in lactate concen-
tration in accordance with the preferential
consumption of lactate by P. freudenreichii
strains.
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Figure 3. Bacterial counts in mice ceca on the 7th day of feeding with experimental diets. Symbols:
M, water control; L1, non-fat milk; A, non-fat milk plus P. acidipropionici CRL1198; ¥, non-fat

milk plus P. acidipropionici Q4;

, non-fat milk plus P. freudenreichii F3; &, non-fat milk plus

P. freudenreichii CRL 757. Significant differences between water and milk controls (P < 0.05) are
indicated with the character a; significant differences between treatments and milk control group

(P < 0.05) are indicated with the character b.

The production of SCFA by P. acidipro-
pionici was also evaluated in vitro under
anaerobic conditions in batch cultures of
mice cecal homogenates with the addition
of sucrose or fructooligosaccharides (FOS).
Table II shows the relative amounts of
SCFA produced after incubation of these
cecal homogenates.

The molar ratios of SCFA showed that in
vitro fermentation of endogenous sub-
strates led to greater production of butyric
acid either in the absence (water control
sample) or in the presence of Propionibac-
terium, compared with the basal value.
However, there was more propionic acid in
cecal homogenates with the dairy PAB.

Sucrose fermentation by the intestinal
microflora significantly increased lactic
and acetic acid concentrations in cecal
homogenates at the expense of propionic
and butyric acid compared with the control
without carbohydrate. However, homoge-
nates containing P. acidipropionici CRL
1198 had a noticeable reduction in butyric
acid and an increase in propionic acid pro-
duction from sucrose fermentation.

The intestinal microflora fermented FOS,
producing mainly lactic acid, while the rel-
ative amount of propionic acid diminished
compared with the control without carbohy-
drate supplementation. More acetic acid
and less butyric and lactic acids, but no
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Figure 4. SCFA and lactic acid in mice cecal
homogenates after lactose fermentation by dif-
ferent propionibacteria. Samples are indicated
as follows: Basal, without lactose or bacteria;
Lactose, control without bacteria; LP1198,
homogenate containing lactose and P. acidipro-
pionici CRL1198; LPQ4, homogenate containing
lactose and P. acidipropionici Q4. Significant
differences between controls (P <0.05) are indi-
cated with the character a; significant differ-
ences between test homogenates and lactose
control (P < 0.05) are indicated with the char-
acter b. Columns: grey, total SCFA (T); hori-
zontal lines, acetic acid (A); slant lines, propionic
acid (P); white, butyric acid (B); black, lactic
acid (L).

enhancement of propionic acid, were observed
in the presence of propionibacteria.

3.3. Viability and metabolic activity
after cheese-making

We also evaluated the persistence of pro-
biotic properties of P. acidipropionici
CRL1198 after technological processing by
feeding mice with a mini-Swiss cheese
elaborated with this strain of PAB. Counts
in the cecal tissues and contents were made
and bacterial B-galactosidase activity was
determined. As shown in Table III, the
number of propionibacteria belonging to
the endogenous flora increased after a daily
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Figure 5. SCFA and lactic acid in mice cecal
homogenates after lactose fermentation by dif-
ferent propionibacteria. Samples are indicated
as follows: Basal, without lactose or bacteria;
Lactose, control without bacteria; LP757,
homogenate containing lactose and P. freuden-
reichii CRL757; LPF3, homogenate containing
lactose and P. freudenreichii F3. Significant
differences between controls (P < 0.05) are
indicated with the character a; significant dif-
ferences between test homogenates and lactose
control (P < 0.05) are indicated with the char-
acter b. Columns: grey, total SCFA (T); hori-
zontal lines, acetic acid (A); slant lines, propi-
onic acid (P); white, butyric acid (B); black,
lactic acid (L).

consumption of milk for 7 d. Both groups of
mice receiving P. acidipropionici CRL1198
showed high counts of propionibacteria in
the ceca, which were close to the daily dose
of probiotic provided to the treatment
groups, although the mice were deprived of
food almost 12 h before being sacrificed.
The cecal tissue of the milk-fed control had
a low number of propionibacteria that
increased by almost two logs in mice
receiving the probiotic bacteria delivered in
either milk or cheese.

The B-galactosidase activity of the cecal
contents was slightly higher in the PAB-fed
groups than in the milk-fed group, but both
were significantly different from the water
control group.
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Table II. Relative amounts of acetic, propionic, butyric and lactic acids in cecal homogenates after
sucrose or FOS fermentation?®.

Sample Ratio Lactate
A:P:BF¢ (%)d
Basal® 58 :22 :20 8.2
Water control 54 :20 :26% 5.0
W + P. acidipropionici CRL1198 51 :25%: 24+ 4.7
Sucrose 67%: 13%: 20%* 66.1%
Sucrose + P. acidipropionici CRL1198 69%: 19 :12% 60.0*
FOS 57 :16*:27 69.0 *
FOS + P. acidipropionici CRL1198 76%: 17*%: T* 51.9 *

a Mice cecal homogenates were supplemented with sterile sucrose, FOS or the same volume of water
(C). Half the volume of each sample was inoculated with P. acidipropionici CRL1198 (109 cfu-g~! of
wet weight of the cecal content). The SCFA and lactate concentration were determined in all samples
after incubation for 12 h at 37 °C in an anaerobic atmosphere.

b Homogenate without incubation.

CA, acetate; P, propionate; B, butyrate. (Mean value of % of total SCFA). Relative amounts of each
SCFA and lactate were calculated and statistically analyzed (Materials and Methods). A plus symbol in
samples without carbohydrate supplementation indicates significant differences (P < 0.05) compared
with the basal value. Asterisks indicate significant differences in cecal homogenates compared with the
fermentation control without carbohydrate or bacteria supplementation (Water control).

d ¢ of total acids.

Table III. Bacterial B-galactosidase activity and counts of propionibacteria in intestinal tissues and
contents of mice fed different diets™.

Viable counts [B-galactosidase activity
(logyg cfu~g‘1) (umol~h‘1~g‘1)
Diets Small bowel  Small bowel Cecal Cecal Small bowel Cecal
tissue content tissue content content content
Water nd™** 49+09 nd 5.8+0.8 126 £2.8 380.6 +33.2
Milk nd 5.8+0.5 37+03 64+03 23.5+3.08  460.3 = 62.42
Milk + 3.6 +0.5 85+0.9% 59x06% 95x0.72 32.8+3.8> 5209 +5]1.52
bacteria™
Cheese™™ nd 8.0+0.62 50x0.8 8.8x+0.32 402 +2.7¢ 518.6 +13.82

" The different groups were fed a solid conventional diet and drank/ate water, milk, milk with propioni-
bacteria or cheese. Viable counts of propionibacteria (log cfu- g 1) were determined in the mice intesti-
nal tissues and contents at the end of the 7 d of treatments. 3-galactosidase activity was determined in the
small bowel and cecal contents as indicated in Materials and Methods. Results are means + sd (n = 5).
Different superscripts in values of the same sample indicate significant differences between treatments
(P <0.05).
** Bacterial dose was adjusted to provide 10° cells of P. acidipropionici CRL1198 per day.
EET] 3 —1 (1ins .

nd, < 10° cfu-g' (limit of detection).
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4. DISCUSSION

Intestinal microflora, host physiology
and diet influence the stability of the gut
ecosystem and health status of the host. A
well-balanced microflora helps the host to
avoid infections by pathogens and to digest
complex nutrients. However, normal micro-
flora is also responsible for diet-dependent
harmful effects such as the potential produc-
tion of toxic or carcinogenic compounds
and the undesirable production of gas by
carbohydrate fermentation evidenced by
flatulence and abdominal pain [32].

Therefore, many efforts have been made
to reduce harmful effects of the intestinal
microflora by including prebiotics or pro-
biotics in the diet. Prebiotics influence the
intestinal ecosystem by stimulating the
growth of specific groups of bacteria able
to break them down [8, 31]. Probiotics, in
turn, may compete for substrates or break
down intermediate metabolites or products
of carbohydrate fermentation, resulting in a
carbon flow directed to metabolic pathways
that yield a lower amount of gas and a
higher amount of SCFA [26, 27]. As SCFA
are involved in a wide range of physiological
functions, the composition of the intestinal
microflora and its fermentative activity are
important factors to consider for disease
prevention.

Different authors have reported dietary
supplementations with lactobacilli or bifi-
dobacteria to manipulate the colonic fer-
mentation to increase production of SCFA.
In these studies, the main fermentation
products were acetic and lactic acids [19,
20]. Lactate is slowly absorbed from the
lumen by the colonic mucosa and leaves the
intestine with the feces, contributing to los-
ing the energy contained in the fermentable
carbohydrate molecules. Therefore, dietary
supplementation with PAB to improve
colonic fermentation seems to be the best
option considering that PAB produce acids,
like propionic acid, more easily absorbed
from the intestinal lumen.

In the present study, we reported changes
in the type and amount of SCFA produced
by the intestinal microflora depending on
diet, fermentable carbohydrates and PAB
supplementation.

In our in vivo experiments, we observed
an increased number of viable bacteria in
some groups fed with milk that might be
due to the adaptation of the endogenous
flora to more nutritive feeding containing
milk proteins. We determined that lactose
from milk could not reach the cecum in sig-
nificant amounts after 7 d of feeding, because
of the increase in lactase activity and micro-
flora adaptation in the small bowel that
improved dietary lactose utilization [19,
36]. Thus, endogenous substrates and pro-
tein supply had an important role in the fer-
mentation pattern observed in the milk-fed
mice, in which a higher amount of butyric
acid was determined in the ceca. This might
be due to the presence of different genera
such as Clostridium and Eubacterium,
which break down proteins into amino
acids and obtain energy from amino acid
fermentation, resulting in more butyric
acid.

In the PAB-fed groups enterobacteria
and, to a lesser extent, enterococci were
inhibited, but the main SCFA producers’
genera were not significantly affected.
However, while propionic acid production
increased in the presence of propionibacte-
ria, the amount of lactic acid increased by
diminishing butyric acid concentration,
apparently to keep redox balance in the
intestinal environment. This was possible
because many gut anaerobes have branched
fermentation pathways that allow them to
conduce the carbon flow from butyric to
lactic acid by adapting substrate catabolism
in response to a change of environmental
conditions [26]. As P. acidipropionici do
not use lactic acid in the presence of higher
amounts of glucose or lactose [35], there
was no significant consumption of the lactate
produced by the microflora. The preferential
consumption of lactate by P. freudenreichii
and the loss of B-galactosidase activity dur-
ing gastrointestinal digestion due to the
effect of trypsin in the pancreatic juice [39]
led to a lower concentration of lactic acid,
which was fermented into propionic acid in
the cecal content of mice fed with this species.

In vitro studies showed similar results,
but the relative amounts of acetic acid
remarkably diminished. This suggested that
other acetogenic bacteria were inhibited or
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that the metabolism was redirected towards
branches with a lower energy production
under carbon excess growth conditions
[26]. Lactic acid consumption was also
noticeable in homogenates containing
P. freudenreichii as lactate diminished to
values 3 to 4 times lower compared with the
homogenate without propionibacteria. We
conclude that this species depended on the
lactic acid produced by other intestinal bac-
teria for growth on cecal homogenates. In
contrast, the direct or sequential production
of SCFA via lactic acid consumption in
P. acidipropionici depends on the amount
of lactate in homogenates, intracellular
concentration of pyruvic acid and proper-
ties of its B-galactosidase enzyme [35]

We also studied sucrose fermentation in
the presence of propionibacteria, as it may
reach the human colon at a high concentra-
tion in the sucrose maldigestion syndrome,
while we evaluated FOS fermentation, because
they are frequently included in infant for-
mulas and other foods. Sucrose fermentation
by the intestinal microflora has previously
been reported in rats and humans [5, 33].
Among SCFA, acetate was the acid pro-
duced in the highest concentration in
sucrose diets and its relative amount was
not appreciably modified with the diet or
microflora composition. In contrast, the rel-
ative amount of propionic acid was higher
in diets that increase the number of Bacteroi-
des and lower in diets that improve butyric
acid production [5]. In our experiments we
obtained similar results, as sucrose fermenta-
tion by the intestinal microflora significantly
increased lactic and acetic acid concentra-
tions in cecal homogenates, indicating that
Bifidobacterium and Lactobacillus could be
favored [11, 12]. However, homogenates
containing propionibacteria had a signifi-
cant reduction in butyric acid and increase
in propionic acid production from sucrose
fermentation.

The intestinal microflora fermented FOS,
producing mainly lactic acid, while the rel-
ative amount of propionic acid diminished
and no improvement in the production of
this acid was observed in the presence of
propionibacteria. Acetic and lactic acids are
the main fermentation products of FOS-
containing diets, as FOS are especially

effective at sustaining the growth of intes-
tinal Bifidobacterium [20, 21]. However,
butyric acid production was also increased
in prolonged consumption of FOS [23] and
resistant starch-diets in which bifidobacte-
ria and lactobacilli are favored [33], although
they are not butyric acid producers. There-
fore, changes in the fermentation pattern
were not always consistent with changes in
the microflora composition, suggesting that
the overall result of fermentation is more
important than the number of bacteria from
individual genera.

Butyric acid stimulates proliferation of
normal crypt cells, but also favors differen-
tiation and induces growth arrest and apop-
tosis in various tumor cell lines [1, 14, 15].
It modifies gene expression via several
mechanisms, including inhibition of histone
deacetylase [2, 16] and DNA hypermethyl-
ation [28]. Therefore, there is a great inter-
est in ensuring the production of butyric
acid in the intestinal environment.

The fermentation pathways that lead to
butyric acid production are also responsible
for Hy and CO, production, involved in
abdominal pain and flatulence. Moreover,
they are precursors of CH,, an undesirable
metabolic product in people who harbor
large concentrations of methane-forming
Archaea strains [27, 34]. In contrast, the
fermentation pathways that lead to propi-
onic acid, which has effects similar to those
of butyric acid on the colonic mucosa [16,
17], do not produce H, or CH4. Therefore,
improvement of colonic fermentation by
including dairy propionibacteria in the diet
may result in a real health benefit.

Previous studies on the intestinal pro-
duction of SCFA during the consumption of
capsules containing a dairy propionibacte-
ria by human volunteers showed that there
were no differences in the SCFA profile
measured in feces [18] related to basal val-
ues. Longer treatment periods or a diet sup-
plemented with specific carbohydrates seems
to be necessary to modify the fermentation
pattern.

In our experiments, only milk supple-
mentation and lactose fermentation were
conducive to a higher production of propi-
onic acid, either by direct or sequential con-
sumption of substrate, in the presence of PAB.
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This supported the criterion that they should
be delivered to the intestine in a dairy product.

The development of probiotic cheeses
for delivery of beneficial microorganisms
has some precedents [9, 10]. Considering
the low growth rate of PAB in milk and the
protective effect of the cheese matrix, the
latter seems to be a better option for deliv-
ering these bacteria to the intestine.

According to our results, Swiss-type
cheeses containing probiotic PAB could be
used to improve carbohydrate utilization in
the human intestine, as they resist the tech-
nological processing of this type of cheese
and keep their adhesive properties, viabil-
ity and metabolic activity in the intestinal
environment.
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