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Zbigniew Dolatowski, and Luiza Jachacz-Jówko
Volume 2015, Article ID 452757, 9 pages

The Probiotic Bifidobacterium breve B632 Inhibited the Growth of Enterobacteriaceae within Colicky
Infant Microbiota Cultures, Marta Simone, Caterina Gozzoli, Andrea Quartieri, Giuseppe Mazzola,
Diana Di Gioia, Alberto Amaretti, Stefano Raimondi, and Maddalena Rossi
Volume 2014, Article ID 301053, 7 pages

Generation of Dipeptidyl Peptidase-IV-Inhibiting Peptides from 𝛽-Lactoglobulin Secreted by
Lactococcus lactis, Suguru Shigemori, Kazushi Oshiro, Pengfei Wang, Yoshinari Yamamoto, Yeqin Wang,
Takashi Sato, Yutaka Uyeno, and Takeshi Shimosato
Volume 2014, Article ID 393598, 8 pages

Amelioration of Colitis in Mouse Model by Exploring Antioxidative Potentials of an Indigenous
Probiotic Strain of Lactobacillus fermentum Lf1, Ritu Chauhan, Aparna Sudhakaran Vasanthakumari,
Harsh Panwar, Rashmi H. Mallapa, Raj Kumar Duary, Virender Kumar Batish, and Sunita Grover
Volume 2014, Article ID 206732, 12 pages

Potential Probiotic Escherichia coli 16 Harboring the VitreoscillaHemoglobin Gene Improves
Gastrointestinal Tract Colonization and Ameliorates Carbon Tetrachloride Induced Hepatotoxicity in
Rats, Prasant Kumar, Ayush V. Ranawade, and Naresh G. Kumar
Volume 2014, Article ID 213574, 9 pages

Association of Levels of Antibodies from Patients with Inflammatory Bowel Disease with Extracellular
Proteins of Food and Probiotic Bacteria, Arancha Hevia, Patricia López, Ana Suárez, Claudine Jacquot,
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Recent studies have highlighted the critical role of intestinal
microbes on health. The various bacterial communities in
the gut have many functions including metabolic, barrier
effect, and trophic and immunological functions. The gut
microbiota therefore performs a large number of important
roles that define the physiology of the host. Advances in the
understanding of microbiota interaction with the host have
irrevocably altered the view of mammalian metabolism and
gut biology. As stated by Kinross et al. [1], “human gut biology
and metabolism is not only influenced by the human genome,
but a core gut microbiome exist within the human gut, at least
at a genomic or metabolic level, and this is fundamental to the
maintenance of health, the development of disease and human
metabolic processes.”

The understanding of the gut microbiota and its activities
is essential for the generation of future personalized health-
care strategies. In this regard, there is a growing body of
evidence to support the potential use of selected bacterial
strains in the prevention and treatment of various human
and animal diseases. Numerous studies including different
probiotic strains have been performed in humans and animal
models to investigate their beneficial effects [2–4]. Overall
there is encouraging evidence that specific probiotic strains
are valuable in the prevention and treatment of different dis-
eases and their successful application is related to the better
understanding of the cellular and molecular mechanisms of
probiotic action.

Studies have provided insight into the mechanisms by
which probiotic bacteria are able to regulate the colonization
and eradication of pathogens in the gut, including competi-
tion for limited nutrients in the intestine and modulation of
the mucosal immune system [4, 5]. In addition, it has been
well established that probiotics are an important prophylactic
or therapeutic strategy for many mucosal and nonmucosal
immune-related conditions, such as inflammatory bowel
diseases (IBDs), celiac disease, metabolic syndrome, and
diabetes [6]. In this regard, results from experiments in
animal models of IBDs overwhelmingly support a causal role
of the microbiota in these diseases. In this special issue, A.
Hevia et al. explored the levels of antibodies raised against
extracellular proteins produced by different food bacteria
from the genera Bifidobacterium and Lactobacillus, in healthy
individuals and IBDs patients. The authors found that IBD
patients appeared to have different immune responses to food
bacteria. The work could set the basis for developing systems
for early detection of IBD, based on the association of high
levels of antibodies developed against extracellular proteins
from lactic acid bacteria. On the other hand, data from
animal models of colitis have indicated that specific probiotic
Lactobacillus and Bifidobacterium strains could prevent and
treat intestinal inflammation. The study of R. Chauhan et
al. was undertaken to evaluate the antioxidative potentials
of Lactobacillus fermentum Lf1, a promising indigenous
probiotic Lactobacillus strain, to manage oxidative stress and
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modulation of lipid peroxidation in vitro and in vivo. The
authors showed in intestinal epithelial cells cultures and in
a DSS colitis mouse model that the probiotic strain Lf1 was
able to increase the expression of antioxidative enzymes and
reduce colitis, indicating that probiotics could be explored
as a new strategy for IBD management through activation
of the antioxidant enzyme system. In addition, J. Breton
et al. studied the direct immune responses to alimentary
fibers in murine model of experimental colitis. The study
strongly suggests that intrinsic, nonprebiotic-driven effects
of selected oligosaccharide and polysaccharide fibers can
influence immunomodulatory functions and that these fibers
could be used to enhance dietary interventions for the
treatment of inflammatory disorders such as IBD and other
diseases with an immune component. The use of fibers
alone or in combination with selected probiotics (symbiotic
preparations) could be considered as a promise intervention
tool for inflammatory diseases.

Fermented dairy foods result from the metabolic activ-
ity of complex and heterogeneous bacterial communities;
then these dairy fermented products contain a complex,
live microbial consortium mostly represented by lactic acid
bacteria, which enter the human body and reach the gas-
trointestinal tract, where they can transiently interact with
the resident gut microflora of the host.The interplay between
these two microbial communities can greatly contribute
to human health. However, evaluation of the interaction
between these microbial populations has the obstacle of the
lack of simple model organisms suitable for these studies.
In this special issue, the work of E. Zanni et al. tested the
nematode Caenorhabditis elegans as a simple animal model
to evaluate the effects of a complex food-derived microbiota
on well characterized metabolic pathways. Authors provide
evidence that feeding C. elegans with a lactic acid bacteria
consortium influences longevity, larval development, fertility,
lipid accumulation, and gene expression related to obesity in
this model organism, as supported by transcriptional analysis
of some genes involved in fat metabolism. The work clearly
demonstrates the applicability of C. elegansmodel in the field
of host-microbiota interaction.

Currently, the use of genetically modified commensal
and lactic acid bacteria to deliver compounds of health
interest is gaining importance as an extension of the probiotic
concept [7]. Most of the works using recombinant friendly
bacteria are mainly related to vaccines. Several antigens from
pathogens have been expressed in genetically engineered
lactic acid bacteria and these recombinant bacteria have
been successfully used for inducing protective immunity
in animal models. However, recombinant friendly bacteria
can be also used for exploring novel effective strategies
to deliver therapeutic molecules to the mucosal tissues in
order to avoid degradation. In this special issue P. Kumar
et al. studied the potential beneficial effects of E. coli 16
expressingVitreoscilla hemoglobin gene, associated with bac-
terial respiration under microaerobic condition, on carbon
tetrachloride induced toxicity in rats. The work showed
that the presence of Vitreoscilla hemoglobin gene improved
the growth and intestinal tract colonization of E. coli 16.
Moreover, recombinant E. coli 16 enhanced catalase activity

in rats, prevented absorption of carbon tetrachloride in the
intestine, and ameliorated hepatotoxicity. On the other hand,
S. Shigemori et al. developed a 𝛽-lactoglobulin-secreting
Lactococcus lactis and demonstrated that this recombinant
strain is able to inhibit dipeptidyl peptidase-IV (DPP-IV)
activity. DPP-IV is a serine protease and its endogenous phys-
iological substrates are incretins. The incretins are primarily
glucose-dependent insulinotropic polypeptide and glucagon-
like peptide-1, which drive insulin secretion in pancreatic
𝛽 cells and suppress pancreatic glucagon production. Thus,
DPP-IV inhibitors are used in the management of type 2
diabetes mellitus.

In summary, this special issue covers a range of diverse
topics related to microbiota and probiotic in gut health
and disease, thus highlighting the potential beneficial role
friendly bacteria in human health. We hope the papers pub-
lished will serve to further highlight the potential application
of probiotics for the prevention and treatment of gut diseases,
as well as stimulating further research into the cellular and
molecular mechanisms of probiotic actions.

Haruki Kitazawa
Susana Alvarez

Alexander Suvorov
Vyacheslav Melnikov

Julio Villena
Borja Sánchez
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The beneficial effects of carbohydrate-derived fibers are mainly attributed to modulation of the microbiota, increased colonic
fermentation, and the production of short-chain fatty acids. We studied the direct immune responses to alimentary fibers in in
vitro and in vivo models. Firstly, we evaluated the immunomodulation induced by nine different types of low-digestible fibers on
human peripheral bloodmononuclear cells. None of the fibers tested induced cytokine production in baseline conditions. However,
only one from all fibers almost completely inhibited the production of anti- and proinflammatory cytokines induced by bacteria.
Secondly, the impact of short- (five days) and long-term (three weeks) oral treatments with selected fibers was assessed in the
trinitrobenzene-sulfonic acid colitis model in mice. The immunosuppressive fiber significantly reduced levels of inflammatory
markers over both treatment periods, whereas a nonimmunomodulatory fiber had no effect. The two fibers did not differ in terms
of the observed fermentation products and colonicmicrobiota after three weeks of treatment, suggesting that the anti-inflammatory
action was not related to prebiotic properties. Hence, we observed a direct effect of a specific fiber on the murine immune system.
This intrinsic, fiber-dependent immunomodulatory potential may extend prebiotic-mediated protection in inflammatory bowel
disease.

1. Introduction

Inflammatory bowel diseases (IBDs) are chronic inflam-
matory disorders of the gastrointestinal tract that occur
in genetically predisposed individuals (usually following an
environmental trigger). The two major IBDs in humans are
ulcerative colitis and Crohn’s disease [1, 2]. Although the
precise etiology of IBD remains unclear, several contributing
factors have been identified. Of these, the composition of
the gut microbiota has attracted much attention in the
last few years [3]. Indeed, dysbiosis of the normal gut
microbiota (leading to a breakdown in normal host-microbe
interactions) is likely to trigger the development of IBD.
One can therefore legitimately assume that modulation of
the gut microbiota can have prophylactic benefits and may

even be a treatment option. In humans, the microbiota is
composed of four major phyla: the Firmicutes, Bacteroidetes,
Actinobacteria, and Proteobacteria. In IBD, it has been
reported that Bacteroidetes are less abundant and Firmicutes
are less diverse [4, 5].

By modifying the diet (e.g., by adding nondigestible
fibers), it is possible to modulate the gut’s microbiota and
the ecological environment [6]. Prebiotics are defined as
“nondigestible food ingredients that beneficially affect the
host by selectively stimulating the growth and/or activity
of one or a limited number of bacterial species already
resident in the colon and, thus, improve host health” [7, 8].
These ingredients are mainly fermented by the microbiota
in the colon, where they stimulate the growth of beneficial
bacteria (such as bifidobacteria and lactobacilli) and inhibit
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the growth of pathogenic bacteria (such as Clostridium
species) [9]. This fermentation also leads to the produc-
tion of short-chain fatty acids (SCFAs), which lowers the
caecal pH and thus prevents overgrowth by pH-sensitive
pathogenic bacteria (such as E. coli and Salmonella spp.)
[10].

Production of the three main luminal SCFAs (acetic,
butyric, and propionic acids) may have a direct impact
on the immune system. Short-chain fatty acids are used
directly by colonocytes as energy sources and also have
well-documented anti-inflammatory properties in vitro and
in vivo [11]. Although the mechanism of action is only
partially understood, it has been shown that butyrate can
inhibit inflammatory responses via inhibition of NF𝜅B in
both peripheral blood mononuclear cells (PBMCs) and
a 2,4,6-trinitrobenzene-sulfonic acid (TNBS) colitis model
[12]. Acetate and propionate are less well studied but also
have anti-inflammatory effects; propionate is more effective
than acetate [13]. Short-chain fatty acids are known to bind
to specific receptors, such as G-protein coupled receptors 41
and 43 (GPR41 and GPR43, also known as free fatty acid
receptors 2 and 3 (FFAR-2 and FFAR-3), resp.). Short-chain
fatty acids activate GPR41 and GPR43 on intestinal epithelial
cells, leading to the rapid production of chemokines and
cytokines [14]. It has been shown that GPR43 has a critical
role in the recruitment of polymorphonuclear leukocytes
during intestinal inflammation [15, 16]. In mice, SCFAs can
regulate the size and function of the colonic regulatory T-
cell pool and protect against colitis in a GPR43-dependent
manner [17].

Few studies have focused on the direct effects of dietary
fibers on the host (rather than indirect, postfermentation
effects on promoting viability and functionality of probiotics
or other colonic organisms) [18, 19]. For example, a decrease
in adherence of probiotic strains to abiotic surfaces, mucus
substrates, and epithelial cell lines was observed following
the direct addition of benchmarked prebiotics [20]. It was
recently reported that prebiotic oligosaccharides may have
a direct anti-inflammatory effect. In fact, a specific carbo-
hydrate induces peroxisome proliferator-activated receptor
gamma (PPAR𝛾) and peptidoglycan recognition protein 3
(PGlyRP3), thereby inhibiting the production of inflamma-
tory cytokines by intestinal epithelial cells [21]. Prebiotics
were shown to directly activate toll-like receptor 4 (TLR4)
on intestinal epithelial cells and thus induce proinflam-
matory responses [22]. Nevertheless, few researchers have
investigated the direct effect of various types of fibers.
The objective of the present study was thus to evaluate
the direct, intrinsic effects of different types of fibers on
the immune system by using both in vitro and in vivo
models. We hypothesized that a better understanding of
the mechanisms of action of low-digestible polysaccha-
rides might prompt the development of treatments for IBD
and irritable bowel syndrome that combine both prebiotic-
mediated and direct effects. We differentiated between indi-
rect and direct effects by implementing long-term and short-
term treatments in a murine model of experimental coli-
tis.

2. Materials and Methods

2.1. Prebiotic Substances Tested. Nine different types of solu-
ble dietary fibers (referred to here as Fibers 1 to 9) were tested
for their immunomodulatory effects. Fibers 1, 2, 3, 4, 5, 7, and
8 were glucose-based and Fibers 6 and 9 were fructose-based.
Fibers 1 and 2 (provided by Roquette (Lestrem, France)) were
manufactured by a process commonly used in the starch
industry. Fibers 3 to 9 were commercially available products
with construction-based polysaccharides and oligosaccha-
rides. Glucose (Sigma, Saint-Louis, MO, USA) was used as
a control.

2.2. Isolation and Stimulation of PBMCs. Peripheral blood
mononuclear cells were isolated from the peripheral blood
of healthy donors, as previously described [23]. Briefly,
after Ficoll gradient centrifugation (Pharmacia, Uppsala,
Sweden), mononuclear cells were collected, washed, and
adjusted to 1 × 106 cells/mL in RPMI complete medium
(consisting of RPMI 1640 medium (Live Technologies, Pais-
ley, Scotland) supplemented with gentamicin (150 g/mL), L-
glutamine (2mmol/L), and 10% fetal calf serum (all from
Gibco-BRL, NY, USA)). The PBMCs were seeded in 24-
well tissue culture plates (Corning, NY, USA). Fibers were
dissolved in RPMI complete medium, filtered at 0.22𝜇m
(Millipore, Molsheim, France), and then incubated with
PBMCs at a final concentration of 5 g/L.

For PBMC stimulation, Lactococcus lactis MG1363 and
Bifidobacterium longum BB3001 strains were incubated alone
or with fibers. The MG1363 strain was grown at 30∘C in
M17 broth supplemented with 0.5% glucose, and the BB3001
strain was grown at 37∘C in MRS broth (Difco, Pont-de-
Claix, France). Bacterial cells were grown until the stationary
phase, washed, and adjusted toMcFarland 3 (using a portable
photometer (Densimat bioMérieux, Marcy l’étoile, France))
in PBS containing 20% glycerol and stored at −80∘C until
required for later assays [24]. After 24 h of stimulation at 37∘C
in an atmosphere of air with 5% CO

2
, culture supernatants

were collected, clarified by centrifugation, and stored at
−20∘C until cytokine analysis. Cytokine levels weremeasured
in an enzyme-linked immunosorbent assay (ELISA) using
BD Pharmingen antibody pairs (BD Biosciences, San Jose,
CA, USA) for interleukin- (IL-) 10, IL-12p70, and interferon
𝛾 (IFN𝛾), and from R&D Systems (Minneapolis, MN, USA)
for human tumor necrosis factor alpha (TNF-𝛼) and IL-6,
according to the manufacturer’s recommendations.

2.3. Animal Care and Ethical Aspects. Female BALB/cmice (6
weeks old on arrival) were obtained from Charles River Lab-
oratories (Saint Germain sur l’Arbresle, France). The animals
were randomly divided into groups of five and housed in a
controlled environment (22∘C, 12 h/12 h light/dark cycle, and
ad libitum access to food and water). All animal experiments
were performed in compliance with the guidelines of the
Institut Pasteur de Lille Animal Care andUse Committee, the
Amsterdam Protocol on Animal Protection and Welfare and
Directive 86/609/EEC on the Protections of Animals Used
for Experimental and Other Scientific Purposes (updated
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Table 1: The list of target genes and the corresponding primer accession numbers.

Gene name Abbreviation Commercial reference
Actin beta ActB Mm 01205647 g1
Nitric oxide synthase 2 (inducible) Nos2 Mm 00440502 m1
Peroxisome proliferator activated receptor gamma Pparg Mm 01184322 m1
Interleukin 1 beta Il1b Mm 01336189 m1
Prostaglandin synthase 2 Ptgs2 (Cox2) Mm 00478374 m1
Interleukin 6 Il6 Mm 00439614 m1

in the Council of Europe’s Appendix A). Animal handling
was also compliant with French legislation (the French Act
87-848, dated 19-10-1987) and the European Communities
Amendment of Cruelty to Animals Act 1976. The study’s
objectives and procedures were approved by the regional
Ethic and Welfare Committee for Experiments on Animals
(Lille, France; approval number: 04/2011-019R).

2.4. In Vivo Experimental Design, Induction of Colitis, and
Sampling. After one week of acclimatization, mice were
administered intragastrically with 500 𝜇L/mice of selected
fibers suspended in saline solution (final dose level: 4 g/kg
of bodyweight) daily for either 5 days (the short-term
treatment) or 3 weeks (the long-term treatment). Control
mice received saline solution alone under the same condi-
tions. Before the induction of colitis, feces were taken for
microbiota analysis. Caecal content was also collected from
healthy mice for SCFA assays. Samples were snap-frozen and
stored at −80∘C prior to analysis.

To induce a moderate level of inflammation, we used
a standardized murine TNBS colitis model (described in
[25]). Briefly, a 50 𝜇L solution of 110mg/kg TNBS (Sigma)
in 50% ethanol was slowly administered into the colon
via a 3.5 French gauge catheter. Mice were weighed, bled
from the retroorbital venous plexus, and were sacrificed 48–
72 h after TNBS administration. Clarified sera were frozen
and stored at −20∘C until cytokine assays were performed.
Colons were removed, washed, and opened longitudinally.
Samples of the distal colon (0.5 cm of the inflamed area) were
processed in RNA stabilization solution (RNA-later, Ambion,
Life Technologies, Carlsbad, CA, USA) and stored at −80∘C
for later gene expression analysis. Colon samples (1 cm of
the distal part) were fixed in 4% formalin for histological
analysis. Colon segments were also removed for further
myeloperoxidase (MPO) assays.

2.5. Inflammation Scoring. Murine IL-6 and serum amyloid
A (SAA) protein levels were measured by ELISA using
commercial antibodies (BD Biosciences Pharmingen, San
Diego, CA,USA andBiosource International (Camarillo, CA,
USA), resp.), with a lower limit of sensitivity of 15 pg/mL
for IL-6 and 30 ng/mL for SAA. Opened colons were graded
for inflammation (using the Wallace score) by two blinded
observers [26]. Fixed colons were embedded in paraffin and
histological analysis was performed on 5 𝜇m tissue sections
stained with May-Grünwald Giemsa reagent. Tissue lesions
were scored according to the Ameho criteria [27].The degree

of polymorphonuclear neutrophil infiltration of the distal
colon was assessed by quantifying neutrophil granule MPO
levels, as described earlier [28].

2.6. Gene Expression Analysis. Samples were crushed using
the FastPrep Lysing Matrix D (MP Biomedicals, Santa Ana,
CA, USA) and total RNA was isolated using RNA spin
columns (Macherey-Nagel, Hoerdt, France). Reverse tran-
scription and real-time PCR were performed with reaction
kits (high capacity cDNA RT kit) and reagents (Universal
PCR Master Mix) from Applied Biosystems (Courtaboeuf,
France), according to the manufacturer’s instructions. The
PCR reactions were performed with a MX3005P Stratagene
machine (Agilent Technologies, Massy, France). For the
target genes Nos2, PPAR𝛾, IL-1𝛽, Cox2, and IL-6, a custom
gene expression assay (TaqMan, Applied Biosystems) was
used with the commercially designed and validated primers
given in Table 1. The housekeeping gene beta actin was
run as a reference gene. At least ten biological replicates
were measured for each exposure condition. The recorded
data were analyzed using the 2−ΔΔCt calculation method and
expressed as a fold-increase over the values in control mice.

2.7. Pyrosequencing Procedures andAnalysis. Fresh feces were
collected at the start of the experiments and 3 weeks after
the long-term fiber treatment. Samples were snap-frozen and
stored at −80∘C prior to nucleic acid extraction.

DNA Extraction and PCR Amplification. Nucleic acid was
extracted as described previously [29]. 16S rRNA genes were
amplified using PCR primers [30] targeting the V5 and V6
hypervariable regions. The forward primer contained the
Titanium A adaptor sequence (5-CCATCTCATCCCTGC-
GTGTCTCCGACTCAG-3) and a barcode sequence. The
reverse primer contained the Titanium B adaptor sequence
(5-CCTATCCCCTGTGTGCCTTG-3). For each sample, a
PCR mix of 100 𝜇L contained 1x PCR buffer, 2U of KAPA
HiFi Hotstart polymerase blend and dNTPs (Kapa Biosys-
tems, Clinisciences, Nanterre, France), 300 nM primers
(Eurogentec, Liège, Belgium), and 60 ng of genomic DNA.
Thermal cycling consisted of initial denaturation at 95∘C
for 5min, followed by 25 cycles of denaturation at 98∘C for
20 s, annealing at 56∘C for 40 s, and extension at 72∘C for
20 s, plus final extension at 72∘C for 5min. Amplicons were
visualized on 1% agarose gels with GelGreen Nucleic Acid
gel stain in 1x Tris-acetate-EDTA (TAE) buffer and were then
cleaned with the Wizard SV Gel and PCR Clean-up System
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(Promega, Charbonnieres les Bains, France), according to the
manufacturer’s instructions.

Amplicon Quantitation, Pooling, and Pyrosequencing. DNA
amplicons and purified pooled DNA concentrations were
determined using the Quant-iT PicoGreen dsDNA reagent
and kit (Life Technologies), according to the manufacturer’s
instructions. Assays were carried out using 2𝜇L of cleaned
PCR product in a total reaction volume of 200 𝜇L in black,
96-well microtiter plates. Following quantitation, cleaned
amplicons were combined in equimolar ratios in a single
tube.The final pool of DNA was eluted in 100𝜇L of nuclease-
free water and purified using an Ampure XP Purification
Systems, according to themanufacturer’s instructions (Agen-
court Biosciences Corporation, Beckman Coulter, Beverly,
MA, USA) and resuspended in 100 𝜇L of TAE 1x buffer.
Pyrosequencing was carried out using primer A on a 454
Life Sciences Genome Sequencer FLX instrument (Roche,
Branford, CT, USA) using titanium chemistry.

16S rRNA Data Analysis. The sequences were assigned to
samples as a function of their sample-specific barcodes.
The sequences were then checked against the following
quality control criteria [31]: (i) an almost perfect match with
the barcode and primers (one mismatch/deletion/insertion
per barcode or per primer was allowed); (ii) at least 240
nucleotides in length (not including barcodes and primers);
and (iii) no more than two undetermined bases (denoted
by N). Each pyrosequenced dataset that met these criteria
was assigned to a family with the ribosomal database project
(RDP) classifier (version 2.1, http://rdp.cme.msu.edu) with
a confidence threshold >80%. The Chao richness estimate
was calculated using Mothur software (for more details, see
http://www.mothur.org/wiki/Chao).

2.8. Quantification of SCFA Production. The SCFAs acetate,
butyrate, and propionate in cecal suspensions were assayed
on a gas chromatograph (Shimadzu) using a capillary free
fatty acid packed column (Achrom, Zulte, Belgium; 30m ×
0.33mm × 0.25 𝜇m), a split injector, and a flame ionization
detector. The results are reported in mmol per gram of wet
caecal material.

2.9. Statistical Analysis. Experimental groupswere compared
with their respective controls in nonparametric one-way
analyses of variance, Mann-Whitney 𝑈 tests, or Student’s 𝑡-
test, as appropriate. The statistical significance of the results
is denoted as ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, and ∗∗∗𝑃 < 0.001. Data
are presented as the mean ± standard error of the mean.

3. Results

3.1. The Immunomodulatory Effect of Fibers on PBMCs. The
fiber-induced production of cytokines by human PBMCswas
investigated under baseline conditions and after bacterial
stimulation. The nine fibers tested were not cytotoxic (as
assessed by trypan blue staining) and did not induce the
detectable production of cytokines under baseline conditions

(data not shown). After bacterial stimulation, only Fiber 1
slightly inhibited the production of IL-10 (with a decrease
of 23%, relative to the anti-inflammatory control strain B.
longum BB3001). More importantly, Fiber 1 was associated
with much lower levels of IL-12 and IFN-𝛾 (with respective
decreases of 98% and 89%, relative to the proinflammatory
control strain L. lactis MG1363 (𝑃 < 0.001)) (Figure 1). This
inhibition was dose-dependent (results not shown) and did
not occur with any of the other fibers.These results show that
Fiber 1 has a strong, specific, immunosuppressive effect.

3.2. The Effects of Long-Term Administration of Selected Fibers
in the TNBS Colitis Model. On the basis of the in vitro results,
we decided to study Fiber 1’s strong immunosuppressive effect
in vivo. Fiber 2was used as a control.Mice fed for 3weekswith
the selected fibers (at 4 g/kg) did not display any bodyweight
changes or any modulation of inflammatory gene expression
(data not shown). We observed similar food intakes and
normal stool consistency in all groups of mice.

To assess the effects of these two fibers with opposing
effects on the immune response during colonic inflammation,
we studied the TNBS murine model of inflammatory bowel
disease. The clinical and histopathological features of the
severe colitis induced by TNBS exposure resemble those
seen in Crohn’s disease. During the development of TNBS-
induced inflammation, the mice had lost 13% of their initial
body weight 2 days after the induction of colitis. A 3-week
oral pretreatment with Fiber 1 (but not Fiber 2) restricted
the weight loss significantly (to 6%; 𝑃 < 0.01; Figure 2(a)).
Compared with mice having ingested vehicle (phosphate
buffer) alone, pretreatment with Fiber 1 was associated
with a 48% relative reduction in the Wallace macroscopic
inflammation score (4.8 ± 0.68 versus 2.5 ± 0.52, respectively,
𝑃 < 0.01) (Figure 2(b)). This inhibition was confirmed in
a histological assessment, which showed significantly less
severe colonic damage (according to the Ameho score) in
mice treated with Fiber 1. In contrast, pretreatment with
Fiber 2 did not reduce the macroscopic and histological
damage scores (Figure 2(c)). Consistently, MPO activity was
significantly lower (by 65%; 𝑃 < 0.01) in mice fed with
Fiber 1, relative to control mice fed with Fiber 2 (Figure 2(d)).
Likewise, therewas reduction in serum IL-6 and SAA levels in
mice administered with Fiber 1 (by 62% and 48%, resp.; 𝑃 <
0.05; Figures 2(e) and 2(f)). Pretreatment with Fiber 2 was
not associated with a significant change in serum IL-6
and SAA levels. We next studied the expression of colonic
genes as markers of local inflammation. With Fiber 1
supplementation, we observed a significant reduction in
expression of the inflammatory genes IL-6 and IL-1𝛽 and
the oxidative stress genes Cox2 and Nos2 (all 𝑃 < 0.05,
relative to control mice). We observed also the restoration
of PPAR𝛾 expression (𝑃 < 0.01), which is known to (i)
inhibit the expression of inflammatory cytokines and (ii)
prompt immune cells to differentiate into anti-inflammatory
phenotypes (Figure 2(g)). These changes in gene expression
highlighted a reduction in the inflammatory state and suggest
that only the oral administration of Fiber 1 has a significant
inhibitory activity.This findingwas confirmed by all the other
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Figure 1: Immunomodulatory effects of nine different types of fibers: peripheral blood mononuclear cells were stimulated with control
MG1363 strain or BB3001 strain, in order to induce a strong immune response. To demonstrate immunomodulatory effects, fibers were
added at the same time as the bacteria. Levels of the cytokines IL-10 (a), IL-12 (b), and IFN-𝛾 (c) were measured in the culture supernatant.
Data are presented as the percentage induction relative to the control strains. ∗𝑃 < 0.05, ∗∗∗𝑃 < 0.001.

inflammatory parameters measured in mice following TNBS
colitis induction.

3.3.The Effects of Short-TermAdministration of Selected Fibers
in a TNBS Colitis Model. To study the fibers’ potential direct
immune effects (rather than the established fermentation-
mediated prebiotic effect), we pretreated mice with fibers for
only 5 days. In this second experiment, we prolonged the
colitis for an additional day (in order to obtain more intense
colitis). Here, exposure to TNBS induced a progressive body
weight loss of 18%. Short-term treatment with Fiber 1 limited
the body weight loss to 13%, whereas Fiber 2 had no effect
on this parameter (Figure 3(a)). In terms of macroscopic and
histological scores, treatment with Fiber 1 was associatedwith
a lowerWallace score (2.45±0.31, versus 4.25±0.64 in TNBS-
treated control mice; 𝑃 < 0.01) and a lower Ameho score
(3 ± 0.63 and 4.45 ± 0.53, resp., 𝑃 < 0.05) (Figures 3(b)
and 3(c)), confirming the histopathological results. Levels
of IL-6 and SAA were much lower (by 64% and 51%, resp.;
𝑃 < 0.05 for both) in mice fed with Fiber 1. Likewise, MPO

activity was lower (by 62%; 𝑃 < 0.05) in mice fed with Fiber
1 than in TNBS control mice (Figures 3(d), 3(e), and 3(f)).
The colonic expression levels of inflammatory gene mark-
ers were also lower in mice fed with Fiber 1, albeit not
significantly (Figure 3(g)). All the results from this second
TNBS experiment were consistent with the previous data
and demonstrated a protective effect of Fiber 1 even when
administered for just a few days.

3.4. Changes in Colonic Fermentation and SCFA Production
after a Long-Term Treatment with Prebiotic Fibers. To rule
out the possibility that the observed protection against colitis
was due to a “standard” prebiotic effect, we measured the
production of anti-inflammatory SCFAs (i.e., the cecal SCFA
content of mice administered Fiber 1, Fiber 2, or a control
saline solution for 3 weeks). Long-term treatment with either
Fiber 1 or Fiber 2 significantly increased levels of acetic acid
(by 33% and 42%, resp.; both 𝑃 < 0.01) and butyric acid
(62% and 𝑃 < 0.01 for both), relative to controls (Figure 4).
Caecal propionic acid levels were only slightly higher in mice
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Figure 2: Continued.
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Figure 2: Effect of long-term administration of selected fibers in a TNBS colitis model: in addition to their standard diet, mice were
administered water, Fiber 1, or Fiber 2 for three weeks. Next, TNBS colitis was induced. The body weight change (a), the macroscopic score
(b), the histological score of representative May-Grünwald-Giemsa stained colon sections (c), the myeloperoxidase activity (d), serum levels
of IL-6 (e) and SAA (f), and the expression of inflammatory genes in the colon (g) were scored. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01.

treated with Fiber 2 (26%, 𝑃 < 0.01).The fibers’ similar SCFA
profile during long-term treatment suggests that protection
in the TNBS colitis model is due to mechanisms specifically
associatedwith Fiber 1, rather than to fermentation processes.

3.5. Modulation of the Microbiota during Long-Term Treat-
ment. Analysis of the fecal microbiota was carried out via
454 pyrosequencing of the V5-V6 region of the 16S ribosomal
RNA. With operational taxonomic unit (OTU) cut-offs of
0.03, 0.05, and 0.10, the samples from the control, Fiber 1,
and Fiber 2 groups did not differ significantly in terms of bio-
diversity (as assessed by the nonparametric Shannon index
of diversity). However, with an OTU cut-off of 0.03, Fiber
1 and Fiber 2 treatments significantly improved microbial
richness; the Chao richness index was 2936 ± 171 in control
mice, 3632 ± 196 in mice fed with Fiber 1 (𝑃 = 0.0206), and
3717 ± 240 in mice fed with Fiber 2 (𝑃 = 0.0130). Treatment
with Fiber 2 was also associated with minor changes in the
composition of the fecal microbiota at both the phylum and
family levels. In fact, a 25-day treatment with Fiber 2 induced
a small but significant increase in the number of Bacteroides
and a significant decrease in the number of Firmicutes
(Figure 5(a)). At the family level, we observed a slight increase
in the numbers of Erysipelotrichaceae, Coriobacteriaceae,
and Porphyromonadaceae (Figure 5(b)). In contrast, Fiber 1
did not have a significant effect on the bacterial composition,
which might explain the difference in protection between the
two fibers. Similarly, the distribution of bacterial genera in
the distinct groups ofmice was barely affected. Consequently,
the specific protection provided by Fiber 1 did not seem to

be due to modulation of the microbiota, as could have been
expected after the prolonged administration of a prebiotic. A
direct effect of the fiber on the immune system thus appears
to be more likely in this context.

4. Discussion

The present study aimed to characterize a potential direct
effect of carbohydrate-based low-digestible fibers on immu-
nity in in vitro and in vivo models. In view of the com-
plex relationships between diet, intestinal microbiota, their
metabolites, and the host immune system, the intrinsic
immunomodulation induced by different food compounds
(including dietary fibers) acts additively or synergistically
with well-characterized prebiotic effects [18, 32]. The recent
finding that “nontraditional prebioticmechanisms”may con-
tribute to the immunomodulatory effects of bacteria-derived
exopolysaccharides has attractedmuch attention [33–35]. For
example, it is well known that prebiotics can inhibit the
adhesion of pathogenic bacteria in vitro to human epithelial
cells and thus act as decoy receptors [36].This is also the case
for selected commensals or probiotic bacteria [20], known
to indirectly influence subsequent immune signaling in this
way. As previously suggested [37], prebiotic oligosaccharides
might prevent cell activation and therefore the induction
of inflammatory responses by mimicking binding sites on
immune cell surfaces.

This mechanismmight be involved in our study, since we
observed that administration of one particular fiber (Fiber 1)
inhibited the expression of both pro- and anti-inflammatory
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Figure 3: Continued.
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Figure 3: Effect of short-term administration of selected fibers in a TNBS colitis model: in addition to their standard diet, mice were
administered water, Fiber 1, or Fiber 2 for five days. Next, TNBS colitis was induced. The body weight change (a), the macroscopic score
(b), the histological score of representative May-Grünwald-Giemsa stained colon sections (c), the myeloperoxidase activity (d), serum levels
of IL-6 (e) and SAA (f), and the expression of inflammatory genes in the colon (g) were scored. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01.
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Figure 4: Colonic fermentation after 25 days of treatment with
the selected fibers: levels of SCFAs (acetic acid, propionic acid, and
butyric acid) were measured in the caecal samples of mice from the
control, Fiber 1, and Fiber 2 groups after 25 days of treatment. Values
are reported in mmol per gram of wet caecal material. ∗∗𝑃 < 0.01.

cytokines. Both epithelial and immunocompetent cells might
be targeted by this type of carbohydrate, since some prebi-
otics can diffuse through epithelial monolayers and poten-
tially modulate immune cells located in the subepithelial
environment [38]. Moreover, it was recently shown that
low- or nondigestible oligosaccharides can interfere with

intestinal cell lines by activating the TLR4-NF𝜅B pathway
[22]. Thus, prebiotics are ligands in intestinal cells that
could compete with lipopolysaccharide signaling. Another
hypothetical mechanism relates to the activation of TLR4 on
monocytes, the activation of NF𝜅B, and the production of
cytokines. Furthermore, it was recently demonstrated that
prebiotics such as inulin, fructooligosaccharides (FOS), and
glucooligosaccharides can act as direct or indirect TLR4
modulators by specifically upregulating TNF-𝛼, IL-6, IL-
17, IFN𝛾, and/or IL-10 in mice splenocytes or rat PBMCs
[39]. In our study, the fructose-based fibers 6 and 9 did
not produce this type of effect. Similarly, a specific 𝛽-glucan
receptor (dectin-1) is reportedly involved in the nonopsonic
recognition of zymosan on immune cells [40]. Lastly, by using
an in vitro model in which dietary fibers (galactooligosac-
charides, inulin, arabinoxylan, and glucan) were incubated
with differentiated colonic epithelial cell cocultures, it was
found that dendritic cells exposed to the spentmedia released
regulatory cytokines [41].

In the present study, we identified two glucooligosac-
charide fibers with different immunomodulatory properties
in vitro and in vivo. However, their effects on SCFA fer-
mentation and the gut microbiota composition were sim-
ilar. Short-chain fatty acids (including butyrate) may fuel
colonocytes, strengthen the epithelial mucosa, also activate
FFAR pathways, and induce immunomodulation. Since long-
term treatment with Fiber 1 had a greater effect than short-
term treatment, one might expect Fiber 1 to have a prebiotic
effect (mediated by the SCFA production) on the protection
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Figure 5: Distribution of bacterial phylotypes (a), families (b), and genera (c) in the fecal pellets of mice treated with Fiber 1, Fiber 2, or water
alone (control). ∗𝑃 < 0.05, ∗∗𝑃 < 0.01.

and/or modulation of the microbiota [15]. However, this
effect was not sufficient per se to explain the observed anti-
inflammatory effects of Fiber 1, since short- and long-term
treatmentswith the control Fiber 2 did not provide protection
but were associated with the generation of similar amounts of
SCFAs.

Inflammatory bowel disease (most commonly Crohn’s
disease and ulcerative colitis) is a chronic, disabling condition
with an increasing incidence in southern Europe. Although
the etiology of IBD is unknown, the characteristic, dispro-
portionate inflammatory response in the gut may develop

through multifactorial cellular and subcellular mechanisms,
involving genetics, the environment, dietary habits, and the
composition of the gut microbiota [42]. Consequently, a
range of treatments are used to reduce the symptoms and
certain causes of IBD, although an exacerbated immune
response can be directly targeted by immunosuppressive
drugs (such as corticoids, 5-aminosalicylic acid, and anti-
TNF-𝛼 antibodies), all having marked long-term side effects.
Other strategies are based onmicrobiota-based dietary inter-
ventions, either by the use of prebiotic fibers, probiotics, or
(most recently) fecal transplants of healthy microbiota.
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Reduced bacterial diversity has been implicated in the
mechanism of IBD [43]. Specific pathogenic/colitogenic bac-
teria (such as enteroinvasive E. coli or strains of Fusobac-
terium) and the lack or decrease in certain beneficial species
(such as Faecalibacterium prausnitzii or Roseburia hominis)
are reportedly linked to the development of IBD [44]. Hence,
increasing overall microbial diversity with prebiotics may be
one way of treating these pathologies. In the present study,
treatment with various prebiotic fibers was associated with a
slight increase in bacterial richness. However, this increase
in microbiota diversity alone was not sufficient to explain
the observed effect; the prebiotic Fiber 2 did not significantly
affect the intensity of colitis.

In view of (i) the crucial role of carbohydrate-based
prebiotic fibers in the management of gut homeostasis, (ii)
the intricate relationships between immunity (via the gut
associated lymphoid tissue, GALT, the regulatory T-cells, and
the dendritic cells), (iii) the gut microbiota composition, and
(iv) the corresponding metabolic pathways (SCFAs and their
related receptors), our results in a TNBSmodel for colitismay
have consequences for other diseases, notably overweight,
obesity, and type 2 diabetes. Indeed, a number of metabolic
disorders have been successfully treated by the administra-
tion of dietary fibers like FOS [45, 46]. Since obesity is char-
acterized by a low-grade inflammatory state, an additional
direct impact of dietary fibers on the immune response may
be of major interest in the treatment of metabolic syndromes
[47]. Moreover, a direct impact of dietary fibers on the
migration of systemic immunocompetent cells can occur at
sites remote from the gut [48].

In conclusion, our study results strongly suggest that
intrinsic, nonprebiotic-driven effects of selected oligosaccha-
ride and polysaccharide fibers can influence immunomod-
ulatory functions. These fibers could be used to extend
the well-known prebiotic mechanisms (i.e., better colonic
fermentation and SCFA production) and enhance dietary
interventions for the treatment of inflammatory disorders
such as IBD, IBS, and other diseases with an immune
component [6]. The use of fibers alone or in combina-
tion with selected probiotics (symbiotic preparations) could
be considered. The observed effects of Fiber 1 may also
explain how (i) fiber intake reduced inflammatory plasma
markers in certain epidemiological studies and (ii) fiber
supplementation in clinical studies impacts on inflammation
through mechanisms unrelated to bodyweight [49]. Further
studies are required, however, to define the structural basis
of a direct effect of carbohydrate polymers in relation to
signaling and receptor binding and investigate the underlying
extraintestinal impact on regulatory cells involved in the
immunoregulatory effect.
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The nematode Caenorhabditis elegans is widely used as a model system for research on aging, development, and host-pathogen
interactions. Little is currently known about the mechanisms underlying the effects exerted by foodborne microbes. We took
advantage of C. elegans to evaluate the impact of foodborne microbiota on well characterized physiological features of the
worms. Foodborne lactic acid bacteria (LAB) consortium was used to feed nematodes and its composition was evaluated by
16S rDNA analysis and strain typing before and after colonization of the nematode gut. Lactobacillus delbrueckii, L. fermentum,
and Leuconostoc lactis were identified as the main species and shown to display different worm gut colonization capacities. LAB
supplementation appeared to decrease nematode lifespan compared to the animals fed with the conventional Escherichia coli
nutrient source or a probiotic bacterial strain. Reduced brood size was also observed in microbiota-fed nematodes. Moreover,
massive accumulation of lipid droplets was revealed by BODIPY staining. Altered expression of nhr-49, pept-1, and tub-1 genes,
associated with obesity phenotypes, was demonstrated by RT-qPCR. Since several pathways are evolutionarily conserved in C.
elegans, our results highlight the nematode as a valuable model system to investigate the effects of a complex microbial consortium
on host energy metabolism.

1. Introduction

Fermented foods result from the metabolic activity of com-
plex and heterogeneous bacterial communities, which prolif-
erate within the food matrix using carbohydrate substrates to
carry out fermentation processes. Moreover, dairy fermented
products are frequently consumed fresh, containing therefore
a complex, live microbial consortium mostly represented by
lactic acid bacteria (LAB), which enter the human body and
reach the gastrointestinal tract, where they can transiently
interact with the resident gut microflora of the host. Several
dairy and meat products typical of Mediterranean countries
are obtained by traditional manufacturing procedures that
often employ raw material, relying on the natural microflora
preexisting in such ingredients, whose species composition
reflects local environments [1]. The food microbiota of tra-
ditional fermented products is therefore extremely complex,

partly specific for each food, and in constant interaction
with the environmental bacterial community, including the
gut microbiota of animals and humans. The most relevant
LAB in fermented foods belong to the genera Lactococcus,
Lactobacillus, Streptococcus, Pediococcus, and Leuconostoc.
Several LAB species are also highly represented within the
resident gut microbiota of healthy humans. Lactobacillus
species, in particular, are abundant in both food and gut
microbiota [2]. The interplay between these two microbial
communities can greatly contribute to human health, as
several foodborne species also display probiotic properties
[3]. A growing body of literature suggests a link between
gutmicrobiota composition and specificmetabolic disorders,
including obesity [4, 5]. Alterations of intestinal microbial
composition were identified in obese human subjects as
well as in animal obesity models and shown to affect host
metabolism and energy storage. There are different ways by
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which the gut microbiota can affect host energy metabolism:
one is represented by an increased level of energy extraction
from the diet, involving specific bacterial phyla and classes,
while others involve a direct influence on host pathways,
by altering the expression of host genes, especially those
involved in fat metabolism [6]. Given the capability of
foodborne bacteria to transiently colonize the intestine, thus
influencing resident gut microflora composition, it would be
extremely important to identify the mechanisms underlying
the effects of a complex foodborne microbial consortium on
host energy metabolism, which are still poorly understood.
One of the main obstacles towards this goal is the lack of
simple model organisms suitable for these purposes. In this
workwe tested the nematodeCaenorhabditis elegans as a sim-
ple animal model to evaluate the effects of a complex food-
derived microbiota on well characterized metabolic path-
ways. C. elegans is of great value in several fields of biological
research sincemany of its pathways are conserved in humans.
It is widely used as a model organism for research on aging,
development, and neurodegenerative diseases. In particular,
for aging studies, the nematodes have the advantage of a short
and reproducible lifespan and ease of cultivation.C. elegans is
a differentiatedmulticellular organismwith a nervous system,
reproductive organs, and digestive apparatus. Furthermore,
it has a simple structure and a short life cycle (less than 3
days) and can be infected by different human pathogens that
can replace the regular Escherichia coli food source. Dietary
sources, such as bacteria, play an important role in the control
of C. elegans lifespan [7], and nematodes exhibit a decreased
lifespan when subjected to a diet of pathogens compared
to those fed with nonpathogenic laboratory microbes, such
as auxotrophic strains of E. coli. Increasing evidences have
revealed that bacterial metabolism has a great impact on host
pathways, for example, in the case of folate or nitric oxide
metabolism [8, 9]. The nematode C. elegans has been used
in several studies to identify and characterize evolutionarily
preserved traits associated with host-pathogen interactions
[10] and also supplies the possibility for fast large-scale and
economically feasible in vivo screens of new antimicrobials,
along with their mode(s) of action [11]. In recent years, the
nematode has also been employed as a usefulmodel host for a
wide variety ofmicrobes relevant for humanhealth, including
LAB and probiotics. The majority of works demonstrate that
several LAB species, mostly belonging to Lactobacillus genus,
increase the nematode lifespan, although such effects are
highly strain-dependent (reviewed in [8]).On the other hand,
some LAB species have also been demonstrated to exert
detrimental effects on development and growth of worms
[12]. It was reported that different Lactobacillus species,
including L. brevis and L. plantarum, isolated from fermented
vegetable foods, may contribute to host defenses and prolong
C. elegans lifespan [13]. A new functional screening method
was recently developed to identify and characterize new
potential antioxidant probiotic bacteria, revealing that a
strain of L. rhamnosus could protect the nematode against
oxidative stress [14]. In a recent work, authors provide
evidence that a strain of L. salivarius, isolated from faeces
of centenarian subjects, induced longevity in nematodes by
dietary restriction [15]. Moreover, a study investigating the

effect of Bifidobacterium infantis on C. elegans longevity
found a modest dose-dependent lifespan extension when B.
infantis was added to E. coli conventional food source, and
such effects were also observed when nematodes were fed
on cell wall or protoplast fractions of B. infantis, suggesting
the involvement of host protective pathways activated by
bacterial cell wall components, rather than the production
of bacterial metabolites or gut colonization [16]. However,
the use of C. elegans as a model organism for the study
of probiotic or foodborne bacteria has been restricted to
the analysis of single bacterial strains, often deriving from
collections, while few data are available on natural, uncharac-
terized strains, as well as on complex foodborne microbiota
as a whole. Mozzarella di Bufala Campana (MBC) is an
example of traditional Italian PDO (Protected Designation
of Origin) cheese that is consumed fresh within 2 weeks
from production and contains high titer of live and complex
microflora [17]. In this work we provide evidence that
feeding C. elegans with a LAB consortium derived from
MBC influences longevity, larval development, fertility, lipid
accumulation, and gene expression related to obesity in this
model organism, as supported by transcriptional analysis of
some genes involved in fat metabolism.

2. Materials and Methods
2.1. Cheese Microbiota Preparation, Bacterial Strains, and
Growth Conditions. 10 g of Mozzarella di Bufala Campana
(MBC) sampleswere diluted in 90mL sodiumcitrate solution
(2%w/v) and homogenized in a BagMixer400 (Interscience,
France). 60𝜇L of homogenate was inoculated in 50mL of
MRS medium (Oxoid Ltd., England) and incubated at 37∘C
for 48 h under anaerobic conditions (Anaerocult A, Merck,
Germany), to obtain a bacterial titer of about 1×1010 Cfu/mL,
corresponding to OD

600
= 3. Bacterial counts were obtained

by serial dilution in quarter-strength Ringer’s solution, fol-
lowed by plating on MRS agar. Plates were incubated at 37∘C
for 48 h under anaerobic conditions. Independent colonies
displaying different morphologies were isolated from the
plates, grown as described above, and stored at −80∘C
in 15% (v/v) glycerol. Lactobacillus rhamnosus GG (LGG,
ATCC53103) was used as probiotic control where indicated.

2.2. C. elegans Strains and Growth Conditions. Worms were
cultured as described previously [18] and grown at 16∘C
supplemented with the Escherichia coli OP50 (originally
obtained from the Caenorhabditis Genetics Center), unless
otherwise indicated. The C. elegans strains used in this study
are daf-16 (mu86) mutant and Bristol N2 as standard wild
type strain, provided by the Caenorhabditis Genetic Center.

Worms were fed with E. coli OP50 or LGG or with
foodborne microbiota. LAB consortium and LGG cultures
were daily prepared as follows: aliquots of frozen cheese
homogenate or frozen LGG stock were inoculated in MRS
medium and grown at 37∘C overnight under anaerobic
conditions. Similarly, an aliquot of OP50 frozen stock was
inoculated in LBmedium and grown at 37∘C overnight under
aerobic conditions. Afterwards, each type of bacterial lawn
was prepared by spreading 25𝜇L of the bacterial suspension
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Table 1: Primers used in standard and RT-qPCR assays.

Primer name Primer sequence (5-3) Target gene Organism PCR assay Reference
P0
P6

GAGAGTTTGATCCTGGCT
CTACGGCTACCTTGTTAC 16S-rDNA Bacteria Standard [20]

GTG5 GTGGTGGTGGTGGTG Genomic repetitive elements Bacteria Standard [21]

pept-1 For
pept-1 Rev

GTGTTCGGAGAAGTATCTCG
CAAGAGCACAGTCGTGAGTA

pept-1
GenBank accession number

NM 076686
C. elegans Real-time This work

tub-1 For
tub-1 Rev

CCACAGCAAGTTCAAGAGTC
AGCCACTACATCAGTGTTCC

tub-1
GenBank accession number

NM 063309
C. elegans Real-time This work

nhr-49 For
nhr-49 Rev

GCTCTCAAGGCTCTGACTC
GAGAGCAGAGAATCCACCT

nhr-49
GenBank accession number

NM 001264305
C. elegans Real-time This work

act-1 For
act-1 Rev

GAGCGTGGTTACTCTTTCA
CAGAGCTTCTCCTTGATGTC

act-1
GenBank accession number

NM 073418
C. elegans Real-time This work

in M9 buffer, corresponding to 10mg of bacterial cells, on
nematode growth medium (NGM) modified to be peptone-
free (mNGM) in 3.5 cm diameter plates, according to Ikeda
et al. (2007) [19].

2.3. Lifespan Assays. Synchronized N2 adults were allowed
to lay embryos for 2 h directly on mNGM, covered with the
indicated bacterial lawns, and then sacrificed. All lifespan
assays started when the progeny became fertile (t0). Animals
were transferred to new plates spread with fresh lawns and
monitored daily. They were scored as dead when they no
longer responded to gentle prodding with a platinum wire.
Worms that crawled off the plates were not included in the
analysis.

2.4. Pharyngeal Pumping Assay. Pharyngeal pumping was
analyzed as described by Uccelletti et al. [22] under Zeiss
Axiovert 25 microscope by counting the number of con-
tractions (defined as backward grinder movements in the
terminal bulb) on 40 animals for each treatment, during
five periods of 30 s. The analysis was performed on L4 wild-
type worms, grown on LAB or E. coli (control) starting from
embryo stage. The experiment was performed after 6 days
from egg hatching.

2.5. Brood Size Measurement. Progeny production was eval-
uated according to Zanni et al. [23] with some modifications.
Briefly, synchronized worms obtained as above were grown
onmNGMplates seeded with bacteria and then were allowed
to lay embryos at 16∘C. Next, animals were transferred onto a
fresh bacteria plate every day, and the number of progeny was
counted with a Zeiss Axiovert 25 microscope. The procedure
was repeated for 4 days until the mother worms stopped
laying eggs. Each day the progeny production was recorded
and was compared with the OP50- or LGG-fed nematodes.

2.6. Body Size and Embryos Length Measurement. Embryos
and individual animals were photographed after 3, 4, and 5
days from egg hatching using a Leica MZ10F stereomicro-
scope connected to JenoptikCCDcamera. Length of embryos

or worm body was determined by using the Delta Sistemi
IAS software and compared to OP50- or LGG-fed worms. At
least 30 nematodes or embryos were imaged on at least three
independent experiments.

2.7. Lipid Droplets Visualization. Approximately 100 L4
nematodes, grown on LAB, LGG, or OP50 containing
mNGM plates, were suspended in 1mL of M9 buffer and
washed three times. Subsequently, worms were incubated
with a solution of 6.7𝜇g/mLBODIPY493/503 (Life technolo-
gies) for 20min, as indicated in the vital staining protocol
reported in [24]. Afterwards, worms were mounted onto 3%
agarose pads containing 20mM sodium azide and observed
with a Zeiss Axiovert 25 microscope. BODIPY images were
acquired using identical settings and exposure times to allow
direct comparisons.

2.8. Real-Time qPCR. Total RNA from LGG- or LAB-fed
L4 worms was isolated with Trizol reagent (Invitrogen) and
then digested with 2U/𝜇L DNAse I (Ambion). 800 ng of
each sample was reverse-transcribed using oligo-dT and
enhanced Avian reverse transcriptase (SIGMA, Cat. number
A4464), according to manufacturer’s instructions. For real-
time qPCR assay, each well contained 2 𝜇L of cDNA used
as template, SensiMix SYBR & Fluorescein Kit purchased
from Bioline, and the selective primers (200 nM) designed
with Primer3 software and reported in Table 1. All samples
were run in triplicate. I Cycler IQ Multicolor Real-Time
Detection System (Biorad) was used for the analysis. The
real-time qPCR conditions are described by Gorietti et al.
[25]. Quantification was performed using a comparative CT
method (CT = threshold cycle value). Briefly, the differences
between the mean CT value of each sample and the CT
value of the housekeeping gene (ama-1) were calculated:
ΔCTsample = CTsample − CT𝑎𝑚𝑎-1. Final result was determined
as 2−ΔΔCT where ΔΔCT = ΔCTsample − ΔCTcontrol.

2.9. Estimation of Bacterial CFU within the Nematode Gut.
For each experiment, 10 animals at L4 stage and at 8 days of
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adulthoodwerewashed and lysed according toUccelletti et al.
[11]. Whole worm lysates were plated onto MRS-agar plates.
The number of CFU was counted after 48 h of incubation at
37∘C, anaerobically.

2.10. Bacterial Species Identification and Strain Typing. Total
bacterial DNA was obtained from colonies or inoculum by
microLYSIS (Microzone, Canada), according to the manu-
facturers’ instructions, and used as template for PCR ampli-
fications. Strain typing was performed by rep-PCR finger-
printing with the GTG

5
primer, as described by Gevers et

al. [21] (Table 1). The eubacterial P0-P6 primer pair (Table 1,
Invitrogen Life Technologies, Italy) was used to amplify
16S rRNA gene fragments [20]. PCR mixtures contained
200𝜇M/each dNTPs, 1 𝜇M/each forward and reverse primer,
2mM MgCl

2
, and 2U Taq DNA polymerase (Invitrogen,

Italy) in the supplied buffer. The PCR products were eluted
from gels and purified by NucleoSpin Extract II Purifica-
tion Kit (Macherey-Nagel, Italy) and sequenced with the
forward primer (Eurofins MWG Operon Sequencing Ser-
vice, Germany). Taxonomic identification was performed
by comparing the DNA sequences of amplified 16S rDNA
fragments with those reported in the Basic BLAST database
[26]. Representative isolates belonging to each rep groupwere
subjected to 16S rDNA amplification and sequencing in order
to identify the species.

2.11. Statistical Analysis. Experimentswere performed at least
in triplicate. Data are presented as mean ± SD, and Student’s
𝑡-test or one-way ANOVA analysis coupled with a Bonfer-
roni post test (GraphPad Prism 4.0 software) was used to
determine the statistical significance between experimental
groups. Statistical significance was defined as ∗𝑃 < 0.05,
∗∗
𝑃 < 0.01, and ∗∗∗𝑃 < 0.001.

2.12. GenBank Accession Numbers. Nucleotide sequences of
amplified 16S rDNA fromrepresentative isolateswere submit-
ted to GenBank, and the corresponding accession numbers
are reported below:

t0-1: KM272561
t0-11: KM272562
t0-12: KM272563
t0-15: KM272564
t0-3: KM272565
t0-36: KM272566
t0-51: KM272567
t0-6: KM272568
L4-1: KM272569
L4-16: KM272570
L4-22: KM272571
L4-23: KM272572
L4-39: KM272573
L4-4: KM272574
L4-6: KM272575
L4-9: KM272576.

3. Results

3.1. Effect of LAB Microbiota Supplementation on Nematode
Lifespan and Development. Our goal was to study the effects
of a dietary source consisting of a foodborne microbial
consortium, represented by the LAB component of MBC
cheesemicrobiota, onC. elegans physiology. Lifespan analysis
was performed bymonitoring LAB-fedN2wild type animals,
starting from the L1 larval stage, in comparison with control
worms grown on E. coli OP50 or on a claimed commercial
probiotic strain, namely, L. rhamnosus GG (LGG). Intrigu-
ingly, the MBC microbiota diet induced a relevant reduction
in C. elegans longevity in contrast to an increased lifespan
observed in the LGG-fed worms (Figure 1(a)). Such effects,
expressed as the time at which 50% of the worm population
is dead, were recorded at days 8 and 19 in LAB- and LGG-
fed nematodes, respectively, in comparison with day 14 in
E. coli fed animals. Notably, lifespan shortening appeared
to be dependent on the viability of the microbiota used as
food source. Indeed, dietary administration of heat killed
LAB did not produce any effect on nematode lifetime (data
not shown). Microscopic observations of LAB-fed animals
resulted in a size reduction with respect to OP50-fed animals
along all the developmental stages, reaching in length 70%
of the control during the adulthood (Figure 1(b)). To deter-
mine whether longevity and size reduction could originate
from inefficient food uptake, a pumping rate analysis was
performed. However, no difference was recorded between
nematodes grown on LAB lawns and the OP50-fed worms
(data not shown).

3.2. LAB Microbiota Diet Influences Fertility and Host Energy
Metabolism. Our attention was then focused on exploring
possible F1 alterations induced in C. elegans by MBC micro-
biota as dietary source. To this aim, progeny production was
evaluated. The brood size of LAB-fed worms was strikingly
decreased, with a 72% reduction of progeny number com-
pared with animals grown with the E. coli food source. A
reduction was also observed for the progeny derived from
LGG-fed animals, although to a lesser extent (Figure 2(a)).

In addition, MBC microbiota administration led to a
decreased size of embryos as compared to the OP50 control
that was not observed in the case of LGG-fed animals
(Figure 2(b)).

Intriguingly, microscope observation after 3 days from
egg hatching and during the adulthood showed a higher
transparency in LAB-fed animals with respect to OP50-fed
worms (data not shown). Since this phenotype called “Clear”
has been reported in animals showing lipid homeostasis
defects [27], we used the lipophilic BODIPYdye to investigate
fat storage alterations [28]. LAB diet induced in the animals
an enhanced fluorescence as compared to E. coli fed worms
(data not shown), thus confirming an increase in lipid
accumulation. However, LAB-fed animals (Figures 3(d), 3(e),
and 3(f)) displayed large aggregates of lipid bodies with
respect to LGG-fed nematodes (Figures 3(a), 3(b), and 3(c)).

In order to identify the genes possibly responsible
for the alterations induced by the LAB consortium with
respect to LGG, real-time qPCR analysis was performed
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Figure 1: Effect of MBC microbiota on nematode lifespan and adult body size. (a) Kaplan-Meier survival plot of N2 worms fed with LAB
consortium. Lifespans of E. coli OP50- and LGG-fed animals are reported as controls; 𝑛 = 60 for each data point of single experiments. (b)
Effect of LAB feeding on C. elegans body size. Worms were grown in the presence of OP50, LGG (controls), or MBC-derived LAB and their
length was measured from head to tail at the indicated time points. The blue or grey asterisks indicate the 𝑃 values (log-rank test) against
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0

100

200

300

OP50 LAB LGG

∗

∗∗

∗∗

Em
br

yo
s/

w
or

m

(a)

0

20

40

60

OP50 LAB LGG

∗∗

Em
br

yo
s l

en
gt

h 
(𝜇

m
)

(b)

Figure 2: Effect of MBC microbiota on nematode fertility. (a) Average embryos production per worm of OP50-, LGG-, or LAB-fed animals.
Bars represent the mean of three independent experiments. (b) Measurements of embryos length derived from worms fed with the indicated
bacteria from the L1 stage.

for nhr-49, pept-1, and tub-1 genes, whose involvement in
lipid metabolism and obesity-related phenotypes have been
described [29–31]. The results showed that the MBC micro-
biota diet induced an increased transcription of all tested
genes with respect to nematodes fed with the LGG diet
(Figure 4).

Since daf-16 is one of the major regulators of fat
metabolism [32], we sought to test whether the LAB diet
could alter fat metabolism by modulating this factor. To this
aim, we fed loss-of-function daf-16 mutant nematodes with
LAB and assessed the lifespan, the fertility, and the fat storage.
The effect of the LAB consortium on fat deposition (data not

shown) and on the lifespan of themutant animals was similar
to that observed with the N2 strain (Figure 5(a)). Moreover,
LAB supplementation induced a progeny reduction analo-
gous to the wild type animals (Figure 5(b)).

3.3. Colonization Capacity of Microbiota and Species Char-
acterization. Intestinal colonization experiments were per-
formed to determine whether the microbiota was consumed
by the worms. To this aim, worms fed LAB or LGG were
lysed at different time points and the resulting whole lysates,
plated on MRS and grown as described (see Section 2), were
used to evaluate the bacterial colony forming units (CFU).
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Figure 3: Visualization of lipid droplets. BODIPY staining of L4 C. elegans animals grown in the presence of LGG (a, b, c) or LAB (d, e, f) as
food sources.

Results, reported in Figure 6, demonstrated that both diets
increased the intestinal CFUs along the lifespan.However, the
CFU number relative to MBC microbiota diet resulted to be
about 3-fold less than that relative to LGG diet at 8 days of
adulthood (Figure 6).

In order to identify the predominant bacterial species
most likely involved in inducing the observed phenotypes
in C. elegans, the MBC microbiota was subjected to species
identification. We first examined the isolates associated with
different colony morphology (i.e., large and smooth, large
and rough, and medium), deriving from plates obtained by
serial dilution of the homogenate inoculum used to feed
the nematodes (see Section 2). Microscope observation of 10
isolates representative of each colony morphology revealed
the presence of long, filamentous, nonmotile rods (large
and smooth colonies), short nonmotile rods (large and
rough colonies), and ovoid forming cocci (medium colonies)
(data not shown). 16S rDNA amplification and sequencing
identified them as Lactobacillus delbrueckii, L. fermentum,
and Leuconostoc lactis, respectively.

A more in-depth analysis concerned strain typing of a
representative number of isolates, ranging from 20 to 40
colonies, performed at time point 0 (representing the initial
microbial LAB consortium used to feed the worms), as well
as at different nematode stages (representing the intestinal
microbial community of C. elegans fed MBC microbiota).
In this latter case, worms supplemented until L4 stage or
8 days of adulthood with cheese microbiota were washed
and lysed, and the resulting lysates were plated on MRS
in order to isolate bacterial colonies. Strain typing was
carried out by rep fingerprinting (see Section 2) and the

Table 2: Bacterial species and related rep groups associated with the
nematode gut at different time points after the initial supplementa-
tion. Time point 0 refers to the microbial community used to feed
the worms.

Time point Species Rep group 𝑁 isolates Total
isolates

0 h
L. delbrueckii
L. fermentum
Leuc. lactis

VIII, IX
X, XI, XII

VII, VIIa, VIIb

9
8
10

28

L4
L. delbrueckii
L. fermentum
Leuc. lactis

B2, E, F
B, B1, D
A, C

20
14
6

40

8 d adults L. delbrueckii
L. fermentum

H, H1
G

28
7 34

results are shown in Figure 7. Isolates displaying the same
fingerprinting profile were assigned to a single rep group.
Rep-PCR amplification identified 8 distinct rep groups, out
of 28 isolates analyzed, at time point 0 h (Figure 7(a)), while
at L4 stage (Figure 7(b)) and at 8 d (Figure 7(c)) 8 rep groups,
out of 40 isolates analyzed, and 3 rep groups, out of 34, were
identified, respectively. Only representative rep groups are
shown in Figures 7(b) and 7(c). Species assignments were
defined on the basis of sequencing results (see Section 2) or
restriction digestion (data not shown) of 16S rDNA amplified
from representative isolates. Correlations between the species
and rep groups, as well as their distribution in the worm
gut at different stages or at time point 0, are summarized
in Table 2. Overall, we observed an equal distribution of
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Figure 4: RT-qPCR analysis of lipid metabolism genes. Expression of (a) nhr-49, (b) tub-1, and (c) pept-1 genes in LGG- or LAB-fed animals
after 3 days from hatching. Histograms show the expression of lipid metabolism related genes detected by real-time PCR.

L. delbrueckii, L. fermentum, and Leuc. lactis in the initial
microbial consortium,while a progressive decreasing of Leuc.
lactis was observed in the worm gut microbial community at
the observed time points. In particular, only L. fermentum
and L. delbrueckii were recovered from nematode lysates at
8 days of adulthood, with a prevalence of the L. delbrueckii
species (28 isolates out of 34) (Table 2).

4. Discussion

In the present work, we have evaluated the impact on
C. elegans physiology of a complex, foodborne microbial
consortium derived from a traditional fermented cheese. To
this aim, nematodes were fedMBCmicrobiota fromhatching
throughout development. Longevity analysis demonstrated
that LAB-fed animals exhibited a reduced lifespan with
respect to control worms, fed conventional E. coli OP50 or
the LGG probiotic strain. Such effect was not attributable to
inefficient food uptake and was dependent on LAB viability.
An infection-like process exerted by the consortium could
be hypothesized; however, nematodes grown with MBC

microbiota did not show intestinal lumendistension (data not
shown), a characteristic sign of pathogenesis [33]. Moreover,
lifespan analysis in the immunocompromised daf-16 mutant
revealed that LAB diet induced a reduction in the lifetime
to the same extent of that observed for C. elegans wild type
strain, reinforcing the idea that no infection process took
place in LAB-fed worms.

The observed effect on longevity was quite surprising,
since in the majority of previously published articles, LAB
have been shown to increase the nematode lifespan [13–
16, 19]. However, a negative effect exerted by L. salivarius,
L. reuteri, and Pediococcus acidilactici on the development
and growth of the worm was also recently reported [12].
Such conflicting results could be explained by assuming that
distinct species and strains can promote differential effects on
C. elegans. Moreover, it is important to consider that in some
cases the experiments have been performed with heat killed
bacteria [13, 15] and that in most published studies LAB were
supplied to adult worms, rather than the embryos.

We consider a key aspect that bacteria must be viable
to exert these effects, since fermented dairy products, which
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Figure 6: Bacterial colonization capacity. Bacterial colony forming
units (CFU) recovered from nematodes were obtained by plating
whole lysates of L4 and 8-day-old adults fed LGG (grey bars) or
LAB (orange bars). Bars represent the mean of three independent
experiments.

are usually consumed fresh, are characterized by high titers
of live microflora, potentially capable of colonizing the
human gut. In addition, to evaluate the effects of foodborne
microbes it would be “more physiological” to study the whole
complex microbiota per se rather than the single species
that could mask the effects of the consortium. Complex

bacterial environments can be composed indeed of several
underrepresented species, difficult to isolate.

Analysis of MBC consortium in terms of species com-
position resulted in the identification of three predominant
species, L. fermentum, L. delbrueckii, and Leuc. lactis, in
agreement with previous findings [17] which have never been
tested in C. elegans so far. The same species were also found
associatedwithwormgut after ingestion,with different distri-
butions relative to the time points analyzed. Taken together,
these results suggest that the overall initial cheese microbiota
composition is maintained in the nematode intestine during
the development while, at 8 days of adulthood, only L.
delbrueckii and L. fermentum are still capable of surviving
in the worm gut. In particular, prevalence of L. delbrueckii
was observed. On the other hand, Leuc. lactis appears to be
no longer able to colonize worm intestine. Several factors
contribute to bacterial competition for colonization in C.
elegans gut, such as selection by the host and strain-specific
characteristics [34].C. elegans gut colonization is still an open
question, and several works report a correlation between
bacterial colonization and nematode lifespan, as well as
defence response [35, 36].

Previous findings suggest that both Enterococcus faecalis
and E. faecium accumulate to high titers in the nematode
gut lumen during infection process, although only E. faecalis
was able to kill adult worms [37]. Conflicting results have
been reported by Forrester et al., who demonstrated that
the foodborne pathogen Listeria monocytogenes, although
exerting deleterious effects on C. elegans, did not persist in
the nematode intestine [38], suggesting that a complex set
of mechanisms regulate host-bacteria interactions. Similarly,
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a reduced colonization capacity has been observed in the case
of MBC microbiota with respect to LGG. Further studies are
therefore necessary to unravel such mechanisms.

Beyond the effects on lifespan, we observed that LAB-
and LGG-fed worms displayed fat accumulation, as revealed
by BODIPY staining. In C. elegans, fat is mainly stored
in intestinal and hypodermal lipid droplets [39, 40]. In
particular, LAB-fed nematodes displayed larger lipid bodies
with respect to LGG-fed worms, suggesting that foodborne
microbial consortium can have a higher impact on host fat
metabolism.

Foodborne microbes are introduced in the human body
through the food chain, and those capable of surviving the
harsh conditions of the upper GI tract can reach the colon,
where they can interact and modify the autochthonous gut

microbiota. However, the contribution of foodborne bacteria
to the modulation of host energy metabolism is still unclear.
One of the mechanisms by which the gut microbes can lead
to metabolic disorders is the alteration of expression of host
genes involved in energy expenditure and conservation [41].
We found that genes previously described as responsible
for obesity phenotypes in C. elegans, that is, pept-1, nhr-
49, and tub-1, are induced in MBC microbiota-fed worms,
demonstrating for the first time the capability of foodborne
microbes to alter lipid metabolism and accumulation.

It has been reported that different E. coli strains sig-
nificantly affect fat storage levels through the involvement
of the intestinal peptide transporter, Pept-1 [42]. The fact
that LAB-fed worms showed higher level of pept-1 transcript
with respect to LGG-fed animals suggests that the uptake



10 BioMed Research International

of di- and tripeptides derived from foodborne microbiota
could be not enough to guarantee the building blocks for
protein synthesis. However, we can not exclude that reduced
functionality of the transporter could be caused by an altered
intestinal cell pH, originating from LAB metabolism inside
the worm gut that leads to an increased mRNA level as a
compensatory mechanism. This hypothesis is in agreement
with the fact that pept-1 mutants showed phenotypes similar
to those observed in LAB-fed nematodes [43].

Foodborne microbiota induced in C. elegans also
increased transcription of the nuclear hormone receptor
gene, nhr-49, although to a lesser extent compared to the
other genes tested, namely, pept-1 and tub-1. This gene
encodes a transcription factor localized within nematode
body wall muscle cells [44] and involved in the control
of pathways that regulate fat consumption and maintain
normal balance of fatty acids saturation, by modulating the
expression of genes involved in fatty acid beta-oxidation [29].
It could be speculated that the increased nhr-49 transcript
levels in LAB-fed animals represent an attempt to decrease
the fat storages by increasing the beta-oxidation process.

Lipid accumulation has been connected inC. eleganswith
the sensory cilia, implicated in sensing the chemical and/or
physical extracellular environments. Tub-1, the transcription
factor homologous to the mouse protein Tubby, results to be
localized to the axons, dendrites, and cilia [45] and influences
fat metabolism [46]. Increased levels of tub-1 transcript were
also found in LAB-fed nematodes, suggesting a link between
the sensory neuron and the diet that will deserve further
investigations.

Taken together, these results suggest that supplementa-
tion of nematodes with a foodborne microbiota influences
host energy metabolism. Both microbiota- and LGG-fed
animals showed reduced progeny; this can be in agreement
with the fact that worms spend part of their energy on
reproduction. Embryos use yolk transferred from the intes-
tine to the gonadal arms as a primary food source [47]; we
therefore can hypothesize that LAB and LGG diet may alter
the reproductive behaviour indirectly through modifications
of fat stores.

Intriguingly, the predominant species identified in LAB
consortium used to feed the nematodes and triggering
obesity-like phenotypes belong to Firmicutes phylum. Both
diet- and genetic-induced obesity are associated with an
imbalance between Bacteroidetes and Firmicutes, the two
major phyla of gut bacteria, with Firmicutes prevailing in
obese subjects [48].

Studies aimed at investigating the role of gut bacteria
in metabolic disease progression have greatly profited from
gnotobiotic animal models [6]. However, the availability of
simpler model organisms would be extremely valuable in
terms of ease of cultivation, reduced costs, and ethic issues.
We have provided evidence that foodborne microbes can
colonize C. elegans gut and modulate host gene expression.
Overall, our results could represent a first step towards the
identification ofmetabolic pathways influenced by foodborne
bacteria.

5. Conclusions

C. elegans has been extensively used in biology research and,
most recently, some studies have taken advantage of this
model to study host-microbiota interactions using isolated
foodborne bacteria or probiotic strains.

Herein we found that supplementation of nematodes
with a foodborne microbiota, derived from a traditional
fermented dairy product, influences longevity and fertility
as well as lipid accumulation and gene expression related
to obesity, as supported by transcriptional analysis of some
genes involved in fat metabolism. We provide evidence that,
in foodborne microbiota-fed worms, expression of genes
encoding transcriptional factors involved in fatty acid beta-
oxidation or nutrient sensing and influencing fat metabolism
and storage is induced, demonstrating the capability of
foodborne microbes to alter host lipid metabolism and accu-
mulation. Moreover, we found that the main bacterial species
(L. fermentum, L. delbrueckii, and Leuc. lactis) characterizing
the consortium are able to colonize worm gut.

Overall our work extends the applicability of such model
in the field of host-microbiota interaction by evaluating the
influence exerted by a cheese derived LAB consortium on
different physiological aspects of the nematodes.
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Probiotics, prebiotics, and combinations thereof, that is, synbiotics, are known to exert beneficial health effects in humans; however
interactions between pro- and prebiotics remain poorly understood at the molecular level. The present study describes changes in
abundance of different proteins of the probiotic bacterium Lactobacillus acidophilusNCFM (NCFM) when grown on the potential
prebiotic cellobiose as compared to glucose. Cytosolic cell extract proteomes after harvest at late exponential phase of NCFMgrown
on cellobiose or glucose were analyzed by two dimensional difference gel electrophoresis (2D-DIGE) in the acidic (pH 4–7) and
the alkaline (pH 6–11) regions showing a total of 136 spots to change in abundance. Proteins were identified by MS or MS/MS
from 81 of these spots representing 49 unique proteins and either increasing 1.5–13.9-fold or decreasing 1.5–7.8-fold in relative
abundance. Many of these proteins were associated with energy metabolism, including the cellobiose related glycoside hydrolases
phospho-𝛽-glucosidase (LBA0881) and phospho-𝛽-galactosidase II (LBA0726). The data provide insight into the utilization of the
candidate prebiotic cellobiose by the probiotic bacterium NCFM. Several of the upregulated or downregulated identified proteins
associated with utilization of cellobiose indicate the presence of carbon catabolite repression and regulation of enzymes involved
in carbohydrate metabolism.

Dedicated to Susanne Jacobsen who sadly has passed away

1. Background

Probiotics are defined as “live microorganisms that when
administered in adequate amounts confer a health benefit on
the host” [1]. Reported beneficial effects include prevention
and reduced severity of respiratory infections [2],modulation
of immune responses [3], diminished symptoms of irritable
bowel disease [4], and a remedy against antibiotic-associated

[4] and infectious diarrhea [5]. Lactobacillus acidophilus
NCFM (NCFM) is a low GC ratio (38.4%), Gram-positive
lactic acid bacterium with well-documented probiotic effects
[6]. NCFMhas a genome of 2.0Mbwith 1,864 predicted open
reading frames (ORFs) including different genes and gene
loci involved in carbohydrate metabolism [7]. Furthermore,
a large number of identified proteins are dedicated to energy
metabolism [8]. Noticeably, cDNA microarray analyses of
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different oligosaccharide transporters support that NCFM is
capable of utilizing a wide range of carbohydrates including
known prebiotics, such as fructooligosaccharides (FOSs),
galactooligosaccharides (GOSs), and potential prebiotics, for
example, cellobiose [9, 10].

Prebiotics are food ingredients not digested by the host
which selectively stimulate bacterial species of the gut micro-
biota that confer health benefits, which include stimulation
of mineral absorption, improvement of the intestinal barrier,
and modulation of immune functions [11]. Since cellobiose
(4-O-𝛽-d-glucopyranosyl-d-glucose) is not digested in the
human upper gastrointestinal tract it is available for bac-
terial fermentation in the colon [12]. In in vitro experi-
ments, in the presence of human fecal bacteria, cellobiose
was reported to increase production of short-chain fatty
acids (SCFA) [13, 14] which are important for mainte-
nance of epithelial cell homeostasis [15] and possess anti-
inflammatory [16] as well as anticarcinogenic effects [17].
In mice, cellobiose thus improved clinical and pathological
markers of experimentally induced colitis [18], indicating that
cellobiose may exert prebiotic effects also in humans.

A synergistic effect can be achieved when a probiotic
and a prebiotic are administered together as a synbiotic [19].
Reported beneficial outcomes include decreased postopera-
tive infection rates [20] and improvements of liver function
in patients with liver failure [21]. The combination of NCFM
and lactitol is thus found to improve mucosal integrity,
intestinal motility, and gut microbiota composition of elderly
subjects [22, 23]. A simulated model of the human colon
inoculated with fecal bacteria was used to demonstrate the
synbiotic potential of NCFM in combination with cellobiose
[14]. Recently this combination was demonstrated to increase
bifidobacteria and lactobacilli, both regarded as beneficial, in
healthy humans [24].

Recently transcriptomic analysis of cellobiose meta-
bolism in Clostridium acetobutylicum, a low G+C, Gram-
positive bacteria, found in a number of ecological niches
such as soil and feces, indicated the presence of multi-
ple cellobiose-inducible operons [25]. Differential transcrip-
tomics and functional genomics have been used to study
genes of NCFM involved in uptake of cellobiose [26]; how-
ever, molecular responses at the protein level were not
explored. Effects of prebiotics on probiotic are not well
studied; however, humanmilk oligosaccharides were recently
shown to increase the adhesion of Bifidobacterium longum
subsp. infantitis [27]. Changes in adhesion were correlated to
changes at the transcriptional level for genes involved in host
interaction, including some encoding so-calledmoonlighting
proteins, that is, proteins having multiple and apparently
unrelated activities in different locations in the cell. The
present study investigates changes in abundances of individ-
ual NCFM proteins as elicited by growth on cellobiose by
using 2D-DIGE and mass spectrometry.

2. Methods

2.1. Growth Conditions. Freeze dried commercial Lactobacil-
lus acidophilus NCFM (NCFM; Danisco USA Inc., Madison,
US-WI) was revived in semisynthetic medium for lactic

acid bacteria (LABSEM) [28] supplemented with 1% (w/v)
of either cellobiose or glucose (Sigma-Aldrich, Brøndby,
Denmark). To avoid carry-over effects, three cycles of subcul-
tivationwere performed (40mL). Cells in the late exponential
phasewere harvested by centrifugation (3,200 g, 10min, 4∘C).
Growth experiments were done in quadruple. Cells were
harvested at OD

600
2.0 and 0.7 for glucose and cellobiose,

respectably, washed twice in 0.9% NaCl (pH 5.5, 4∘C), and
centrifuged (10,000 g, 5min, 4∘C).The pellets were dried (2 h,
SpeedVac, Savant, SC110Awith vacuum unit UVS400A; GMI
Inc., Ramsey, US-MN) and stored at −80∘C until use.

2.2. Preparation and Fluorophore-Labelling of Cytosolic Pro-
tein Samples. Extraction of cytosolic proteins was done by
mechanical grinding as described [29]. Protein concentra-
tions were determined using the 2D Quant Kit (GE Life
Sciences) and samples were stored at −80∘C.

The CyDye DIGE Fluor minimal dyes (GE Life Sciences),
Cy3 or Cy5 (200 pmol), were used to label aliquots of
four biological replicates (50 𝜇g each) interchangeably
according to Ettan DIGE System manual (GE Life Sciences)
using the dye swapping approach. Internal standards were
prepared by mixing protein samples (25 𝜇g from each)
and labeling with Cy2 (400 pmol). Samples for analysis at
pH 4–7 were mixed with the internal sample and adjusted to
450 𝜇Lwith rehydration buffer (7Murea, 2M thiourea, 3% 3-
((3-cholamidopropyl)-dimethylammonio)1-propansulfonate
(CHAPS), 1.5% pharmalyte pH 4–7, 1% bis(2-hydroxyethyl)
disulfide (HED), 100mM DTT, and 10mM Tris-HCl) for
immobilized pH gradient (IPG) strips (linear pH 4–7, 24 cm)
and incubated in the dark for 30min at room temperature.
For analysis at pH 6–11 samples were mixed as above and the
volume was adjusted to 120𝜇L with rehydration buffer (7M
urea, 2M thiourea, 3% CHAPS, 1% pharmalyte solution pH
6–11, 2.5% HED, 10% isopropanol, 5% glycerol, and 10mM
Tris-HCl).

2.3. 2D-DIGE. For the acidic proteome isoelectric focusing
(IEF) was done at a total of 75 kVh (6 h at 30V, 6 h at 60V,
1 h at 500V, 1 h at 1000V, and 2 h gradient to 8000V and
hold at 8000V until a minimum of 75 kVh was reached)
using IPG strips (pH 4–7, 24 cm, GE Life Sciences) on Ettan
IPGphor (GE Life Sciences). For the alkaline region, strips
(pH 6–11, 18 cm, GE Life Sciences) were rehydrated in 7M
urea, 2M thiourea, 3% CHAPS, 1% pharmalyte solution pH
6–11, 2.5% HED, 10% isopropanol, 5% glycerol, and 10mM
Tris-HCl, overnight prior to loading of the sample using the
cup-loading method [30, 31]. The IEF was done at a total of
40 kVh (10min at 30V, 5 h at 100V, 5 h at 600V, 3 h gradient
to 4000V, and 2 h gradient to 8000V and hold at 8000V until
a minimum of 40 kVh was reached). IPG strips were subse-
quently equilibrated in 5mL equilibration buffer (6M urea,
30% glycerol, 50mM Tris-HCl pH 8.8, 0.01% bromophenol
blue, and 2% SDS) with 1% DTT (15min) followed by 5mL
equilibration buffer with 2.5% iodoacetamide (15min). Sep-
aration in the second dimension was performed with 12.5%
SDS-PAGE gels on Ettan DALT twelve Electrophoresis Unit
(GE Life Sciences) as previously described [8].
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Figure 1: Representative 2D-DIGE fluorescent gel images of Lactobacillus acidophilus NCFM soluble cytosolic proteins for (a) the acidic
region pH 4–7 and (b) the alkaline region pH 6–11. 2D-DIGE Coomassie Brilliant Blue gel images showing numbers indicating spots picked
for identification by mass spectrometry are shown for (c) the acidic region pH 4–7 and (d) the alkaline region pH 6–11.

2.4. Image Analysis. Immediately after the second dimen-
sion DIGE, gels were imaged at excitation/emission wave-
lengths of Cy2 (488/520 nm), Cy3 (532/580 nm), and Cy5
(633/670 nm) at 100 𝜇m resolution (Typhoon 9410 Variable
Mode Imager; GE Life Sciences, Uppsala, Sweden). The
obtained images were analyzed using Progenesis SameSpots
v 4.0 software (Nonlinear Dynamics Ltd.). Alignment of
gel images was performed by automated calculation of 20
manually assigned vectors. Differentially expressed proteins
(threshold of ≥ 1.5-fold difference in spot intensity) were
chosen based on power calculation of 80% (minimum sample
size required to accept the outcome of a statistical test) and
the 𝑞-value was set at 0.05 (𝑞 ≤ 0.05) giving a false discovery
rate of 5% (𝑃 ≤ 0.05). Prior to spot identification, gels were
stained with colloidal Coomassie Brilliant Blue as described
previously [32].

2.5. In-Gel Digestion and Protein Identification. Spots of vary-
ing relative intensity were manually excised and subjected to
in-gel tryptic digestion [8]. MS and MS/MS were performed
as previously described [8]. Spectra were searched against
the NCBInr database for bacteria (20100323, 10606545

sequences, 3615943919 residues) usingMASCOT2.0 software
(http://www.matrixscience.com/) integrated with BioTools
v3.1 (Bruker-Daltonics). The parameters for the search were
monoisotopic peptide mass accuracy of 80 ppm, fragment
mass accuracy of 0.7Da, missed cleavage of maximum one,
carbamidomethylation of cysteine, and partial oxidation of
methionine. Known keratin and autocatalytic trypsin peaks
were removed and the signal to noise ratio was set at 1 : 6.
A Mascot score of ≥ 80 (𝑃 ≤ 0.05) was used to confirm
proteins identified by peptide mass fingerprint and should
have a minimum of six matched peptides. For MS/MS based
identification of proteins a Mascot score of ≥ 40 (𝑃 ≤ 0.05)
was used for each peptide.

3. Results

3.1. Acidic andAlkaline Differential Proteome of NCFMGrown
on Cellobiose. The present investigation of cytosolic pro-
teomes of NCFM grown on cellobiose, a potential synbiotic
combination, and glucose identified a total of 136 differen-
tially abundant spots in 2D-DIGE (Figure 1). Of these 108
(spots 1–108) were in the acidic region (pH 4–7, Figure 1(c))
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AA 5.8%
BCPC 9.6%

CE 3.8%

CIM 3.8%

CP 1.9%
DM 3.8%

EM 34.6%

FP 1.9%
HP 7.7%

PS 3.8%

PF 1.9%

PPNN 9.6%

RF 7.7%

TR 1.9%

UF 15.4%

Figure 2: Functional classification of the differentially abundant
proteins presented in Tables S1 and S2 shown as percentage of the
total number of unique proteins. Functional categories are AA,
amino acid metabolism; BCPC, biosynthesis of cofactors, prosthetic
groups, and carriers; CIM, central intermediate metabolism; CE,
cell envelope; CP, cellular processes; DM, DNA metabolism; EM,
energymetabolism; FP, fatty acid and phospholipidmetabolism;HP,
hypothetical proteins; PF, protein fate; PPNN, purines, pyrimidines,
nucleosides, and nucleotides; PS, protein synthesis; RF, regulatory
functions; TR, transport; and UF, unknown function.

and 28 spots in the alkaline region (pH 6–11, Figure 1(d)),
respectively. This difference is in accordance with the cytoso-
lic proteome distribution of NCFM [8, 29]. Among the 136
spots, 81 showed higher (1.5–13.9-fold) and 55 lower (1.5–
7.8-fold) relative abundance. Proteins were identified with
confidence by MS and/or MS/MS in 81 of 136 picked spots,
representing 49 unique proteins. The 81 spots correspond to
64 and 17 identifications from the acidic and alkaline regions,
respectively (Tables S1 and S2). The hypothetical protein
LBA0890 (spots 54–56 and 124) was identified both in the
acidic and alkaline proteome in the overlapping region (pI
6-7).

The identified 49 unique proteins found to change in
abundance when NCFM was grown on cellobiose were
distributed among 15 functional categories based on the
Comprehensive Microbial Research (CMR) database (http://
cmr.jcvi.org/) (Figure 2) as follows: 3 proteins associated with
amino acid metabolism; 5 with biosynthesis of cofactors,
prosthetic groups, and carriers; 2 with central intermediate
metabolism; 2 with cell envelope; 1 with cellular processes;
2 with DNA metabolism; 18 with energy metabolism; 1 with
fatty acid and phospholipid metabolism; 4 with hypothetical
proteins; 2 with protein synthesis; 1 with protein fate; 5 with
purines, pyrimidines, nucleosides, and nucleotides; 4 with
regulatory functions; 1 with transport; and 8 of unknown
function.

3.2. Differentially Expressed Proteins of NCFM Grown on
Cellobiose. A major proportion of the proteins that changed
in abundance were associated with energy metabolism
(Figure 2), including enzymes involved in the glycolysis:
triosephosphate isomerase (1.5–2.6-fold, spots 59, 60, 106,
and 107, some being higher and some lower in their abun-
dance), glyceraldehyde 3-phosphate dehydrogenase (1.5-

2.5-fold, Table 1, spots 36–38, 70, and 123, some being higher
and some lower in their abundance), and phosphoglycerate
kinase (1.6-1.7-fold lower abundance, Table 1, spots 28–31).
The two identified glycoside hydrolases, phospho-𝛽-glu-
cosidase and phospho-𝛽-galactosidase II, were both upreg-
ulated. Phospho-𝛽-glucosidase (Table 1, spot 17) increased
2.4-fold, whilst two forms of phospho-𝛽-galactosidase II
with different pI (Table 1, spots 16 and 18) increased 7.0-
and 7.4-fold in NCFM grown on cellobiose as compared
to glucose. Notably, trehalose-6-phosphate hydrolase (see
Table S1 in Supplementary Material available online at
http://dx.doi.org/10.1155/2015/347216, spot 93), catalyzing
conversion of trehalose-6-phosphate to glucose and glucose
6-phosphate, was upregulated by 2.1-fold. Chromosome par-
titioning protein (Table S1, spot 48) and a putative oxalyl-
CoA carboxylase (Table S1, spot 11) involved in both energy
metabolism and central intermediatemetabolism showed 3.1-
and 1.9-fold lower abundance, respectively.

Differentially abundant proteins involved in protein syn-
thesis including elongation factor Tu (EF-Tu) (Table S1, spots
25 and 27) decreased 4.2–6.5-fold, and a putative phosphate
starvation inducible protein (Table S1, spot 72) increased 2.8-
fold. Two forms of a putative serine protease (Table S1, spots
131 and 132) involved in protein fate showed a 1.5-1.6-fold
decrease. Two isoforms of asparagine synthetase (Table S1,
spots 33 and 136, and Table S2, spots 120 and 121) involved
in amino acidmetabolism increased 1.6–1.9-fold, while serine
hydroxymethyltransferase (Table S1, spot 26), also associated
with functional categories purines, pyrimidines, nucleosides,
and nucleotides and biosynthesis of cofactors, prosthetic
groups, and carriers, decreased 1.6-fold.

All identified proteins associated with purines, pyrim-
idines, nucleosides, and nucleotides were downregulated
when grown on cellobiose compared to glucose.They include
ribonucleoside triphosphate reductase (Table S1, spots 2–
5), inosine-5-monophosphate dehydrogenase (Table S1, spot
35), uracil p-ribotransferase (Table S2, spot 66), and 2,3-
cyclic-nucleotide 2-phosphodiesterase (Table 1, spot 92),
which decreased 1.5–3.6-fold. Differentially expressed pro-
teins involved in DNA metabolism were identified as DNA
gyrase subunit B (Table S1, spot 6) and single-stranded DNA-
binding protein (Table S1, spot 75) which increased 1.5- and
13.9-fold, respectively, when NCFMwas grown on cellobiose.

The second largest group of proteins with altered abun-
dancy was of unknown function (UF), which included three
upregulated hypothetical proteins: LBA0466 (3.4- and 4.5-
fold; Table S1, spots 7 and 8), LBA0890 (1.5–2.0-fold; Table S1,
spots 54–56, 58, 109, and 124), and LBA1769 (2.0-fold; Table
S1, spots 77 and 82). Other proteins in the so-called category
of unknown function, that is, myosin-cross-reactive antigen
(Table S1, spots 9 and 10), oxidoreductase (Table S1, spots
50 and 95), tRNA uridine 5-carboxymethylaminomethyl
modification enzyme GidA (Table S1, spots 111, 112, and 114),
and galactose mutarotase related enzyme (Table S1, spot 49),
increased 1.6–6.3-fold. Proteins associated with prosthetic
groups and carriers, that is, hypothetical protein LBA1769
(Table S1, spots 77 and 82), nicotinate phosphoribosyltrans-
ferase (Table S1, spot 23), and NAD synthetase (Table S1, spot
42), were upregulated by 1.7–2.0-fold, while aminotransferase
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Table 1: Differentially abundant proteins of Lactobacillus acidophilus NCFM grown on cellobiose compared to growth on glucose shown
for selected proteins having a role in carbohydrate metabolism. Differential abundance was based on Progenesis SameSpots analyses of 2D
images (≥ 1.5-fold spot volume ratio change; ANOVA 𝑃 ≤ 0.05 and false discovery rate 𝑞 ≤ 0.05). A Mascot score of ≥ 80 (𝑃 ≤ 0.05) was
used to confirm proteins identified by peptide mass fingerprint and should have a minimum of six matched peptides. Proteins are listed
according to their fold change. All identified proteins including information regarding score, ANOVA, sequence coverage, peptide search
and identification,MW, and pI are available in supplementary material.

Spot number Fold change Accession number Protein name Localizationa Functional roleb
∗102 −7.8 gi|58337790 Two-component system regulator C RF
16 +7.4 gi|58337043 Phospho-beta-galactosidase II C EM
18 +7.0 gi|58337043 Phospho-beta-galactosidase II C EM
92 −3.6 gi|58337251 2,3-Cyclic-nucleotide 2-phosphodiesterase E PPNN
13 +3.5 gi|58337008 Phosphoglucomutase C EM
60 +2.6 gi|58337021 Triosephosphate isomerase C EM
37 −2.5 gi|58337019 Glyceraldehyde-3P dehydrogenase C EM
17 +2.4 gi|58337186 Phospho-beta-glucosidase C EM
47 +2.4 gi|58336768 Catabolite control protein A C RF
122 +2.2 gi|58337323 Putative surface layer protein CW CE
123 +2.0 gi|58337019 Glyceraldehyde-3P dehydrogenase C EM
99 −1.9 gi|58337088 F0F1 ATP synthase subunit alpha C EM
59 −1.8 gi|58337021 Triosephosphate isomerase C EM
29 −1.7 gi|58337020 Phosphoglycerate kinase C EM
106 −1.7 gi|58337021 Triosephosphate isomerase C EM
28 −1.6 gi|58337020 Phosphoglycerate kinase C EM
30 −1.6 gi|58337020 Phosphoglycerate kinase C EM
31 −1.6 gi|58337020 Phosphoglycerate kinase C EM
38 −1.6 gi|58337019 Glyceraldehyde-3P dehydrogenase C EM
41 −1.6 gi|58337089 F0F1 ATP synthase subunit gamma C EM
36 +1.5 gi|58337019 Glyceraldehyde-3P dehydrogenase C EM
70 −1.5 gi|58337019 Glyceraldehyde-3P dehydrogenase C EM
107 −1.5 gi|58337021 Triosephosphate isomerase C EM
aLocalization: C, cytoplasmic; CW, cell wall; E, extracellular.
bFunctional role: CE, cell envelope; EM, energy metabolism; PPNN, purines, pyrimidines, nucleosides, and nucleotides; RF, regulatory functions.
∗Protein identification by MS/MS was confirmed by a Mascot score of ≥ 40 (𝑃 ≤ 0.05) for each peptide.

(Table S1, spot 32) was 1.9-fold downregulated, as compared
to growth in glucose. Among proteins involved in regula-
tory functions a two-component system regulator (Table 1,
spot 102) was decreased 7.8-fold, while dihydroxyacetone
kinase (Table S1, spot 43), transcriptional regulator (Table
S1, spot 116), and catabolite control protein A (Table 1, spot
47) increased 2.4–4.2-fold. A putative surface layer protein
(Table 1, spot 122) and UDP-N-acetylmuramoyl-L-alanyl-d-
glutamate synthetase (Table S1, spot 15), both involved with
cell envelope, were 2.2- and 1.5-fold higher, respectively, com-
pared to cultures grownwith glucose. Only one protein of the
functional class involved in transportwas observed to change,
that is, an ABC transporter ATP-binding protein (Table S1,
spots 113 and 117) which decreased 1.6-fold. Moreover, two
forms of metallo-𝛽-lactamase superfamily protein (Table S1,
spots 115 and 125), presumably involved with cellular pro-
teases, increased and decreased 2.2- and 2.0-fold, respectively.
A single protein was identified from the fatty acid and
phospholipid metabolism category: cyclopropane-fatty-acyl-
phospholipid synthase (Table S1, spot 34), which showed
1.5-fold decreased abundance.

4. Discussion

Combining cellobiose with a probiotic strain of Lactobacillus
rhamnosus was previously reported to give a synergistic
increase of this and other lactic acid bacteria in the cecum of
rats [33], but no proteins important for cellobiose utilization
by lactic acid bacteria were identified in that study. The
present work provides the first insights into the molecular
mechanisms of the utilization of cellobiose by the probiotic
Lactobacillus acidophilusNCFM. Differential proteome anal-
ysis by 2D-DIGE coupled with mass spectrometric protein
identification highlighted enzymes and proteins important
for uptake and catabolism of cellobiose in NCFM.

4.1. Proteins Involved in Carbohydrate Utilization and Regu-
latory Functions. Growth on cellobiose alters abundance of
a large number of proteins of NCFM involved in glycolysis,
some of which exist in multiple forms. This include pro-
teins such as phosphoglucomutase found in two forms with
different pI (Figure 1(c), spots 12 and 13); glyceraldehyde 3-
phosphate dehydrogenase (GADPH) identified in multiple
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Figure 3: (a) Schematic presentation of cellobiose entry and hydrolysis by L. acidophilus NCFM. Superscript letters T and P indicate
upregulation by transcriptomics [19] or increase in abundance by proteomics, respectively (LBA0725: PTS II, LBA0726: phospho-𝛽-
galactosidase II, LBA0874: phospho-𝛽-galactosidase I, LBA0876: PTS IIC, LBA0877: PTS IIA, LBA0879: PTS IIC, LBA0881: phospho-𝛽-
glucosidase, LBA0884: PTS IIC LBA0726: phospho-𝛽-galactosidase II, and LBA0885: 𝛽-glucosidase). (b) Schematic presentation of gene
clusters encoding glycoside hydrolases (LBA0726: phospho-𝛽-galactosidase II, LBA0874: phospho-𝛽-galactosidase I, LBA0881: phospho-𝛽-
glucosidase, and LBA0885: 𝛽-glucosidase), shown as light grey arrows and PTSs (LBA0725: PTS II, LBA0876: PTS IIC, LBA0877: PTS IIA,
LBA0879: PTS IIC, and LBA0884: PTS IIC), shown as dark grey arrows, predicted to be cellobiose specific. Transcription antiterminator
(LBA0724), hypothetical proteins (LBA0878, LBA0880, and LBA0883), and transcriptional regulators (LBA0875, LBA0882, and LBA0886)
are shown as white arrows.

forms with different pI as well as molecular size (Figures
1(c) and 1(d), spots 36–38, 70, and 123); triosephosphate
isomerase (TPI) present in four forms with different pI
and molecular size (Figure 1(c), spots 59, 60, 106, and 107),
and phosphoglycerate kinase found in four forms having
different pI (Figure 1(c), spots 28–31). Multiple forms of
phosphoglucomutase, GADPH, TPI, and phosphoglycerate
kinase with different pI have previously been identified from
NCFM [8]. Notably, multiple forms of GADPH and TPI were
not affected in in the same way during growth on cellobiose.

Growth of NCFM on cellobiose elicited an increase in
abundance of catabolite control protein A (CcpA; Table 1,
spot 47). CcpA is a key enzyme in carbon catabolite repres-
sion, a mechanism that regulates enzymes involved in carbo-
hydrate metabolism.Thus in the presence of preferred sugars
(e.g., glucose) enzymes involved in utilization of less favorable
sugars are repressed [34]. Carbohydrate phosphotransferase
systems (PTSs) involved in uptake and phosphorylation of
carbohydrates participate in the carbon catabolite repression
[34]. When NCFMwas grown on cellobiose, notably 2.4-fold
upregulation was seen for phospho-𝛽-glucosidase (LBA0881;
Table 1, spot 17) located in a gene cluster with multiple

PTSs predicted to be cellobiose specific (Figure 3). Interest-
ingly a 7.0–7.4-fold increased abundance was observed for
phospho-𝛽-galactosidase II (LBA0726; Table 1, spots 16 and
18) encoded in a gene cluster together with another PTS
(LBA0725; Figure 3) indicating a role in cellobiose utilization
(Figure 3). This PTS LBA0725 has been reported to have
62% amino acid sequence identity to a PTS (ORF 1669) of
L. gasseri 33323 of which expression was strongly induced
by cellobiose [35]. In another low GC ratio, Gram-positive
bacteria, Clostridium acetobutylicum, transcriptional analysis
demonstrated that cellobiose induced expression of two PTSs
and three glycoside hydrolases [25]. Transcriptional analysis
of NCFM grown on cellobiose has reported upregulation
of several genes within the loci LBA0724–LBA0726 and
LBA0877–LBA0884 [26]. Taken together, the results of tran-
scriptional and proteomics analyses indicate that NCFM
contains more than one operon encoding protein involved in
uptake and metabolism of cellobiose.

NCFM encodes 9 two-component system regulators
(2CSRs) [7] involved inmediating an intracellular response to
extracellular stimuli and typically consisting of a membrane
bound histidine protein kinase (HPK) and a cytoplasmic
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response regulator (RR) [36]. When NCFM was grown
on cellobiose a 2CSR (Table 1, spot 102) was found to be
downregulated by 7.8-fold. It has been reported that a 2CRS is
involved in acid tolerance and proteolytic activity of NCFM
[37]. The decrease in abundance of the 2CSR, however, may
reflect the different growth rates of NCFM on cellobiose
and glucose rather than a decrease in acid tolerance or
proteolytic activity. This could also explain why all the
proteins with changed abundance in the functional categories
of protein synthesis, central intermediate metabolism, and
purines, pyrimidines, nucleosides, and nucleotides, apart
from a putative phosphate starvation inducible factor, were
less abundant in the cellobiose-grownNCFM.Moreover, two
different subunits of the F

0
F
1
ATP synthase (Table 1, spots 41

and 99), responsible for maintaining the proton motive force
at low pH [36], decreased by 1.6- and 1.9-fold, respectively,
whenNCFMwas grown on cellobiose.These various changes
in the protein profile are in agreement with the observed
slower growth of NCFM on cellobiose compared to glucose.

Several proteins previously described as moonlighting
proteins were identified. These include EF-Tu, GAPDH,
and TPI with conventional roles in protein synthesis and
glycolysis, respectively, but which also have been identified
at the cell wall where they are involved in adhesion activities
of lactic acid bacteria [38–41]. Although the present study
includes only differentially expressed cytosolic proteins, a
putative surface layer protein was also identified and found
to be upregulated (Table 1, spot 122). Frece et al. [42] reported
that removing the S-layer of L. acidophilusM92, by enzymatic
and chemical treatment, resulted in reduced adhesion to
murine epithelial cells and reduced viability. Moreover, S-
layer proteins of Lactobacillus crispatus are able to inhibit
the adhesion of pathogens to HeLa cells [43]. In NCFM,
S-layer protein A was shown to bind to a dendritic cell
receptor and to regulate immune functions of the dendritic
cells [44]. The putative S-layer protein upregulated in the
present study has recently been shown to be an S-layer
associated [45]. Although a deletion mutant of this S-layer
associated protein did not affect adhesion to intestinal cells, a
reduction of proinflammatory response in murine dendritic
cells was observed [45] thus suggesting an effect on the host
immune system.The present findings propose that cellobiose
is able to affect the probiotic activity of NCFMwith regard to
interactions with the host.

5. Conclusions

Exploring the molecular mechanisms of prebiotic-probiotic
interactions is important for understanding how prebiotics
benefit a probiotic strain. In the current study, the late
exponential growth phase differential proteome of L. aci-
dophilus NCFM (pH 4–7 and pH 6–11) was explored using
the disaccharide cellobiose as carbon source. Cellobiose
consists of two 𝛽(1→ 4) linked glucosyl residues which after
hydrolysis enter the glycolysis. Two hydrolases, a phospho-
𝛽-glucosidase (LBA0881; Table 1, spot 17) and a phospho-𝛽-
galactosidase II (LBA0726; Table 1, spots 16 and 18), increased
2.4–7.4-fold in abundance, suggesting an involvement in the
cellobiose metabolism (Figure 3). Results obtained in the
present study contribute to the understanding of prebiotic
utilization by probiotic bacteria.
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Received 30 July 2014; Accepted 16 September 2014

Academic Editor: Haruki Kitazawa
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The objective of this study was to evaluate the microbiological, physicochemical, and sensory quality of dry fermented pork loin
produced with the addition of Lb. rhamnosus LOCK900 probiotic strain, 0.2% glucose, and 1.5% green tea extract.Three loins were
prepared: control sample (P0: no additives), sample supplemented with glucose and probiotic strain (P1), and sample with glucose,
green tea extract, and probiotic (P2). The samples were analyzed after 21 days of ripening and 180 days of storage. The results
indicated that the highest count of LAB was observed both in the samples: with probiotic and with probiotic and green tea extract
(7.00 log cfu/g after ripening; 6.00 log cfu/g after storage).The oxidation-reduction potential values were lower in the probiotic loin
samples. Probiotic and green tea extract have not caused color changes of study loins during storage. The study demonstrated that
an addition of probiotic and green tea extract to dry fermented loins is possible and had no impact on sensory quality after product
storage.

1. Introduction

Probiotic strains, mainly lactic acid bacteria (LAB) and
bifidobacteria, are defined as live microorganisms that have
a beneficial impact on humans or animals by improving their
intestinal microbial balance. Probiotic bacteria cause a health
effect on the host when the number of live bacteria cells in
foodstuff is between 6.00 and 8.00 log cfu/g. Dairy products
such as yogurt, cheese, ice cream, and others are considered
the best vehicle for delivering probiotic strains to the human
gastrointestinal tract. Probiotic bacteria could be also used in
other food products, including dry fermented meat [1–4].

Dry fermented pork loins are one of the most valuable
foodstuffs. No other technologies like heating ormild heating
and no chemical antioxidants additions provide such a prod-
uct rich in a variety of bioaroma and bioflavour compounds.
The specific quality is obtained during the fermentation and

in the ripening process due to reaction of metabolism of pro-
biotic starter cultures.The available science literature presents
increasing number of information about the possibility of
the use of probiotic starter culture in dry fermented sausage
[3, 5–7], although Kołożyn-Krajewska and Dolatowski [8]
in a wide review article summarized researches which show
that probiotic starter cultures can be used for production,
not only dry fermented sausages but also hams and loins.
However probiotic starter cultures are not widely used in
meat industry. Manufacturing probiotic meat products is
muchmore difficult than that of other probiotic products and
such products are at their initial development stage. Probiotic
strains must be well adapted to the conditions prevailing in
dry fermented meat products. For example, meat is a poor
source of simple sugars which are necessary for proper lactic
acid fermentation. An addition of monosaccharide at 0.4 to
0.8% improves the growth and survival of LAB, including
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probiotic strains. Further meat products are characterized by
their own natural microflora, which includes LAB. Probiotic
bacteria strains that can be used in the manufacturing
of fermented meat products should survive in fermented
products and they should dominate other microorganisms
found in the product [9, 10].

Probiotic starter cultures play an important role dur-
ing fermentation, ripening, and storage of meat products,
increasing their health promoting properties and improving
theirmicrobiology and sensory quality, but on the other hand
it can accelerate lipid oxidation, as a result making the shelf
life shorter [3, 11]. Lipid oxidation in muscle food can be
controlled with the use of synthetic or natural antioxidants.
Recently, the functional properties of plant extracts have been
investigated due to their potent antioxidant and nutraceutical
activity. Tea catechins constitute amajor group of polypheno-
lic flavonoids found in green tea. The antioxidant properties
of tea catechins have been demonstrated in a variety of test
systems, also in beef, pork, and poultry. Zhang et al. [2]
reported that crude tea catechins were found to be more
effective in reducing lipid oxidation than 𝛼-tocopherol or
BHA. Metal ions would affect antioxidative activity of cat-
echins by their binding to the catechins. Catechins react
with metal ions to form metal complexes. The main role of
tea catechins in lipid/emulsion systems is to retard lipid
oxidation, extend shelf life of the product, and stabilize
emulsion systems [12]. Therefore lipid oxidation can cause
changes in the quality parameters ofmeat, such as color, taste,
aroma, texture, or nutritional value, and therefore it is the
primary cause of quality deterioration in meat products. The
shelf life of fermented meat products is not determined by
bacterial deterioration but by physical and chemical spoilage,
including lipid oxidation [2, 10–13].

The aim of the study was to investigate the growth
and survival of Lactobacillus rhamnosus LOCK900 probiotic
starter culture in dry fermented pork loins produced with
the addition of green tea extract in the aspect of selected
physicochemical properties and sensory quality after 21 days
of ripening and after 180 days of vacuum storage.

2. Materials and Methods

2.1. Preparation of the Probiotic Starter Culture. Probiotic
strain Lactobacillus rhamnosus LOCK900 (formerly Lacto-
bacillus casei ŁOCK 0900; patent number 209988) was used
in the study. The strain of probiotic bacteria was originally
isolated from feces of a healthy 26-year-old woman and
obtained from the Pure Culture of the Technical University,
Łódź, Poland [14].

Lb. rhamnosus LOCK900 fulfills the criteria required for
probiotic bacteria [14, 15]. Strain LOCK900 was selected on
the basis of results of in vitro and in vivo studies on animals,
which comprised determination of resistance to the acidity
of gastric juice and to bile, adherence to epithelial cells, and
antimicrobial activity. This strain showed strong antagonistic
activity against gram-positive and gram-negative pathogens
[16]. Furthermore Lb. rhamnosus LOCK900 was isolated

among the typical microflora of human intestines and there-
fore can be safely used for the production of fermented
foodstuffs.

Sterile selective culture medium (broth MRS-Mann,
Rogosa, Sharpa; growth medium, BIOKAR DIAGNOSTICS,
Beauvais, France) and sterile foodstuff were used to prepare
starter probiotic cultures.The process of preparing the starter
cultures of probiotic strain included two stages.

(i) Boost process: 5mL of MRS broth was inoculated
with probiotic strain and incubated for 24 h at 37∘C.

(ii) Preparation process of starter probiotic cultures: after
24 h the tubes were centrifuged (10000×g/5min; lab-
oratory centrifuge MPW-251; MPW MED. INSTRU-
MENTS, Warsaw, Poland) to separate the cells of Lb.
rhamnosus LOCK900 from growth medium MRS.
MRS broth was replaced with a foodstuff medium to
allow further growth of probiotic bacteria for 24 h at
37∘C (subject of patent).

In the prepared starter cultures the number of probiotic
bacteria was determined by a Tempo System (precise pro-
cedure for determining the number of lactic acid bacteria
is described in subsection “Microbiological analyses”). The
count of probiotic bacteria was approximtely 9.00 log cfu/mL.

2.2. Preparation of the Green Tea Extract. Thedried tea leaves
“Formosa Lung Ching” (4 g) were poured with the water at a
temperature of 85∘C (100mL) and then infused for 5minutes.
After this time the extract was filtered with the tea strainer
and cooled to a temperature of 4∘C. Green tea extract was
added to the surface of loins.

2.3. Production Process of Dry Fermented Pork Loins. Pork
loins, a strain of probiotic bacteria Lb. rhamnosus LOCK900,
glucose, and green tea extract “Formosa Lung Ching” were
used in the production of dry fermented meats. The meat
was chilled to 7 ± 1∘C and divided into parts 48 hours after
death. Loins samples were cured using “dry”method with the
curing mixture (20 g of NaCl; 9.7 g of curing salt; and 0.3 g of
NaNO

3
per kg of loin) in the quantity of 2.5%. The curing

process was conducted for 72 h in 0 ± 1∘C. Then the strain
Lb. rhamnosus LOCK900 (2% per kg of meat, containing
approx. 9.00 log cfu/mL), green tea extract (1.5% per kg of
meat), and glucose (0.2% per kg of meat) were added to the
samples of loins. Subsequently, the loins were fermented at
16–18∘C for 21 days in fermentation chamber with a relative
humidity between 80 and 90%. After 10 days the loins were
cold smoked for an hour. After 21 days of ripening the samples
were vacuum-packed and stored at 4 ± 1∘C for 180 days.
Microbiological, physicochemical, and sensory analyses were
done after 21 days of ripening and 180 days of storage.

Three different kinds of loins samples were produced:
control fermented samples without any additives (P0), fer-
mented samples with an addition of glucose and bacteria
strain Lb. rhamnosus LOCK900 (P1), and fermented samples
with an addition of glucose, bacteria strain Lb. rhamnosus
LOCK900, and green tea extract (P2). Three series of experi-
ments were performed.
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2.4. Microbiological Analyses. The aim of the microbiological
analysis was the identification of the number of LAB included
probiotic bacteria (log cfu/g) in the samples ripened for 21
days and samples stored for 180 days. The analyses were
carried out using the Tempo System (automated quality
indicator solution; bioMérieux, Mercy Etoile, France) and
Tempo LAB tests (automated test for the enumeration of
LAB microorganisms; bioMérieux, Mercy Etoile, France).
The calculation of bacteria number in the study samples
(log cfu/g), according to the Tempo System, is based on the
most probable number (MPN) method. Tempo LAB test was
allowed to obtain performance levels similar to the standard
NF ISO 15214: 1998 [17]. The dilution of the sample was 1/400
in a single vial. The inoculated medium was moved into the
Tempo card by Tempo Filler.The cards were incubated for 48
hours at 37∘C.

2.5. Physicochemical Analyses. The pH of the loin homoge-
nate was measured with a digital pH meter CPC-501 (El-
metron, Zabrze, Poland) equipped with combined electrode
ERH-111 (PN-ISO 2917: 2001).

Oxidation-reduction potential (ORP) of the loin
homogenate was determined according to the method of
Nam and Ahn [18] with slight modification. ORP meas-
urements of the homogenates were carried out using pH
meter set to the millivolt scale and equipped with redox
electrode.

Lipid oxidation was determined as thiobarbituric acid
reactive substances (TBARS) values following the procedure
of Pikul et al. [19]. Intensity of color produced in the reaction
of malondialdehyde with 2-thiobarbituric acid was mea-
sured by means of Nicole Evolution 300 spectrophotometer
(Thermo Electron Corporation, Marietta, OH, USA) at a
wave length of 532 nm. The values of TBARS were expressed
as milligram of malondialdehyde (MDA) per kg of the
sample.

Color parameters (CIE 𝐿∗ 𝑎∗ 𝑏∗) were taken immedi-
ately after the samples were prepared using 8200 Series
reflection spectrocolorimeter (X-Rite, Grand Rapids, MI,
USA) with a D65 illuminant and 10∘ standard observed. Prior
to use, the spectrocolorimeter was calibrated against white
and black standard. An index Δ𝐸∗ describing the total color
change of samples over 180 days of storage was calculated
using the following formula:

Δ𝐸∗ = [(Δ𝐿∗)
2
+ (Δ𝑎∗)

2
+ (Δ𝑏∗)

2
]
0.5

. (1)

Each sample was analyzed three times.

2.6. Sensory Analyses. For sensory assessment, the sensory
QDA method was used [20]. Descriptors were chosen and
defined during a panel discussion and then verified in a pre-
liminary session. Finally, 16 sensory attributes weremeasured
to quantify the quality of the tested products (Table 1).

An unstructured, linear graphical scale of 100mm is
afterwards converted to numerical values (0–10 conventional
units (c.u.)). The marks of anchors of the tested attributes
were for most of them as follows: none-very strong, for

meat colour: light-dark, for homogeneity of colour: none-
very high, and for juiciness: dry-juicy. On the basis of the
abovementioned quality characteristics, the assessing sensory
panel indicated an overall sensory quality (low-very high) for
each sample on a separate scale.

Meat samples were sliced into approximately equal size
weight (ca. 10 g) and placed in plastic, odourless, disposable
boxes (volume 125mL) covered with lids. Sensory panel (10-
person) was formally trained [21] and proper experienced (3–
8 years of sensory evaluation practice).

2.7. Statistical Methods. The microbiological, physicochem-
ical, and sensory results were analyzed using a one-way
analysis of variance (ANOVA). Further the results of micro-
biological evaluation were analyzed using a linear regression
and a correlation to check the influence of 21 days of ripening
time and of 180 days of storage time for growth of LAB at dry
fermented pork loins.

The significance of the differences between mean values
was calculated at the significance level of 𝑃 < 0.05 and in the
case of sensory analysis at the significance level of 𝑃 < 0.01,
using Tukey’s range test. Results of Quantitative Descriptive
Analysis (QDA) were also analyzed by principal component
analysis (PCA) performed by the use ofAnalsensNT software
(Polish Academy of Sciences). All statistical analyses (except
PCA) were calculated using Excel 6.0 (Microsoft, Blooming-
ton, IL, USA), Statistica 8.0 (StatSoft, Inc.).

3. Results and Discussion

3.1. Microbiological Analyses. The available science literature
generally presents information about growth and survival
of probiotic bacteria in dry fermented sausages [9, 10, 22–
25]. There is no detailed information about the possibilities
of using probiotic starter cultures with green tea extract to
production dry fermented loins or hams.

In our previous study it was shown that potential pro-
biotic starter cultures had a good ability to survive in dry
fermented pork loins and can be used for cured loin produc-
tion. Also, it was indicated that probiotic starter cultures Lb.
rhamnosus LOCK900 and LOCK908 added to dry fermented
pork loins grew and survived a count of 7.00 log cfu/g in sam-
ples without and 8.00 log cfu/g in samples with 0.2% glucose
addition. In the subsequent study it was demonstrated that
optimal fermentation conditions (21 days of ripening in 20∘C)
allowed producing dry fermented loins with a high count of
lactic acid bacteria including probiotic strain Lb. rhamnosus
LOCK900 (7.00-8.00 log cfu/g), persisting during 180 days of
vacuum storage.

The present results of the microbiological analyses, after
ripening (21 days, 18 ± 1∘C) and after 180 days of chilling
storage under anaerobic conditions, was to assess the effect of
green tea extract addition, natural antioxidant, on the growth
and survival of probiotic strain Lb. rhamnosus LOCK900
(Figure 1).

The number of LAB in control samples (P0), without
probiotic bacteria or glucose and green tea extract addition,
was at the level of approximately 5.00 log cfu/g after ripening
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Table 1: Definition of the sensory attributes.

Attribute Definition
ODOUR

Smoked meat Typical of dry fermented meat
Dried meat Typical of dry fermented meat
Sharp Irritating impression when smelling
Rancid Off-flavour associated with changes in fat oxidation; lack of freshness
Other Other sensations, out of the list

APPERANCE and TEXTURE
Meat colour Intensity of the red colour associated to the meat
Homogeneity of colour Uniform distribution of red colour typical of dry fermented meat
Juiciness Perception of the amount of water released by the product during mastication

FLAVOUR
Smoked meat Typical of dry fermented meat
Dried meat Typical of dry fermented meat
Salty Basic quality of taste
Bitter Basic quality of taste
Stored Lack of freshness
Stinging Basic quality of taste
Sour Basic quality of taste
Other
Overall quality

Other sensations, out of the list
Attribute of total quality of dry fermented pork loin
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Figure 1: Microbiology evaluation of the fermented pork loins
produced with probiotic culture Lb. rhamnosus LOCK900 and
glucose (P1), Lb. rhamnosus LOCK900 with glucose and extract
of green tea (P2), and the controls (P0) after 21 days of ripening
and after 180 days of storage. Means followed by the same lower
case letters within columns and capital letters within row are not
significantly different (𝑃 < 0.05).

and 4.00 log cfu/g after storage time. In the case of samples
with glucose addition (P1) and both glucose and green
tea extract addition (P2), including probiotic bacteria Lb.
rhamnosus LOCK900, a much better growth and survival of
LAB were observed as compared to control. The total count
of LAB in these sampleswas approximately 7.00 log cfu/g after
ripening process and 6.00 log cfu/g after storage time.

The statistical analysis of the microbiological results
showed that time of storage (180 days at the 4 ± 1∘C)

significantly affected the survival of LAB in loin samples
(Figure 1). However, dry fermented loins with the addition
of probiotic strains Lb. rhamnosus LOCK900 (P1 = 7.03–
6.38 log cfu/g and P2 = 7.34–6.31 log cfu/g; 𝑃 < 0.05) were
characterized by higher count of lactic acid bacteria after
6 months of vacuum storage than controls (P0 = 5.25–
4.40 log cfu/g; 𝑃 < 0.05). Obtained differences in the number
of LAB between the dry fermented loins without (control-
P0) and with the addition of Lb. rhamnosus LOCK900 (P1
and P2) indicated a good growth of probiotic strain during
three weeks of ripening process and good survival for all time
during storage.

Lactic acid bacteria, including probiotic strains, are main
agents of meat fermentation improving microbiological, sen-
sory, and physicochemical quality of the final product [7, 26].
Tea catechins have been used as antioxidant compounds
in many food matrices such as fishes, poultries, and meat
like antibacterial, antifungal, and antiviral agents [2, 27].
However, in the global literature there are no researches
which used probiotic starter cultures and green tea extract
addition to produce dry fermentedmeat.The results obtained
in our experiment indicated that application of green tea
extract had no negative effect on growth and survival of lactic
acid bacteria, including probiotic strain during the ripening
process and half-year vacuum storage. The count of LAB,
including Lb. rhamnosus LOCK900, remained at the same
level as in the sample with only glucose addition (P1 and P2 =
approx. 7.00 log cfu/g after production and 6.00 log cfu/g after
storage).

Also, the studies of López de Lacey [28] have demon-
strated that green tea does not affect the growth of probiotic
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Table 2: Assessment of physicochemical quality of dry fermented loins (means ± standard deviations).

Variants/storage time (days) Kinds of samples
P0 P1 P2

pH
0, after ripening 5.53 ± 0.05A 5.41 ± 0.18C 5.61 ± 0.01E

180 5.27 ± 0.02aB 5.04 ± 0.03cbD 5.26 ± 0.02dF

ORP [mV]
0, after ripening 331.43 ± 20.88 324.90 ± 1.23 317.77 ± 0.90

180 334.30 ± 20.03 322.37 ± 34.96 335.37 ± 16.96

TBARS [mg MDA/kg]
0, after ripening 0.37 ± 0.00acA 1.04 ± 0.01bC 1.00 ± 0.01dE

180 0.74 ± 0.19B 0.64 ± 0.19D 0.72 ± 0.23E

Colour parameters
𝐿∗

0, after ripening 50.11 ± 1.64 48.34 ± 2.80a 51.89 ± 2.37a

180 46.08 ± 2.34a 52.67 ± 1.31b 46.40 ± 3.59

𝑎∗

0, after ripening 5.60 ± 2.19 4.64 ± 0.38B 4.24 ± 0.03

180 5.83 ± 0.75a 7.69 ± 0.51bcC 5.55 ± 0.84d

𝑏∗

0, after ripening 7.12 ± 0.64 5.42 ± 0.91B 7.26 ± 1.02

180 7.96 ± 1.06a 7.80 ± 0.56cC 5.25 ± 0.97bd

Total change of color Δ𝐸∗ 4.49 ± 3.97 6.18 ± 2.55 6.59 ± 4.89
a–dMeans in the same row with different lowercase letters are significantly different (𝑃 < 0.05).
A–DMeans in the same column with different capital letters are significantly different (𝑃 < 0.05).
ORP: oxidation-reduction potential; TBARS: thiobarbituric acid reacting substances; MDA: malondialdehyde; 𝑎∗: redness value; 𝑏∗: yellowness value; 𝐿∗:
lightness value.

strains, like a Lactobacillus paracasei L26 and Bifidobacterium
animalis spp. lactis B94. In Jaziri et al. [29] research it
has been also shown that addition of green tea extract did
not influence the survival of characteristic microorganisms,
mainly Streptococcus thermophilus and Lactobacillus bulgar-
icus, in yogurts during production process and 6 weeks of
storage. According to the previous studies, Lee et al. [30]
and McCue and Shetty [31] also demonstrated that LAB such
as Lactobacillus spp. were not affected by tea antioxidants
compounds in opposition to pathogenic microorganisms. It
can be stated that natural antioxidants contained in green tea
extract have antibacterial ability effect only on pathogenic
microorganisms [27, 32]. Kachouri and Hamidi [33] and
Vermeiren et al. [34] observed that LAB, including probiotic
strains, could have a synergistic antioxidant and nitrite
effect of inhibiting pathogenic bacteria, for example, Listeria
monocytogenes and Clostridium botulinum. On the other
hand, Wójciak et al. [35], Min and Ahn [36], and also Talon
et al. [37] found that the probiotic bacteria have significantly
affected the oxidation and reduction potential of cured pork
meat products. Probiotic bacteria and natural antioxidants
could be an alternative way of maintaining a high nutritional
and flavour quality of meat products without the use of
conventional methods of food preservatives [26, 32, 38].

3.2. Physicochemical Analyses. Most publications are con-
cerned with the growth and survival of probiotic bacteria

added to dry fermentedmeat products andwith their sensory
quality.However the shelf life of dry fermentedmeat products
is not entirely limited by bacterial deterioration but by
physical and chemical changes [3, 8]. The results of the
physicochemical changes in the study dry fermented loins
with probiotic strain and green tea extract, after 21 days of
ripening and after 180 days of chilling storage under anaerobic
conditions, are presented in Table 2.

Dry fermented pork loins with an addition of probiotic
bacteria and glucose (P1) were characterized by the highest
acidity compared to the other samples, both after production
and after storage. The acidity of all loin samples significantly
increased during the storage period.The control samples (P0)
and the samples with addition of probiotic bacteria, glucose,
and green tea extract (P2) were characterized by similar pH
values during the whole period of storage (5.26-5.27). Lower
pH value of sample P1 (5.04) could be a result of organic
acids production by bacteria, mainly lactic acid resulting in
the acidification of the environment. Also in Skwarek and
Dolatowski [39] research it has been shown that addition of
probiotic strain Lb. rhamnosus LOCK900 and glucose to dry
fermented hams has an effect on the hams acidity increase
during ripening. Herrero et al. [40] found that low pH value
inhibits the saprophytic and pathogenic microflora growth in
meat products.

Statistical analysis indicated that the use of probiotics,
glucose, or glucose and green tea extract in the production of
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dry fermented loins caused no significant effect on oxidation-
reduction potential values after ripening and the refrigeration
storage. Oxidation-reduction potential (ORP) values of the
samples P1 and P2 ripened for 21 days were lower compared
to the control sample. Simultaneously the lowest value of
oxidation-reduction potential observed in sample P2 after
ripening (317.77mV) could be evidence of system tendency
to inhibit the oxidation process and effective use of natural
antioxidants in the green tea extract. Redox potential of
the samples P0 and P2 increased during the storage. The
ORP values of variants of experimental samples were similar
alike after storage (approximately 335mV). The lower ORP
value (322.27mV) was observed in the case of the sample
P1 containing strain Lb. rhamnosus LOCK900 and glucose.
Tea catechins are an efficient free radical scavenger due to
their one electron reduction potential. Antioxidant activity as
hydrogen or electron donors is determined by this reduction
potential of free radicals. A lower reduction potential has a
tendency to lose electron or hydrogen. The rate of reaction
with free radicals and the stability of the resulting antioxidant
radicals contribute to the reactivity of antioxidant [36].

After ripening TBARS values were significantly higher for
the samples P1 and P2 (∼1.0mg MDA/kg sample) than for
the control sample P0 (0.37mg MDA/kg sample). A higher
TBARS value in the samples P1 and P2may show the catalytic
activity of probiotic bacteria on the oxidative processes of
lipids as a result of hydrogen peroxide production by some
strains [41].Thementioned parameter significantly increased
after the storage only in the case of control sample. Addition
of Lb. rhamnosus LOCK900 and green tea extract inhibited
lipids oxidation. After the storage period the lowest value of
the oxidation rate, equal to 0.64mg MDA/kg of the sample,
was reported for the sample P1. Low TBARS value of the
sample P1 may be due to inhibition of activity of the bacteria
responsible for lipid oxidation and conversion. Bozkurt [12]
showed similar ratio of TBARS values in the sausage with an
addition of green tea extract. He also found that the use of
tea antioxidants can inhibit the growth of bacteria, mainly
Enterobacteriaceae, responsible for the formation of biogenic
amines. Min and Ahn [36] had suggested that meat products
with low pH value had generally strong prooxidant effect. In
our study pH decreasing inmeat products during storage had
affected the increase of lipid oxidation (TBARS value) only in
the case of sample without any additives (P0).

Significant differences in colour parameters 𝐿∗, 𝑎∗, and
𝑏∗ between the samples were noted only after the storage
(Table 2). Storage time had a significant effect (𝑃 < 0.05)
on 𝑎∗ and 𝑏∗ values only in the case of meat samples with
addition of the strain Lb. rhamnosus LOCK900 and glucose
(P1). The studies found out a significant (𝑃 < 0.05) increase
of the value of parameter 𝐿∗ (52.67) of colour in the samples
with an addition of probiotic bacteria and glucose (P1) after
storage as compared to the control samples, whereas the
highest proportion of yellow colour (𝑏∗ = 7.96) after the
storage was observed in the control samples, significantly
(𝑃 < 0.05) higher 𝑏∗ value than the samples with an addition
of probiotic bacteria, glucose, and green tea extract (𝑏∗ =
5.25). Possibly an increase of the value of 𝐿∗ parameter for
the sample P1 after 180 days of storage was associated with the

higher acidity pH decrease, due to lactic acid accumulation.
Lipid oxidation could have an influence on the 𝐿∗ value of
meat product. Decrease of the value of the parameter 𝑏∗ may
be a result of the lactic acid bacteria growth during meat
products ripening. Lowering amount of oxygen affects the
decrease of oksymyoglobin and then the decrease of 𝑏∗ value.

According to Pérez-Alvarez et al. [42] lower value of
parameter 𝑏∗ is due to decreasing of the concentration of
myoglobin and/or oksymyoglobin as they react with nitrite
to nitrosylmyoglobin. The values of 𝑎∗ parameter of all
experimental loins samples increased during the storage
period, but significant (𝑃 < 0.05) differences were noted
only in the case of sample P1. Salejda et al. [43] also observed
a tendency to increase the value of 𝑎∗ parameter during
storage of model meat products with green tea extracts. The
highest value of 𝑎∗ parameter (significantly higher than value
of 𝑎∗ parameter for the samples P0 and P2) was observed
in the sample P1 (𝑎∗ = 7.69) after the storage. Higher
values of 𝑎∗ could be due to increased content of created
nitrosylmyoglobin.

Analysis of total color change Δ𝐸∗ showed no effect
of strain Lb. rhamnosus LOCK900, glucose, or glucose and
green tea extract on meat product color stability during the
storage. There were no significant differences of Δ𝐸∗ (𝑃 <
0.05) between all experimental meat products during storage.

3.3. Sensory Analyses. The results obtained in this study
indicated that an application of glucose and probiotic strains
or application of glucose and a bacteria strain Lb. rhamnosus
LOCK900 as well as green tea extract affected overall sensory
quality of tested samples. The highest sensory quality after
ripening was obtained in the case of fermented pork loin
samples without additives. The samples with glucose and
probiotic strains or with glucose, a bacteria strain, and green
tea extract were characterized by lower sensory quality. The
decrease of overall sensory quality in case of samples P1
and P2 was related to decreasing the intensity of attributes
which had positive impact on sensory quality, like smoked
odour and flavour as well as dried meat odour and increasing
the negative attributes like “off-flavor” and “others” (mostly
described by panellists as “acid”).

The results obtained after storage time indicated that the
overall sensory quality regarding three tested samples was
comparable. The intensity of tested attributes did not differ
from the individual samples. The study indicated also that
addition of probiotic or probiotic and green tea extract had
no impact on sensory quality after product storage rather the
storage time of 180 days decreased the overall quality of all
tested samples in comparison to their quality after ripening.

The magnitude and type of differences and similarities
of the tested fermented pork loin samples are shown in
the PCA presentation (Figures 2(a) and 2(b)). In the case
of ripened samples, vector directions of smoked odour and
flavour (vector 1 and 9) and dried meat odour and flavour
(vector 2 and 10) versus overall sensory quality (OSQ)-vector
(vector 16) allows the conclusion to be drawn that they
were positively correlated with OSQ. Mainly “other” flavours
(vector 14), storage flavor (vector 14), and stinging (vector
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13) had a negative impact on OSQ of the tested samples
(Figure 2(a) and 2(b)). Closing position of sample P0 to the
vector 16 (overall quality) indicated the highest quality of
sample P0 after ripening and the quality is described mostly
by smoked odour and flavour as well as dried meat odour
and flavour (Figure 2(a)).The position of sample P1 indicated
their characteristic by colour attributes. The sample P2 was
characterized by “other” odours and flavour (Figure 2(a)).
The PCA presentation of quality of storage samples (length
and position of vectors) confirms the similarity of the tested
samples (Figure 2(b)).

Our previous study indicated that an application of
potential probiotic strains tested in this research did not
significantly affect overall sensory quality of ripened samples.
A negative side effect of probiotic culture on the overall
quality of the fermented meat was indicated in the paper of
DeVuyst et al. [44]. Furthermore in Zdolec et al. [45] research
it has been also shown that addition of probiotic culture of
Lactobacillus sakei for fermented sausages did not have a
negative impact on the sensory properties of the sausages
and in case of chosen sensory parameters. The authors [45]
observed improvement, mainly in acidity and tenderness. In
case of green tea extract addition results of other studies [12]
indicated that pH, colour, and overall sensory quality were
not affected by the addition of green tea extract in fermented
sausages during 15 days of ripening, whereas, the study of
Valencia et al. [46] showed that sensory scores for parameters
such as colour, texture, flavour, and overall acceptability were
not significantly affected (𝑃 > 0.05) by the addition of green
tea catechins. Similar results were obtained in Mitsumoto
et al. [13] study where tea catechins treatments resulted in
no significant differences in the sensory flavour and tender-
ness of cooked meat compared to controls treatments. Tea
catechins treatments had no effects on overall acceptability
of cooked beef patties, whereas decreased acceptability of
chicken patties.

4. Conclusion

The present microbiological study demonstrated a much
better growth and survival of LAB in the case of samples
with glucose addition and both glucose and green tea extract
addition with probiotic bacteria Lb. rhamnosus LOCK900.
Probiotic starter culture and green tea extract have not
caused color changes of dry fermented pork loins during
storage. The oxidation-reduction potential values of the
tested samples ripened were lower compared to the control
sample. Simultaneously, an addition of probiotic strain Lb.
rhamnosus LOCK900 and green tea extract in the production
of dry fermented loins had a positive effect in inhibiting lipid
oxidation of meat products during storage. Lower pH values
of meat products during storage increased lipid oxidation
only in the sample without any additives. Regarding sensory
analysis, an addition of probiotic or probiotic and green
tea extract had no impact on sensory quality after product
storage. The storage time decreased the overall quality of all
tested samples in comparison to their quality after ripening.
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Figure 2: (a), (b) Principal components analysis of the matrix of
mean sensory attributes ratings across the fermented pork loins
produced with probiotic culture Lb. rhamnosus LOCK900 (P1), Lb.
rhamnosus LOCK900 with glucose and extract of green tea (P2),
and the control (P0); (a) after ripening; (b) after storage. (1) Smoked
odour, (2) dried meat odour, (3) acid odour, (4) off-flavour odour,
(5) other odours, (6) colour intensity, (7) colour homogeneity, (8)
juiciness, (9) smoked flavor, (10) dried meat flavor, (11) salty taste,
(12) bitter taste, (13) stinging flavor, (14) storage flavor, (15) other
flavor, and (16) overall quality.

It can be concluded that the probiotic strain Lb. rham-
nosus LOCK900 and green tea extract can be used in the
production of dry fermented pork loins with good sensory,
physicochemical quality and high number of bacteria.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.



8 BioMed Research International

Acknowledgment

The research described here was supported by theMinistry of
Science and Higher Education Grant NN 312275435.

References

[1] R. Rebucci, L. Sangalli, M. Fava, C. Bersani, C. Cantoni, and A.
Baldi, “Evaluation of functional aspects in Lactobacillus Strains
isolated from dry fermented sausages,” Journal of Food Quality,
vol. 30, no. 2, pp. 187–201, 2007.

[2] W. Zhang, S. Xiao, H. Samaraweera, E. J. Lee, and D. U. Ahn,
“Improving functional value of meat products,” Meat Science,
vol. 86, no. 1, pp. 15–31, 2010.
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18, no. 5, pp. 107–118, 2011.

[44] L. de Vuyst, G. Falony, and F. Leroy, “Probiotics in fermented
sausages,”Meat Science, vol. 80, no. 1, pp. 75–78, 2008.
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Infant colic is a common gastrointestinal disorder of newborns, mostly related to imbalances in the composition of gut microbiota
and particularly to the presence of gas-producing coliforms and to lower levels of Bifidobacteria and Lactobacilli. Probiotics
could help to contain this disturbance, with formulations consisting of Lactobacillus strains being the most utilized. In this work,
the probiotic strain Bifidobacterium breve B632 that was specifically selected for its ability to inhibit gas-producing coliforms,
was challenged against the Enterobacteriaceae within continuous cultures of microbiota from a 2-month-old colicky infant. As
confirmed by RAPD-PCR fingerprinting, B. breve B632 persisted in probiotic-supplemented microbiota cultures, accounting for
the 64% of Bifidobacteria at the steady state. The probiotic succeeded in inhibiting coliforms, since FISH and qPCR revealed that
the amount of Enterobacteriaceae after 18 h of cultivation was 0.42 and 0.44 magnitude orders lower (𝑃 < 0.05) in probiotic-
supplemented microbiota cultures than in the control ones. These results support the possibility to move to another level of study,
that is, the administration of B. breve B632 to a cohort of colicky newborns, in order to observe the behavior of this strain in vivo
and to validate its effect in colic treatment.

1. Introduction

In the first hours of life, the germ-free gastrointestinal tract of
newborns is colonized by microorganisms deriving from the
mother and from the environment, with the establishment
of a microbial community that will evolve into one of the
most complex microbial ecosystems [1]. The maintenance of
a correct balance of gut bacterial population is extremely
important since microbiota performs a variety of activities
and functions that deeply influence the health status of the
host, such as the metabolism of nondigestible compounds
with supply of short chain fatty acids, vitamin biosynthesis,
the regulation of immune system, and the prevention of
pathogen colonization [2, 3].

Despite the fact that increasing information about micro-
biota composition in adults is arising from metagenomics
and other culture-independent approaches, the dynamics of

initial colonization and evolution of the bacterial community
during the first days of life are poorly understood so far [4]. In
newborns, microbiota composition is variable and unstable,
and the establishment of the intestinal microbiota is highly
dependent on many factors, such as the mode of birth, breast
or formula feeding, and antibiotic intake [5–7]. Furthermore,
factors affecting the tropism and host-microbe interactions,
such as intestinal pH, body temperature, bile acids, peristalsis,
mucosal immune response receptors, and internal synergy,
exert a pivoting role in shaping the composition of bacte-
rial population [8, 9]. Initially, culturing studies indicated
that the pioneer bacteria colonizing the digestive tract of
newborns are Enterobacteriaceae and Gram-positive cocci
(e.g., Streptococcus, Staphylococcus), which lower the redox
potential and generate an anoxic environment, favorable
for the establishment of strictly anaerobic bacteria, such
as Bacteroidetes, Bifidobacterium, and Clostridiales [8, 10].
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Bifidobacteria are generally reported to prevail in the gut
microbiota of naturally delivered breast-fed infants after a few
days, at the expenses of Enterobacteriaceae and facultative
aerobes [11]. However, culture independent investigations
have provided evidence that infant colonizationmay bemuch
more complex, since it may be primed by anaerobes as well
(e.g. Clostridiales) and Bifidobacteria may not be among the
first colonizers or may remain a numerical minority [12].

Infant colic is a common functional gastrointestinal dis-
order of newborns, characterized by long bouts of crying and
hard-to-relieve behavior [13]. Crying peaks range between
6 and 12 weeks of age and cause considerable concern
and distress to parents. The pathogenesis of infant colic is
not well understood, and several underlying causes have
been suggested [13]. Among them, the relationship between
colonic microbiota and this disorder is emerging as a major
determinant. Culturing studies revealed higher counts of
Gram-negative bacteria and a less numerous population
of Lactobacilli and Bifidobacteria in the feces of colicky
infants compared with healthy infants [14]. Molecular global
investigation of the microbiota composition through phy-
logenetic microarray analysis demonstrated that gut micro-
biota differentiate much more slowly in colicky infants than
in healthy ones and that colic correlated positively with
the presence of specific genera of Gammaproteobacteria
(such as Escherichia, Klebsiella, Serratia, Vibrio, Yersinia,
and Pseudomonas) and negatively with bacteria belonging
to the Bacteroidetes and Firmicutes [15, 16]. Consistently, it
is known that Enterobacteriaceae, such as bacteria belong-
ing to Escherichia and Klebsiella, produce gas from mixed
acid fermentation and proinflammatory lipopolysaccharides,
both these mechanisms being proposed to favor colic
[17, 18].

The microbiota of colicky infants also presents lower
amounts of Bifidobacteria and Lactobacilli, which are known
to be anti-inflammatory and to exert various healthy prop-
erties [19–21]. The intake of probiotic Lactobacilli during
the first months of life can contribute to containing colic
[22, 23]. On the contrary, in vivo studies utilizing probiotic
Bifidobacteria for the treatment of colic are lacking.The strain
Bifidobacterium breve B632 possesses antimicrobial activity
against gas-producing coliforms isolated from the stools of
infants suffering from colic [24].

In order to obtain preliminary results that could support
an in vivo trial, the present study challenged B. breve B632
against the Enterobacteriaceae within cultures of microbiota
from a 2-month-old colicky infant. A continuous culture
fermentation simulating the gutmicrobiota of a colicky infant
was performed to examine the time-course of E. coli and
Enterobacteriaceae populations.

2. Methods

2.1. Chemicals and Bacterial Strain. All the chemicals were
supplied by Sigma (Stenheim, Germany), unless otherwise
stated. Bifidobacterium breve B632 was obtained from BUS-
CoB strain collection (Scardovi Collection of Bifidobacteria,
Dept. of Agro-Environmental Science and Technology, Uni-
versity of Bologna, Italy). The strain was accepted for deposit

by DSMZ for patent purposes and named B. breve DSMZ
24706. It was cultured anaerobically at 37∘C in Lactobacilli
MRS broth (BD Difco, Sparks, USA) containing 0.5 g/L L-
cysteine hydrochloride (hereinafter called MRS).

2.2. Cultures of Gut Microbiota. The cultures of gut micro-
biota were performed in a microbiota medium MM [25],
where the carbon source was substituted with 6.0 g/L of
a mixture of galactooligosaccharides (GOS, Domo Vivinal,
Needseweg, The Netherlands) and fructooligosaccharides
(FOS, Beneo-Orafti P95, Oreye, Belgium). The mixture was
composed of 90% GOS and 10% FOS (w/w), in agree-
ment with the composition of prebiotic infant formula [26].
Oligosaccharideswere filter-sterilized (0.22𝜇m)and added to
the medium after autoclaving.

Fresh feces from a breast-fed colicky infant, born by
natural delivery and not treated with antibiotics or probi-
otics, were utilized to prepare the inoculum for single-stage
continuous cultures. Inoculum preparation was performed
in anaerobic cabinet under an 85% N

2
, 10% CO

2
, and 5%

H
2
atmosphere. Feces were diluted to the ratio of 1 : 10 (w/v)

in MM, supplemented with 10% glycerol (v/v), and stored at
−80∘C until use.

In control microbiota cultures (MC), 5mL of fecal sus-
pension was thawed at 37∘C and utilized to inoculate bench-
top bioreactors (Sixfors V3.01, Infors, Bottmingen, Swiss)
containing 250mL of MM. Fresh MMwas fed at the dilution
rate of 0.042 h−1, corresponding to one turnover per day.
Themedium was flushed with CO

2
to maintain anaerobiosis.

The culture was kept in anaerobiosis at 37∘C, under gentle
agitation. Automatic titration with 4M NaOH maintained
pH at 6.5.

In probiotic-supplemented microbiota cultures (PMC),
fecal cultures were supplemented with 5.0 E + 7 cfu/mL of
B. breve B632. Concentrated stock cultures of B. breve B632
were supplementedwith glycerol (10%, v/v), enumerated onto
MRS-agar plates, and stored at −80∘C until an appropriate
volume was thawed and used for bioreactor inoculation.

Samples from MC and PMC were periodically collected
to analyze fermentation products, to examine the microbiota
composition, and to enumerate and isolate bifidobacteria.

2.3. Fluorescent In Situ Hybridization (FISH). FISH enumer-
ation of total bacteria, bifidobacteria, and Enterobacteriaceae
was based on the procedure of Harmsen et al. [27], with slight
modifications. Culture samples were diluted to the ratio of
1 : 4 with 40 g/L paraformaldehyde and incubated overnight
at 4∘C. Fixed cells were washed with PBS at pH 7.4 and then
dehydrated with PBS-ethanol 1 : 1 solution for 1 h at 4∘C. The
probes Eub 338, Bif 164, and Enterobact D, were used for total
bacteria, bifidobacteria, and Enterobacteriaceae, respectively
[28]. To perform hybridization, 10 𝜇L of cell suspension, 1 𝜇L
of the specific FITC-labeled probe, and 100 𝜇L of hybridiza-
tion buffer (20mM TRIS-HCl, 0.9M NaCl, and 0.1% SDS)
were mixed and incubated for 16 h at the temperature specific
for each probe [28].

A proper amount of the cell suspension was diluted in
4mL of washing buffer (20mM TRIS-HCl, 0.9M NaCl) and
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maintained at hybridization temperature for 10min before
being filtered onto 0.2𝜇m polycarbonate filters (Millipore,
Ettenleur, The Netherlands). Filters were mounted on micro-
scope slides with Vectashield (Vector Labs, Burlingame,
California). The slides were evaluated with a fluorescence
microscope (Eclipse 80i, Nikon Instruments) equipped with
mercury arc lamp, FITC specific filter, and digital camera.
Depending on the number of fluorescent cells, 30 to 100
microscopic fields were counted and averaged in each slide.
Each sample was enumerated in triplicate.

2.4. qPCR. Biomass samples from MC and PMC cultures
were collected by centrifugation, suspended in PBS (pH 7.8),
and extracted with QIAmp DNA Stool Mini Kit (Qiagen,
Hilden, Germany) to obtain bacterial gDNA. gDNA was
quantified with NanoPhotometer P-Class (Implen GmbH,
Munchen, Germany), diluted to 2.5 ng/𝜇L in TE buffer pH
8, and subjected to qPCR analysis with primers targeting
Enterobacteriaceae and Escherichia coli [29–31]. The set
of primers Eco-F (GTTAATACCTTTGCTCATTGA)/Eco-R
(ACCAGGGTATCAATCCTGTT) and Ent-F (ATGGCT-
GTCGTCAGCTCGT)/Ent-R (CCTACTTCTTTTGCAAC-
CCACTC) were used for Enterobacteriaceae and Escherichia
coli, respectively. The mixture contained 10 𝜇L of SsoFast
EvaGreen Supermix, 4 𝜇L of each 2𝜇M primer, and 2 𝜇L of
template. qPCR reaction was carried out with the CFX96
Real-Time System (Bio-Rad Laboratories, Redmond, WA,
USA), according to the following protocol: 98∘C for 2min;
45 cycles at 98∘C for 0.05min, 60∘C for 0.05min, and 95∘C
for 1min; 65∘C for 1min.

2.5. RAPD-PCR Tracing of Bifidobacterium breve B632. Fresh
culture samples were serially diluted in Wilkins-Chalgren
anaerobe broth (Oxoid) in the anaerobic cabinet and plated
on RB selective medium, in order to count and isolate
Bifidobacteria [32]. Genomic DNA was extracted from 200
colonies isolated from the PMC processes, using Instagene
matrix (Bio-Rad). RAPD-PCR was carried out in a 15 𝜇L
reaction mixture: 10X Dream Taq Buffer (including MgCl

2

2mM), 1.5 𝜇L; dNTPs mixture 0.10mM, 0,15 𝜇L; 2 𝜇M M13
primer (GAGGGTGGCGGTTCT), 3.75𝜇L; genomic DNA,
3 𝜇L; and PCR water 5.25 𝜇L. DNA amplification was per-
formed with the following protocol: 94∘C for 4min (1 cycle),
94∘C for 1min, 34∘C for 1min, 72∘C for 2min (45 cycles); 72∘C
for 7min (1 cycle). The PCR products were electrophoresed
in a 2% agarose gel (25 × 25 cm) for 4 h at a constant voltage
(160V) in TAE buffer (40mMTris-acetate, 1mM EDTA, and
pH 8.0). RAPD-PCR profiles were visualized under ultra-
violet light after staining with ethidium bromide, followed
by digital image capturing. The resulting fingerprints were
analyzed by the Gene Directory 2.0 (Syngene, UK) software
package. The similarity among digitalized profiles was calcu-
lated and a dendrogramwas derivedwith an unweighted pair-
group method using arithmetic means (UPGMA).

2.6. Analysis of Fermentation Products. The samples were
clarified through centrifugation (13,000×g, 5min, 4∘C) and
filtration (0.22𝜇mcellulose acetate filter) and stored at −20∘C

until analyzed. Fermentation products (formic, acetic, lactic,
propionic, butyric, and succinic acids and ethanol) were
analyzed using a HPLC device (Agilent technologies, Wald-
bronn, Germany) equipped with refractive index detector
and Aminex HPX-87 H ion exclusion column. Isocratic
elution was carried out with 0.005M H

2
SO
4
at 0.6mL/min

[33].

2.7. Statistical Analysis. All values are means of four sepa-
rate experiments. Comparisons were carried out according
to Student’s 𝑡-test. Differences were considered statistically
significant for 𝑃 < 0.05.

3. Results

3.1. Evolution of Fecal Microbial Groups and Fermenta-
tion Products. Single-stage continuous fermentation of the
colonic microbiota from a colicky newborn was carried out
for 24 h to study whether the addition of B. breve B632
could affect the growth of Enterobacteriaceae. Bifidobacteria,
Enterobacteriaceae, and total bacteria were enumerated in
MC and in PMC, the latter supplemented with 5.0 E +
07 cfu/mL of B. breve B632 (Figures 1(a) and 1(b)). After 18 h
of cultivation, FISH bacterial counts became steady in both
MC and PMC cultures. Eubacteria increased up to 9.0–9.4 E+
09 cfu/mL, without statistically significant difference between
PMCandMC (𝑃 > 0.05). At all the time points, bifidobacteria
were more abundant in PMC than in MC (𝑃 < 0.05). Ente-
robacteriaceae were negatively affected by the presence of B.
breve B632 and were always less numerous in PMC than in
MC (𝑃 < 0.05).

The evolution of Enterobacteriaceae and E. coli was
determined also with q-PCR during the whole process.
Enterobacteriaceae were significantly lower in PMC than in
MC (𝑃 < 0.05), consistently with FISH results. On the other
hand, statistically significant difference was not observed
in the levels of E. coli (𝑃 > 0.05), with the exception of
18 h, when E. coli was less numerous in MC than in PMC
(Figure 2).

The presence of B. breve B632 in PMC cultures was
traced using RAPD-PCR fingerprinting at all the time points.
Colonies were isolated using the Bifidobacterium selective
medium RB and those positive to Bifidobacterium-specific
PCRwere subjected to RAPD-PCR analysis. At the beginning
of the fermentation, B. breve B632 represented the 85% of
bifidobacterial isolates in PMC, then decreased to 73% after
6 h, and stabilized at 64% at the steady state (𝑛 = 4, SD
< 34%). The relative amount of B. breve B632 tended to
decrease, albeit differences at the diverse time points were
not statistically significant. Considering that at the steady
state Bifidobacteria accounted for approximately 38% of
total eubacteria according to FISH enumeration, B. breve
B632 can be estimated as approximately the 24% of total
bacterial population in PMC. In these samples, 2 biotypes
of Bifidobacteria represented the autochthonous component.
The same two biotypes were identified also at the inoculum
in MC cultures, together with two other minor ones, none
of them exhibiting a RAPD-PCR profile similar to that of B.
breve B632.
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Figure 1: Time-course of total bacteria, bifidobacteria, and Enterobacteriaceae in cultures of infant gut microbiota. Eubacteria (�),
Bifidobacterium (�), and Enterobacteriaceae (◼) were quantified by FISH in control cultures (MC, (a)) and in cultures supplemented with B.
breve B632 (PMC, (b)). Data are means ± SD, 𝑛 = 4.
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Figure 2: Time-course of E. coli and Enterobacteriaceae in cultures
of infant gutmicrobiota.E. coli (�) andEnterobacteriaceae (�) were
quantified by qPCR in control cultures (MC, dashed line) and in
cultures supplementedwithB. breveB632 (PMC, solid line).Data are
means ± SD, 𝑛 = 4. Stars indicate statistically significant difference
between MC and PMC cultures (𝑃 < 0.05).

Formate, acetate, lactate, propionate, butyrate, and
ethanol originated by microbiota metabolism during the
processes (Figures 3(a) and 3(b)). Like the bacterial counts,
the concentrations of microbial products became stationary
after approximately 18 h. Ethanol, formate, lactate, and
acetate were the first to increase at the beginning of the
fermentation. Propionate, 2,3-butanediol, and butyrate
accumulated later, while lactate decreased as the steady state
was approached.

During the growth phase, the major differences between
MC and PMC processes were acetate and ethanol, accumu-
lating at different levels during the first hours of the process:
after 12 h, in MC and PMC, ethanol was 1.6 and 0.8 g/L,
while acetate 0.8 and 2.4 g/L, respectively. At the steady state
(18 h), MC had higher levels of butyrate and ethanol than
PMC, while acetate and lactate were higher in PMC (𝑃 <
0.05). The other metabolites exhibited similar steady-state
concentrations in PMC and MC processes (𝑃 > 0.05).

4. Discussion

Literature reports the use of Lactobacillus spp. strains to
alleviate the symptoms of infant colic [22, 23]. On the other
hand, no information is available on this specific use of
bifidobacteria, although in vitro results showed that strains of
Bifidobacterium can exert antimicrobial activity against gas
forming coliforms [24]. Among a panel of Bifidobacterium
strains that were selected as potential candidates for pro-
biotic use against colic in infants, B. breve B632 appeared
particularly promising because of its strong antimicrobial
activity against coliforms, coupled to the lack of transmis-
sible antibiotic resistance traits and cytotoxicity for the gut
epithelium. Moreover, the strain is capable of adhering to
gut epithelium cell lines and could stimulate gut health
by increasing metabolic activity and immune response of
epithelial cells [24].

In the present work, the antagonistic effect of B. breve
B632 against coliforms was challenged within gut microbiota
cultures of a colicky newborn, simulating in vivo conditions,
in order to propose its use as anticolic probiotic. B. breve
B632 survived well within the fecal culture, exhibiting a high
viability during the process. At all the time points, Enterobac-
teriaceae were significantly less numerous in presence of the
probiotic. These results indicate that B. breve B632 exerted
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Figure 3: Time-course of fermentation products in cultures of infant gut microbiota. Ethanol (�), lactate (�), acetate (△), formate (),
propionate (◻), 2,3-butanediol (◼), and butyrate (22C4) were determined in control cultures (MC, (a)) and in cultures supplemented with B.
breve B632 (PMC, (b)). Data are means, 𝑛 = 4, and SD always < 0.25 g/L.

antimicrobial activity against coliforms in fecal cultures as
well, consistently with previous observation with spot agar
tests and cocultures [24].

Unlike Enterobacteriaceae, E. coli counts were not
affected by the presence of the probiotic. This observation
can be ascribed to the different specificity of the primer
sets utilized in qPCR quantification, since the primers for
Enterobacteriaceae recognize a broader spectrum of species
than the ones for E. coli (Table 1).

Based on the list of species that align with qPCR primers
and FISH probes, it is likely that Gammaproteobacteria other
thanE. coli are involved in infant colic. For example, the qPCR
primers for Enterobacteriaceae should recognize Yersinia,
whereas the FISH probe for Enterobacteriaceae is expected
to miss it.

Fecal samples have amicrobial composition that does not
exactly correspond to that of the colonic content, wheremajor
microbial-host interactions occur, and richness and diversity
seem underrepresented [34]. However, systems as the one
herein described are currently the best tools to investigate the
external factors that could influence the intestinal microbial
composition such as antibiotics or to test novel potential
probiotics, before carrying out expensive in vivo trials. The
data herein presented indicate that the potential probiotic
strainB. breveB632was able to survive in a complexmicrobial
environment and restrained Enterobacteriaceae population.

5. Conclusions

The present study demonstrated the ability of a properly
selected probiotic Bifidobacterium strain B. breve B632 to
inhibit the growth of Enterobacteriaceae in an in vitromodel
system simulating the intestinal microbiota of a 2-month-old
colicky infant.These results support the possibility tomove to
another level of study, that is, the administration of B. breve

Table 1: Genera of human intestinal bacteria potentially recognized
by FISH probes and qPCR primers, according to SILVA.

Probe or primer set Genus

Enterobact D

Citrobacter
Cronobacter
Edwardsiella
Enterobacter
Escherichia
Klebsiella
Kluyvera
Pantoea
Raoultella
Serratia
Shigella

Ent-F/Ent-R

Edwardsiella
Escherichia
Klebsiella
Pantoea
Proteus

Providencia
Pseudomonas

Shigella
Yersinia

Eco-F/Eco-R
Cronobacter
Escherichia
Shigella

B632 to a cohort of colicky newborns, in order to observe the
behavior of this strain in vivo and to validate its effect in colic
treatment.
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Previous studies showed that hydrolysates of 𝛽-lactoglobulin (BLG) prepared using gastrointestinal proteases strongly inhibit
dipeptidyl peptidase-IV (DPP-IV) activity in vitro. In this study, we developed a BLG-secreting Lactococcus lactis strain as a delivery
vehicle and in situ expression system. Interestingly, trypsin-digested recombinant BLG from L. lactis inhibited DPP-IV activity,
suggesting that BLG-secreting L. lactismay be useful in the treatment of type 2 diabetes mellitus.

1. Introduction

𝛽-Lactoglobulin (BLG) is the major whey protein in the milk
of cows and other ruminants, as well as some nonruminants,
but it is not contained in human breast milk [1]. BLG is
widely recognized as a high-functional protein [2]. Previous
studies have consistently demonstrated that hydrolysates of
BLGprepared using gastrointestinal proteases such as trypsin
or pepsin have an inhibitory effect on dipeptidyl peptidase-
IV (DPP-IV, also known as CD26) activity [3–8]. DPP-IV
is a serine protease that is ubiquitously expressed in vivo,
and its endogenous physiological substrates are incretins [9].
The incretins, primarily glucose-dependent insulinotropic
polypeptide and glucagon-like peptide-1, are gastrointestinal
hormones released from intestinal L and K cells, respectively.

Incretins drive insulin secretion in pancreatic 𝛽 cells and
suppress pancreatic glucagon production [10, 11]. Thus, DPP-
IV inhibitors, such as vildagliptin, saxagliptin, sitagliptin,
alogliptin, and linagliptin, are used in the management of
type 2 diabetes mellitus (T2D).

We hypothesized that intestinal mucosa-targeted oral
delivery of BLG might be a useful strategy for managing
T2D. Generally recognized as safe (i.e., GRAS), genetically
modified lactic acid bacteria (LAB) have recently emerged
as vehicles for the efficient delivery of therapeutic proteins
and as stable producers of these proteins in situ [12]. In this
study, we engineered a Lactococcus (L.) lactis strain to secrete
BLG and validated the DPP-IV-inhibiting activity of trypsin-
digested recombinant BLG (rBLG).
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2. Materials and Methods

2.1. Bacterial Strains and Growth Conditions. L. lactis
NZ9000 (NZ9000; MoBiTec, Goettingen, Germany), derived
from L. lactis subsp. cremoris MG1363 (MG1363), which
harbors the regulatory genes nisR and nisK integrated into
the pepN gene, was used as a host strain. NZ9000 was
grown at 30∘C without shaking in M17 broth (OXOID,
Hampshire, UK) supplemented with 0.5% glucose (GM17).
rNZ9000 strains were grown in GM17 with 20𝜇g/mL of
chloramphenicol.

2.2. Construction of rNZ9000 Strains. To create the secre-
tion vector for L. lactis, the sequence of usp45, the lac-
tococcal signal peptide, was inserted into pNZ8148#2:CYT
[13] between the nisin-inducible promoter (𝑃nis) and 6x
His-tag sequences; the resulting plasmid was designated
pNZ8148#2:SEC (Figure 1(a)).The pNZ8148#2:CYT vector is
a modified form of the L. lactis expression vector pNZ8148
(MoBiTec).

The gene encoding BLG (accession number: EU883598)
was synthesized and subcloned into pGEM-T easy opti-
mized for MG1363 codon-usage by Eurofins Genomics
(Tokyo, Japan). The sequence of the BLG gene was subse-
quently cloned between the KpnI and HindIII restriction
sites in pNZ8148#2:SEC, generating pNZ8148#2:SEC-BLG
(Figure 1(b)).

The pNZ8148#2:SEC-BLG vector was introduced into
NZ9000 by electroporation using a Gene Pulser Xcell elec-
troporation system (Bio-RadLaboratories Inc., CA,USA) fol-
lowing the manufacturer’s instructions.The resulting recom-
binant strainwas designatedNZ9000:SEC-BLG.NZ9000was
also electroporated with the empty plasmid pNZ8148#2:SEC
to generate an NZ9000 vector control strain (NZ9000:SEC-
VC).

2.3. Small-Scale Expression of rBLG. A 1.9mL aliquot of fresh
medium was inoculated with 0.1mL of an overnight culture
and incubated at 30∘C without shaking. When the turbidity
of the culture reached an optical density at 600 nm (OD

600
)

of 0.4 (1.5 to 2 h later), various concentrations of nisin were
added and the culture was incubated for an additional 3 to
4 h. The OD

600
of the culture was measured at the end of the

incubation period.
Cells were isolated from the nisin-induced culture via

centrifugation for 1min at 8,000×g and 4∘C. Protein extracts
were prepared from the cells using previously described
methods [14]. Proteins remaining in the supernatant were
isolated and concentrated using trichloroacetic acid (TCA)
precipitation. Briefly, 300𝜇L of cold 100% (w/v) TCA solution
was added to 1.5mL of supernatant and the mixture was
placed on ice for 3 h. The resulting precipitates were pelleted
by centrifugation at 20,400×g and 4∘C.To completely remove
the TCA, the protein pellet was washed twice with ice-cold
acetone. The resulting pellet was dried at 55∘C and then
dissolved in a small amount of TE buffer (10mM Tris-HCl
(pH 8.0), 1mM EDTA). An equal volume of 2x sodium

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) sample buffer was added to each sample. The cell and
supernatant fractions were boiled for 5min or placed at room
temperature overnight, respectively, and then subjected to
SDS-PAGE (15% (v/v) polyacrylamide).

Electrophoresed proteins were transferred from the gel
onto a Hybond-P polyvinylidene difluoride membrane (GE
Healthcare, Buckinghamshire, UK). Western blotting was
performed with primary antibody (Ab) against the 6x His-
tag (1:1,000; BioLegend Inc., San Diego, CA, USA), followed
by incubation with a horseradish peroxidase-conjugated
secondary Ab (1:5,000; Sigma, St. Louis, MO, USA). The
resulting blots were visualized using an ECLWestern Blotting
Analysis System (GEHealthcare). Signals were detected using
a lumino image analyzer (ImageQuant LAS 4000 mini, GE
Healthcare) and analyzed using ImageQuant TL software (GE
Healthcare).

2.4. Purification of rBLG. Expression of rBLG in
NZ9000:SEC-BLG was induced in a 4 L large-scale culture
according to the above-mentioned methods. Following
induction of rBLG expression, cells were harvested by
centrifugation for 20min at 3,000×g and 4∘C. The cell pellet
was washed twice with phosphate buffer (50mM NaH

2
PO
4
,

300mM NaCl, pH 8.0) and resuspended with 80mL of
phosphate buffer containing EDTA-free proteinase inhibitor
cocktail (Roche Diagnostics, Indianapolis, IN, USA). To
disrupt the cells, the bacterial suspension was homogenized
with 0.2mm glass beads for 3min using a beads beater
(Beads Crasher 𝜇T-12, Taitec, Saitama, Japan) operating at
3,200 rpm. Soluble proteins released from the bacterial cells
were collected by centrifugation for 15min at 20,400×g and
4∘C.

The rBLG was purified from the prepared lysate using
a HisTrap HP column (1mL, precharged with Ni2+; GE
Healthcare) under native conditions. The phosphate buffer-
equilibrated column was filled with the prepared lysate and
then the flow-through was collected. Next, nonadsorbed
proteins were eluted using wash buffer (phosphate buffer
containing 20mM imidazole). Adsorbed proteinswere eluted
with elution buffers (phosphate buffer containing 31, 63, 125,
250, or 500mM imidazole). The prepurification crude lysate
and the flow-through and eluted fractions were analyzed
by Western blotting with an anti-6x His-tag Ab. Eluted
fractions were dialyzed against Tris-buffered saline (TBS;
50mM Tris-HCl (pH 8.0), 138mM NaCl, and 2.7mM KCl)
and frozen at −80∘C until use. The protein concentration
of the dialyzed samples was measured with a BCA Protein
Assay Kit (Thermo Scientific, Rockford, IL, USA) before the
samples were frozen.

2.5. Trypsin Digestion of BLG. Commercial BLG (cBLG;
Sigma) was dissolved in TBS at a concentration of 1mg/mL.
Purified TBS-dialyzed rBLG was diluted to 50 𝜇g/mL with
TBS. Trypsin (from porcine pancreas, Wako Pure Chemical
Industries Ltd., Osaka, Japan) was added at an enzyme to
substrate ratio of 1 : 20 (w/w) and the mixture was incubated
at 37∘C for 24 h with gentle agitation. Digestion was stopped
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Figure 1:Maps of vectors used in this study. (a) Schematic representation of the secretion vector, pNZ8148#2:SEC.TheDNAsequence between
the RBS and the stop codon is presented in the rectangle. (b) The codon-optimized BLG gene (537 bp) was cloned into pNZ8148#2:SEC
(above) between the KpnI and HindIII restriction enzyme recognition sites, and the resulting plasmid was designated pNZ8148#2:SEC-BLG
(below). 𝑃nis: nisin-inducible promoter; RBS: ribosome binding site; SP

𝑢𝑠𝑝45
: sequence of the signal peptide of the usp45 gene product; His-

tag: 6x histidine-tag; FXa: factor Xa recognition site; MCS: multiple cloning site; T: terminator; rep: replication gene; cm: chloramphenicol
acetyltransferase gene; BLG: 𝛽-lactoglobulin.

by heating the sample at 90∘C for 5min.The reactionmixture
was kept frozen at −80∘C until used in experiments.

2.6. Analysis of DPP-IV Inhibition. The DPP-IV inhibition
assay was performed using a DPP-IV Drug Discovery Kit
according to the manufacturer’s instructions. Fluorescence
resulting from degradation of substrate (H-Gly-Pro-AMC)
by DPP-IV was detected using a Fluoroskan Ascent FL
Microplate Fluorometer (Thermo Scientific) at excitation
and emission wavelengths of 355 and 460 nm, respectively.
Data are expressed as DPP-IV activity (%) remaining in test
samples versus the control (no sample added).

2.7. cBLG-Immunized Mice. Pathogen-free female BALB/c
mice (4 weeks of age, 𝑛 = 3) were purchased from Japan SLC
(Shizuoka, Japan) and housed under temperature- and light-
controlled conditions. Mice were fed a standard diet (MF,
Oriental Yeast Co., Ltd., Tokyo, Japan) and sterile water ad
libitum. After a 1-week preliminary acclimatization period,
mice were sensitized with 100𝜇g of cBLG emulsified with
0.1mL of complete Freund’s adjuvant (Difco Laboratories,
Detroit, MI, USA) and injected intraperitoneally. At 2 and
4 weeks after the first sensitization, mice were boosted with
100 𝜇g of cBLG emulsified with 0.1mL of incomplete Freund’s
adjuvant (Difco Laboratories). All experimental procedures
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Figure 2: Secretion of rBLG by NZ9000. Two rNZ9000 strains were cultured with (+) or without (−) 10 ng/mL of nisin. Protein extracts
from cells (a) or culture supernatants (b) were analyzed by Western blotting with a 6x His-tag Ab.White and black arrowheads indicate the
secretory rBLG precursor (pre-rBLG, 27 kDa) and the secretory form of rBLG (24.3 kDa), respectively.

were conducted in accordance with the Regulations for
Animal Experimentation of Shinshu University.

2.8. Immunoreactivity Assay. To investigate whether rBLG
is immunoreactive, splenocytes were isolated from cBLG-
immunized mice and the level of interleukin- (IL-) 13 mRNA
expression was measured using real-time quantitative PCR
(qPCR) following stimulation with purified rBLG. Spleno-
cytes were prepared using standard methods [15, 16] and
then cultured at a final concentration of 1 × 107 cells/well
(total volume of 2mL per well). Splenocytes were stimulated
with 50 or 100 𝜇g/mL of cBLG or purified rBLG. After
72 h of incubation, cells were harvested and IL-13 mRNA
expression was assessed using qPCR as previously described
[16]. Fluorescent qPCR was performed with SYBR Premix
Ex Taq (TaKaRa Bio Inc., Tokyo, Japan) and IL-13-specific
primers, with each reaction containing 5 ng of cDNA in a
total volume of 25𝜇L.The 𝛽-actin-specific and IL-13-specific
primers were purchased from TaKaRa Bio Inc. The PCR
cycling conditions were 10 s at 95∘C followed by 45 cycles of
5 s at 95∘C and 30 sec at 60∘C. As a control, poly (A)+ RNA
samples were used as templates to check for the presence
of contaminating genomic DNA. Reaction sensitivity and
amplification of contaminant products (e.g., extension of self-
annealed primers) were evaluated by amplifying serial dilu-
tions of the cDNA template. For cross-sample comparisons
of results obtained using various treatments, cytokinemRNA
levels were first normalized to 𝛽-actin mRNA levels. Results
are presented as the mean and SD of three independent
experiments.

2.9. Statistical Analysis. ANOVA and post hoc tests were
performed using the ystat2004.xls statistical software package
(Igakutosho Shuppan, Tokyo, Japan). One-way ANOVAwith
the post hoc Dunnett test or Student-Newman-Keuls test was
used to determine the significance of differences in DPP-
IV inhibitory assay and immunoreactivity assay, respectively.
Differences were considered significant at 𝑃 < 0.05.

3. Results and Discussion

3.1. Construction of the rBLG-Secreting NZ9000 Strain.
Genetically engineered LAB have recently emerged as suit-
able vehicles for the delivery of therapeutic proteins (e.g.,
antigens of pathogenic bacteria, allergen, and immunomod-
ulators such as cytokines) to the intestinal mucosa [17]. Many
heterologous gene expression systems for LAB have been
developed [18–20]. The nisin-controlled gene expression
(NICE) system, which utilizes a nisin-inducible promoter to
express downstream genes [21], is one of the most efficient
expression systems and is commonly used with L. lactis and
other LAB [22, 23].

In the current study, we constructed the secretion plasmid
pNZ8148#2:SEC (Figure 1(a)), which is a modified form of
pNZ8148, the standard plasmid used in the NICE system.
The pNZ8148#2:SEC plasmid contains sequences encoding
the nisin-inducible promoter (𝑃nis), usp45 signal peptide
(SP
𝑢𝑠𝑝45

), 6x His-tag, a Factor Xa recognition site, and
a terminator. This plasmid was cloned from the unmu-
tated BLG gene (Figure 1(b)) and then introduced into
NZ9000, resulting in the generation of NZ9000:SEC-BLG.
The NZ9000:SEC-BLG strain was induced with nisin, and
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Figure 3: Determination of the optimal nisin concentration for secretion of rBLG by NZ9000. (a) Strain NZ9000:SEC-BLG was cultured
with various concentrations of nisin (0 to 500 ng/mL). After 3 h of incubation, the OD
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analyzed by Western blotting with a 6x His-tag Ab. Representative images from three independent experiments are shown.White and black
arrowheads indicate the secretory rBLG precursor (pre-rBLG, 27 kDa) and the secretory form of rBLG (24.3 kDa), respectively.

rBLG expression and secretion were validated by Western
blotting with an anti-6x His-tag Ab. A strong secretory rBLG
precursor signal (pre-rBLG, 27 kDa) and a weak band repre-
senting the secretory form of rBLG (24.3 kDa) were observed
on Western blotting of the cell extract of nisin-induced
NZ9000:SEC-BLG (Figure 2(a)). Moreover, a single band
corresponding to rBLG was detected in the culture super-
natant of nisin-induced NZ9000:SEC-BLG (Figure 2(b)). No
signalwas detected in analyses of protein extracts of the nisin-
induced NZ9000:SEC-VC and noninduced NZ9000 strains
(Figure 2). We clearly demonstrated that NZ9000:SEC-BLG
intracellular expression of pre-rBLG is dependent on nisin
stimulation and that this protein is subsequently secreted by
the cell’s secretory machinery [18].

3.2. Optimal Conditions for rBLG Secretion by NZ9000.
Previous studies suggested that the amount of a protein
expressed in an engineered LAB may be increased in a nisin-
concentration-dependent manner using the NICE system
[24]. We addressed this possibility in our previous research
[13, 14]. In this study, we show that rBLG expression and
secretion are nisin-concentration dependent (Figure 3(b)).
Inhibition of bacterial proliferation (Figure 3(a)) and an
increase in the intensity of a band corresponding to pre-
rBLG in the culture supernatant (Figure 3(b)) were observed
in NZ9000:SEC-BLG cultured with nisin at concentrations
greater than 16 ng/mL.

Nisin, a typical type-A(I) lantibiotic produced by some
L. lactis strains, exhibits bactericidal activity against a wide
range of Gram-positive bacteria [25]. The mechanism of
nisin’s antimicrobial action is thought to involve (i) inhibition
of cell wall biosynthesis by scavenging of the peptidoglycan
precursor lipid II and (ii) lysis of the cell membrane by
the formation of pores [26]. Our observations suggest that
although the level of rBLG production by NZ9000:SEC-BLG
increases in a nisin-concentration-dependent manner, expo-
sure to high nisin concentrations (i.e., >16 ng/mL) results
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Figure 4: Purification of rBLG secreted by NZ9000. Expression
of rBLG by NZ9000 was induced in a 4 L large-scale culture. The
cell extract (crude lysate) was prepared as described in Section 2
and then passed through a HisTrap HP column (flow-through). The
column was washed to remove nonadsorbed protein (wash) and
then eluted (elution) with wash buffer containing 20mM imidazole
and elution buffers containing 31 to 500mM imidazole. All fractions
were analyzed by Western blotting with a 6x His-tag Ab.White and
black arrowheads indicate the secretory rBLG precursor (pre-rBLG,
27 kDa) and the secretory form of rBLG (24.3 kDa), respectively.

in significant cell damage. Based on these results, 15 ng/mL
was determined to be the optimal nisin concentration for
maximizing rBLG secretion.

3.3. Purification of rBLG Produced by NZ9000. Expression
of rBLG by strain NZ9000:SEC-BLG was induced in a 4 L
large-scale culture, after which the protein was isolated and
purified. The cellular crude lysate was passed through a
HisTrap HP column and the flow-through was collected.The
columnwas washed to remove nonadsorbed proteins and the
adsorbed proteins were eluted with various concentrations
of imidazole (20 to 500mM). To confirm the purification of
rBLG, all fractions were analyzed by Western blotting with
an anti-6x His-tag Ab (Figure 4). Bands corresponding to
pre-rBLG and/or rBLG were observed in each of the eluted
fractions. Pre-rBLG and rBLG were particularly abundant
in the fractions eluted with 63 and 125mM imidazole.
However, highly purified rBLG samples (i.e., fractions eluted
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Figure 5: Inhibition ofDPP-IV activity by trypsin-digested rBLG.Various concentrations of trypsin-digested cBLG (a) or trypsin hydrolysates
of 50 𝜇g/mL of either cBLG or purified rBLG (b) were evaluated for inhibitory activity against DPP-IV using a DPP-IV Drug Discovery Kit.
Concentrations indicated are the protein concentrations before trypsin treatment. Data are expressed as percent activity remaining in test
samples versus that in the control (no sample added). Black, dotted white, and dotted black bars indicate control, cBLG, and purified rBLG
(rBLG), respectively. Values represent means and error bars indicate SD (𝑛 = 3). ∗𝑃 < 0.05; ∗∗𝑃 < 0.01 versus control.

with 250 and 500mM imidazole) were used in subsequent
experiments.

3.4. Inhibition of DPP-IV Activity by Trypsin-Digested rBLG.
Trypsin-digested cBLG inhibited the activity of the DPP-IV
enzyme in a concentration-dependent manner (Figure 5(a)).
The inhibitory activity of trypsin-digested rBLG against DPP-
IVwas similar to that of cBLG (Figure 5(b)). Uchida et al. also
showed that DPP-IV inhibitory activity of trypsin-digested
BLG was exerted in a concentration-dependent fashion, and
IC
50
value was 210 𝜇M [8]. Thus, highly concentrated tryptic

hydrolysate of rBLG may efficiently inhibit DPP-IV activity.
Other studies have shown that some peptides produced by
trypsin digestion of BLG inhibit DPP-IV activity [6, 8].
Particularly, the pentapeptide IPAVF exhibits the strongest
inhibitory activity [6]. The strong inhibition of DPP-IV
activity observed with trypsin-digested rBLG in this study
was probably because of the involvement of these peptides
within the rBLG.

3.5. Immunoreactivity of rBLG. Vaccines using genetically
modified LAB as mucosal antigen delivery vehicles have
been tested in mouse models of allergies to house dust
mites [27–29], eggs [30], birch pollen [31], Japanese cedar
pollen [32], and cow’s milk [33]. These studies demon-
strated suppression of the allergic response by LAB vaccines
through induction of immune response by T-helper (Th)1
or regulatory T cells. Indeed, Adel-Patient et al. showed
that oral pretreatment with a BLG-producing L. lactis strain
prevents Th2-type immune responses through a reduction
in BLG-specific IgE production and the upregulation of
specificTh1-type IgG2a and fecal IgA production [34].There-
fore, we also investigated the immunoreactivity of L. lactis-
produced rBLG using a simple in vitro assay system that

we previously developed [13, 14]. In this study, IL-13 mRNA
expression was significantly enhanced in a dose-dependent
manner in splenocytes stimulated with cBLG as compared
with medium-stimulated control cells (Supplemental Figure
1 available online at http://dx.doi.org/10.1155/2014/393598).
Similar results were observed with cells stimulated with
purified rBLG (Supplemental Figure 1).These results indicate
that rBLG demonstrates immunoreactivity as strong as that
of cBLG. Hence, NZ9000:SEC-BLG may be useful not only
in managing T2D but also in therapies to treat or prevent
allergies to cow’s milk.

4. Conclusions

We developed a L. lactis strain (NZ9000 : SEC-BLG) that
efficiently secretes rBLG. The rBLG produced by this
strain demonstrates both strong allergenicity and inhibi-
tion of DPP-IV activity following trypsin digestion. The
NZ9000:SEC-BLG strain may prove useful in therapies for
treating T2D and allergies to cow’s milk.
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Based on the preliminary screening of eight indigenous putative probiotic Lactobacilli, Lactobacillus fermentum Lf1 was selected
for assessing its antioxidative efficacy in DSS colitis mouse model based on its ability to enhance the expression of “Nrf 2” by
6.43-fold and malondialdehyde (MDA) inhibition by 78.1 ± 0.24% in HT-29 cells under H

2
O
2
stress. The Disease Activity Index

and histological scores of Lf1-treated mice were lower than the control group. However, expression of “Nrf 2” was not observed
in Lf1-treated mice. A significant increase in the expression of antioxidative enzymes such as SOD2 and TrxR-1 was recorded in
both of the groups. The expression of SOD2 was significantly downregulated in colitis-induced mice by −100.00-fold relative to
control group, and the downregulation was considerably reduced to −37.04-fold in colitis Lf1 treatment group. Almost, a similar
trend was recorded in case of “thioredoxin” expression, though “CAT” was refractile to expression. The Lf1-treated group had
decreasedmalondialdehyde level as compared to colitis control (37.92 ± 6.31 versus 91.13 ± 5.76 𝜇M/g).These results point towards
Lf1-induced activation of the antioxidant enzyme system in the mouse model and its prospects to be explored as a new strategy for
IBD management.

1. Introduction

Inflammatory bowel diseases (IBDs) including Crohn’s dis-
ease (CD) and ulcerative colitis (UC) have been recognized
as the chronic inflammatory disorders of the gastrointestinal
tract whose pathogenesis is not completely understood [1].
However, high-grade oxidative stress induced as a result
of generation of excessive level of reactive oxygen species
(ROS) has been commonly implicated in the pathogenesis
of some chronic human disorders including autoimmune
diseases and also happens to be the hall mark of IBDs [2–4].
The production of free radicals at high levels in the gut can
exert cytotoxic effects on the membrane phospholipids of the
intestinal epithelial cells, resulting in the formation of toxic
products such as malondialdehyde (MDA). Similarly, the
occurrence of severe peroxidative changes due to lipids and
free radicals reaction resulting in enhanced lipid peroxidation

has been found to be commonly associated with the onset
of IBDs [5]. However, human body has evolved genetic pro-
grammes through intervention of antioxidative enzymes to
protect itself from such oxidative stresses by maintaining cel-
lular homeostasis and function.The key antioxidant enzymes
which include superoxide dismutase (“SOD”), glutathione
peroxidase (“GPx”), and catalase (“CAT”) form the backbone
of the enzymatic antioxidant cascade and offer protection
to cells and tissues against oxidative injury [6]. In this
context, nuclear factor erythroid 2-related factor 2 (“Nrf 2”)
has been recognized as one of the key transcriptional factors
that can play a significant protective role by controlling
the antioxidant response element- (ARE-) dependent gene
regulation in response to oxidative stress [7–9].

Recently, food supplementation with antioxidants has
been the major focus of attention amongst the health pro-
fessionals across the world to explore it as a strategy to
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protect against the injurious effects of oxidative stress. One
of the dietary based strategies currently in vogue explores
probiotics for amelioration of oxidative stress-related diseases
by augmentation of antioxidant defense systems operating
in the human body. Probiotics have recently emerged as the
powerful microbial tools for novel therapeutic applications
specifically targeted against IBD by virtue of expressing
several physiologically important functions under both in
vitro and in vivo conditions. Besides displaying a plethora
of novel health promoting functions which are highly
strain specific, probiotic bacteria including Lactobacilli also
demonstrated strong antioxidative potentials as reported
previously [11–13]. In this context, one such study merits
special attention wherein L. fermentum ME-3, a potential
probiotic strain of proven efficacy, possesses antagonistic
and antioxidative properties, when used in conjunction with
ofloxacin decreased lipid peroxide value in the mucosa of the
small intestine and liver of Salmonella typhimurium infected
murine model [14, 15]. As probiotics showed a positive
functionality on oxidative stress-related indices, they can help
both to stabilize and to promote the potency of the whole
body antioxidative defense system and thus in turn may
have an impact on lowering the risk of several inflammatory
metabolic disorders including IBDs. Besides this, a large body
of evidence also suggests that probiotics, like VSL#3 and L.
rhamnosus GG, could serve as the promising candidates for
the prevention and control of IBD although some conflicting
results have also been reported [16–20].

Several animal models of IBD have been designed and
amongst them dextran sulfate sodium (DSS) induced colitis
model appears to represent the most accurate model of
IBD since it provides human IBD-like symptoms [21]. Data
from animal models of colitis have indicated that specific
probiotic Lactobacillus and Bifidobacterium strains could
prevent and treat intestinal inflammation [22–25].This study
was specifically undertaken to showcase the antioxidative
potentials of L. fermentum Lf1, a promising indigenous pro-
biotic Lactobacillus strain, tomanage oxidative stress through
“Nrf 2” activation and modulation of lipid peroxidation by
impactingMDA level under both in vitro (HT-29) and in vivo
conditions in DSS colitis mouse model.

2. Materials and Methods

2.1. Ethical Statement. Before setting up the animal study
in colitis mouse model, prior approval of the Institute’s
Animal Ethics Committee (IAEC) of the National Dairy
Research Institute (NDRI, Karnal, India) was obtained. The
experimental animals used in this study were maintained as
per National Institute of Nutrition (NIN), India, guidelines
for the care and use of laboratory animals (date of approval:
30/10/10). Surgery was performed at anesthesia conditions to
minimize suffering of the animals.

2.2. Bacterial Strains. A total of ten bacterial cultures which
included eight indigenous Lactobacillus isolates comprising
of seven strains of Lactobacillus plantarum (L. plantarum
9, 10, 42, 55, 78, 91, and S3) and a strain of Lactobacillus

fermentum (Lf1; an indigenous isolate of Indian gut origin,
deposited in International Depository Budapest Treaty at
Microbial Type Culture Collection; MTCC 5689) besides
two reference probiotic strains L. plantarum CSCC5276 (also
designated as CSCC5276, NCDO82, or VTTE-71034) which
was procured from Dr. N. P. Shah from Victoria University,
Australia [26, 27], and L. acidophilus NCFM (also known
as Howaru Dophilus, LA-1, NCK56, NCK45, N2, RL8KR,
RL8KS, and RL8K) [28–30] formed the subject of this study.
They were procured from the probiotic culture collection
maintained at Molecular Biology Unit, Dairy Microbiology
Division, National Dairy Research Institute, Karnal. Bacterial
strains were activated prior to use by subculturing in sterile
deManRogosa Sharpe (MRS) broth (HiMedia, India) at 37∘C
for 18–24 h.

2.3. Propagation of Human Colonic Epithelial Cell Lines (HT-
29 Cells) and Treatments. Human colonic epithelial cell
line (HT-29) was procured from National Centre of Cell
Sciences (NCCS, Pune, India). The cell line was cultured in
Dulbecco’s Modified Eagles Medium (DMEM, Sigma, USA).
The propagation of HT-29 cells was done as reported in a
previous study and carried out in our lab [31]. After attaining
confluency, HT-29 cells were challenged with each of the
1mL of live probiotic strains (∼1 × 109 cfu/mL resuspended in
DMEM) and incubated at 37∘C in 5% CO

2
for 4 h followed

by addition of fresh medium without antibiotic and foetal
bovine serum. After incubation, cells were challenged with
1mMH

2
O
2
(Sigma, USA) and again incubated for additional

30min. After incubation, H
2
O
2
was completely removed and

trypsinization (with Trypsin-EDTA solution; Sigma, USA)
was done. Cells were again resuspended in DMEM medium
and pelleted (centrifugation at 1700 rpm for 5min at RT) for
RNA isolation. The supernatant was stored at −80∘C for total
antioxidant activity and lipid peroxidation determination.

2.3.1. “Nrf2” Gene Expression Study in HT-29 Cells. RNA was
isolated from the cell pellet by TRIzol method (TRI Reagent,
Sigma, USA) and cDNA was prepared using ImProm-II
reverse transcriptase kit (Promega, USA) and random hex-
amer primers (100𝜇M) provided with the same as described
previously [32]. The expression of target genes “Nrf 2” along
with housekeeping gene “𝛽-actin” for HT-29 cells and from
HT-29 cells (after H

2
O
2
challenge) was studied by reverse

transcriptase-quantitative PCR (RT-qPCR). Untreated HT-
29 cells grown in DMEM served as control.The primers used
in this study are listed in Table 1.

2.3.2. Lipid Peroxidation. The extent of lipid peroxidation, an
index of oxidative stress was measured as thiobarbituric acid
reactive substances (TBARS) formed. Lipid hydroperoxides
were measured by standard TBA test method [33].

2.4. Experimental Design of an In Vivo Study Using DSS
Colitis MouseModel. A total of thirty-two adult male (seven-
to-eight weeks old) Swiss Albino mice weighing 25–30 g
on average were used in this study. The animals were fed
normal diet (Bengal gram crushed: 58%; wheat starch: 15%;
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Table 1: Sequences of the primers used for RT-qPCR.

Genes Primer sequence (5-3) Amplicon
size (bp)

Nrf 2 HF
Nrf 2 HR

gcg acg gaa aga gta tga c
gtt ggc aga tcc act ggt tt 181

Nrf 2 MF
Nrf 2 MR

ttc agc aca aca ctg gga ag
tgt tgc tgg ggt tta tag gc 102

SOD2 MF
SOD2 MR

gct ggc ttg gct tca ata ag
taa ggc ctg ttg ttc ctt gc 87

CAT1 MF
CAT1 MR

gct gag aag cct aag aac gca
cct tcg cag cca tgt gag a 64

Trx-1 MF1
Trx-1 MR1

tcc att tcc atc tgg ttc tgc
ttc acc att ttg gct gtt gc 65

𝛽-Actin F
𝛽-Actin R

tgg ctg ggg tgt tga agg tct
agc acg gca tcg tca cca act

238
[10]

𝛽-Actin mus2F
𝛽-Actin mus2R

agt gtg acg ttg aca tcc gta
gcc aga gca gta atc tcc ttc t 112

groundnut cake: 10%; casein: 4%; groundnut oil: 4%; salt
mixture: 4%; vitamin mixture: 0.2%; and choline chloride:
0.2%) and water ad libitum during the entire course of the
experiment. The animals were divided into four homoge-
neous groups (noncolitis control, NC-PBS; noncolitis (Lf1)
control, NC-Lf1; colitis control, C-PBS; and colitis-Lf1 (C-
Lf1) treatment groups) comprising of eight animals each,
housed in individual cages and maintained under a constant
12 h light-12 h dark cycle. The temperature was controlled at
22–25∘C with about 56–60% relative humidity. There was
no significant difference in the body weight of mice among
the four groups on day zero. The body weight of mice in
each group on the first day was taken as the basal level. The
subsequent changes in their body weight were monitored
periodically during the entire 13-day experimental period.
The body weight of mice each day minus the basal body
weight was expressed as the bodyweight change.Thenegative
value indicated the decreased weight, while the positive value
represented the increased weight.

2.5. Feeding of Mice and Experimental Design. The mice
were fed for twelve days by oral intubation with 1.5mL of
overnight grown Lactobacillus culture (Lf1) at 109 cfu/mL
after centrifugation at 7,000 rpm for 10min and resuspending
the cell pellet in 200 𝜇L of sterile PBS solution with the help
of 1mL syringe and silicon tube. The mice fed with PBS
alone served as the control group. The experimental design
has been illustrated in Figure 1(S) in Supplementary Mate-
rial available online at http://dx.doi.org/10.1155/2014/206732.
Noncolitis control group was treated with PBS alone for
12 days. Noncolitis (Lf1) treatment group was administered
with 200𝜇L Lactobacillus culture (Lf1) orally by orogastric
tube. Colitis (Lf1) mice were fed with 200 𝜇L Lactobacillus
culture (108-109 cfu/ml) orally by orogastric tube for 7 days
before starting dextran sodium sulfate (DSS) and continued
till 12th day after DSS induction. PBS was administered in
colitis control group. Colitis was induced by 5% (w/v) DSS
(MW = 40,000–50,000; USB Corporation, Cleveland, ICN

Biomedicals, OH, USA) dissolved in drinking water after 7
days. All the animals in different groups were monitored
on every alternate day for physical parameters like weight-
loss/gain, faecal matter consistency, and blood in stools.
Faecal samples were collected every three days and plated on
MRS media to determine Lactobacillus counts in faeces as
well as to assess the persistence of the viable probiotic cells
in mice gut. Disease Activity Index (DAI) scores were also
recorded every alternate day. Length of colon was measured
and histological scores were assessed on the 13th day. Colon
tissue was used for performing lipid peroxidation assay as
well as for RNA isolation for gene expression studies with
regard to “Nrf 2” and antioxidant genes by RT-qPCR.

2.6. Evaluation of Colonic Damage and Inflammation. Sever-
ity of colitis was assessed every alternate day using a Disease
Activity Index (DAI). DAI is known to be a valid measure
for the acute colitis produced by DSS [34]. The scores were
assigned on 0–4 scale taking into account weight loss, stool
consistency, and blood in stool on scales of 0–4 (Table 1(S) in
Supplementary Material) [35]. For each mouse, a daily DAI
score was calculated as the aggregate of the % weight loss
score, stool consistency score, and rectal bleeding divided by
three. The DAI values for the groups were then recorded as
mean ± standard deviation for each day of the experiment.
Subsequently, the daily DAI score for each experimental
group was calculated as the mean ± standard error of the
individualDAI scores of eachmouse in the group (Table 1(S)).
The DAI clinical parameters used here are comprehensive
functional measures that are somewhat analogous to clinical
symptoms observed in human IBD and the scoring method
that has been validated by repeated studies. Besides this,
weight of mice was recorded at every alternate day as it is also
correlated with severity of induced colitis. Scoring system for
the comparative analysis of intestinal bleeding is given in the
form of Table 1(S).

The animals were sacrificed on the thirteenth day. By
carefully opening the mouse by a ventral midline incision,
the colon was collected from the colon-cecal junction to the
anus and its length was measured. After removal of faecal
matter, colon was rinsed with DEPC water. A small part
(0.2-0.3 cm) of colon was kept in 10% buffered formalin for
histopathological examination (i.e., Hematoxylin and Eosin
staining), and the remaining tissue was immediately wrapped
in aluminium foil and snap frozen in liquid nitrogen for RNA
isolation and lipid peroxidation analysis. Colonic damage
and inflammation were recorded by the intensity of inflam-
mation monitored through histopathological examination.
Persistence of probiotic Lactobacilli was also monitored by
taking faecal counts.

2.7. RAPD Profiles of Lactobacillus Faecal Isolates. Faecal
samples were collected every alternate day of probiotic
administration/PBS (control group). Faecalmaterial (100mg)
was homogenized in one mL of PBS. Serial dilutions were
made and plating for Lactobacillus counts was done onMRS-
BCP agar. The plates were incubated at 37∘C for 24–48 h.
Colonies were counted and recorded. Colonies from different
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faecal count plates were randomly picked and grown for
16 to 18 h at 37∘C after inoculation into MRS broth. The
genomic DNA from faecal isolates was then isolated by
Pospiech and Neumann method [36]. PCR with random
oligo primer named 275 (5-ccg ggc aag c-3) was carried out
for RAPD profiling. PCR reaction was performed in 25 𝜇L
reaction volume containing PCR buffer (2.5 𝜇L), oligo primer
(2.0 𝜇L), 200 𝜇M dNTP (2.0 𝜇L), 1.0 U Taq DNA polymerase
(0.5 𝜇L), and template (2.0 𝜇L). The PCR cycling parameters
included an initial denaturation of 95∘C/5min, followed
by 45 cycles each of denaturation (95∘C/30 sec), annealing
(40∘C/30 sec), extension (72∘C/2min), and final extension
of 72∘C/10min. The PCR products were electrophoresed
on 1.8–2% agarose gel with ethidium bromide (0.5 𝜇g/mL)
(Amersham Biosciences, USA) at 100V using 1X TAE buffer.
The RAPD patterns were compared with the patterns of the
pure cultures of the administered probiotic strain.

2.8. Histopathological Examination. The intestinal tissues
from the colon of the probiotic and control groups were
set apart for histopathological examination. Intestines (0.2-
0.3 cm of tissue) of different groups were kept in 10% buffered
formalin solution for at least 24 h prior to cassetting. The
colon was sliced, mounted, stained with hematoxylin (HiMe-
dia, India) and eosin (HiMedia, India), and then scored by
a blinded pathologist who rated the tissues based on the
grade of the disease, 0–4, the percentage of the disease, 0–4,
and the severity of the inflammation, 0–3 (Table 2(S), a–c)
[35]. Histopathological examination of the affected tissues
from the mice groups analyzed in this study was done by a
blinded histologist, who rated the tissues based on the grade
of the disease, 0–4; the percentage of the disease, 0–4; and
the severity of the inflammation, 0–3.Microscopic evaluation
of all the sections of tissue samples was done at 4x and 10x
magnification and histological scores were graded on the
basis of the severity of inflammation, infiltration, ulceration,
and crypt damage.

2.9. Lipid Peroxidation. For detection of lipid peroxides
(malondialdehyde) in colon homogenate, the method
of Uchiyama and Mihara was followed [37]. The colon
homogenate was prepared in 1X PBS. An aliquot of 3mL
of 1% phosphoric acid and one mL of 0.6% TBA solution
were added to 0.5mL of colon homogenate. The mixture
was heated for 45min on a boiling water bath. After cooling,
4mL of n-butanol was added and mixed vigorously. The
butanol phase was separated by centrifugation at 5000 rpm
for 10min and absorbance was measured at 535 and 520 nm.
The difference was used as the TBA value. A standard curve
of malondialdehyde was drawn by taking TBA value at
various concentration of malondialdehyde. MDA standard
curve was prepared by carrying out overnight digestion
of different concentrations of 1,1,3,3-tetraethoxypropane
(0.1mM) in presence of 0.2N HCl.

2.10. Gene Expression Studies. RNAwas isolated frommouse
colon by TRIzol method (TRI Reagent Sigma, USA), cDNA
was synthesized, and RT-qPCR in LightCycler 480 (Roche,

Switzerland) was carried out as described previously [31].
The thermal cycling conditions included initial denaturation
at 95∘C for 5min, followed by 40 cycles each of denat-
uration (95∘C/30 s), annealing (53∘C/30 s), and extension
(72∘C/45 s) with a single fluorescence measurement, a melt
curve program (60∘C–95∘C with a heating rate of 0.11∘C/s
and continuous fluorescence measurement), and, finally, a
cooling step at 40∘C. RNA extraction and measurement of
gene expression by RT-qPCR were performed in triplicate,
and the mean of all these values was used for final analysis.

The quantitative data generated by real-time PCR (the
quantification cycle; Cq value) were analyzed by relative
expression software tool (REST 2009) (http://www.gene-
quantification.info/) as described previously [32].

2.11. Statistical Analyses. Thedata obtained from each animal
experiment were expressed as mean ± standard deviation
values. Analyses of variance (ANOVA) for estimation of
significance of differences betweenmeans were automatically
done with the Statistical Package for the Social Science (SPSS
for Windows, version 10.1, SPSS Inc., Chicago) software
by Bonferroni post hoc test and considered significantly
different at 𝑃 ≤ 0.05.

3. Results

3.1. Screening of Probiotic Lactobacilli. Initially, during this
part of study, some putative probiotic Lactobacilli were
screened on the basis of their ability to enhance “Nrf 2”
expression in HT-29 cells along with lipid peroxidation
inhibitory potential to short list the most promising strain
for further investigations to explore its in vivo efficacy
in colitis mice model. From the critical appraisal of the
data recorded in Figure 1(a), it can be inferred that there
was considerable variation in “Nrf 2” expression induced in
HT-29 cells by different probiotic strains as they behaved
differently in eliciting “Nrf 2” expression. The expression of
“Nrf 2” in HT-29 cells was significantly downregulated (𝑃 <
0.001) in the sample group (relative to control group) by
−1.88-fold when subjected to H

2
O
2
stress alone (Figure 1(a)).

Although some of the probiotic strains when used alone or
in conjunction with H

2
O
2
did not show any significant effect

on the “Nrf 2” expression in HT-29 cells, Lp5276 and S3 did
induce significant downregulation at the level of −1.38- and
−1.64-fold, respectively. However, it was quite interesting to
note that three of the strains, namely, Lp55, Lp91, and Lf1,
were able to induce a significant (𝑃 < 0.001) upregulation in
the expression of “Nrf 2” in HT-29 cells at the levels of 7.48-
, 2.58-, and 6.43-fold when used in conjunction with H

2
O
2
.

Hence, the latter were rated as the prospective candidate
probiotic strains to explore their efficacy in the management
of oxidative stress induced diseases.

The total antioxidative activity of the aforesaid Lacto-
bacillus strains in terms of their lipid peroxidation inhibition
potentials inHT-29 cells was also investigated after subjecting
the same to H

2
O
2
treatment by measuring the level of

MDA, the secondary product of lipid peroxidation. From the
data presented in the form of a bar diagram illustrated in
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Figure 1: Relative expression of “Nrf 2” and MDA inhibitory effect by Lactobacilli strains in HT-29 cell lines under H
2
O
2
stress conditions.

Data are represented as mean ± SD; number of RT-qPCR experiments (𝑛) = 3. (a) Comparative analysis of relative expression of “Nrf 2” in
HT-29 on challenge with different strains of probiotic Lactobacilli and H

2
O
2
stress. ∗Data are significantly different compared with control

(𝑃 < 0.001; Bonferroni post hoc test). (b) Inhibitory effect of various probiotic Lactobacillus cultures on lipid peroxidation in HT-29 cells.
Data are significantly different compared with control (H

2
O
2
alone) (∗𝑃 < 0.001; ∗∗𝑃 < 0.01; Bonferroni post hoc test).

Figure 1(b), it is clearly indicated that Lactobacillus spp. S3
showed the highest percent inhibition, that is, 83.2 ± 0.53,
followed by Lf1 (78.1 ± 0.24) as compared to the standard
reference strains showing relatively poor response as can be
reflected from the lower percent inhibition values, that is,
55.6 ± 0.4 (Lp5276) to 55.2 ± 0.36 (LaNCFM), indicating
that the indigenous probiotic strains were better equipped
to neutralize the injurious effects of oxidative stress. Hence,
based on the overall combined effects of both of these
activities inHT-29 cells, we finally selected Lf1 as the potential
candidate strain for in vivo study.

3.2. InVivo Studies inDSSColitisMouseModel. Feedingmice
with DSS via drinking water for five consecutive days led
to acute colitis characterized typically by bloody diarrhoea,
ulcerations, and infiltrationswith granulocytes. Furthermore,
since DSS happens to be toxic to gut epithelial cells of the
basal crypts andhence can impact the integrity of themucosal
barrier, all the experimental animals belonging to either the
control or the treatment groups were critically examined for
the following clinical parameters besides other important
physicochemical changes recorded inmice groups during the
course of this experiment.

3.2.1. Weight Loss. The gross changes in the body weight
of mice in different treatment groups including probiotic
interventions weremonitored during the entire 13-day exper-
imental period of the study. The body weight was found
to increase gradually in both the noncolitis control and Lf1
groups. Mice in the colitis group showed a gradual increase
in weight for the first seven days but later after starting DSS
treatment excessive weight loss was recorded that became
highly significant starting from day eight to day thirteen

(𝑃 < 0.05) due to severe experimental colitis. The colitis-
Lf1 treatment group showed a mixed response as there was
gradual increase in body weight in the first seven days but
after induction of colitis significant inhibition of weight loss
was recorded (𝑃 < 0.05). Quite interestingly, some of the
mice in the same treatment group showed the opposite effect
by recording appreciable weight gain. The changes recorded
with regard to body weight in different mice groups during
the course of this study have been illustrated in Figure 2.
However, there was no significant difference in weight gain
between both NC-PBS versus NC-Lf1 and C-PBS versus C-
Lf1 groups (𝑃 > 0.05).

3.2.2. Length of Colon. The length of mice colon in the
noncolitis control with respect to noncolitis Lf1 fed groups
was 7.05 ± 0.21 and 8.15 ± 0.14, respectively. The length of
colon of colitis-Lf1 treatmentmice wasmuch longer than that
of mice in the colitis group (7.93 ± 0.38 versus 6.38 ± 0.39 cm,
𝑃 < 0.05). There was no significant difference (𝑃 > 0.05)
between the length of colon of colitis-Lf1 treatment group and
noncolitis Lf1-treated group.

3.2.3. Disease Activity Index (DAI) Scores. As can be reflected
from Figure 3, the highest DAI score was recorded in colitis
control group. DAI scores of noncolitis control group and
noncolitis probiotic group were, however, zero as weight loss
changes observed in these groups were not significant to be
considered as DAI and hence were rated as nonsignificant
(NS) groups. However, DAI scores were improved signifi-
cantly in colitis-Lf1 treatment group as shown in Figure 3.
On comparative evaluation, there was significant difference
(𝑃 < 0.05) recorded between the DAI scores of colitis control
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and colitis-Lf1 treatment groups due to probiotic treatment
in the latter (Figure 3).

3.2.4. Histological Scores. Microscopic examination of the
affected tissues from the noncolitis control group revealed
normal colonic epithelium with intact crypts and glands
(Figures 4(a) and 4(b)). However, amild lymphocytic infiltra-
tion was also discernible although such minor changes were
also recorded even under normal conditions of inflammatory
response. Almost a similar trend was also recorded in

biopsies of noncolitis Lf1 mice. On the other hand, biopsies
of the colitis mice revealed focally ulcerated epithelium
withmoderate-to-excessive inflammatory infiltrate primarily
composed of polymorphs and lymphocytes. Crypt abscesses
alongwith their shortening and branchingwere also recorded
accompanied by focal lymphoid follicle formation, cryptitis,
and gland destruction. These symptoms gave indication that
acute colitis was developed in mice. Contrary to this, biopsy
studies of the colitis-Lf1 treatment group demonstrated
considerable improvement in the tissue damage as can be
reflected from the intact epithelium with mild, acute, and
chronic inflammatory infiltration of lymphocytes. Nonethe-
less, focal lymphoid follicle formation, ulcerated epithelium
withmoderate inflammatory infiltrate composed of polymor-
phic lymphocytes, focal cryptitis, and gland destruction were
also recorded in two of the samples in this group. Similarly,
there was no evidence of granulomatous inflammation or
malignancy or cryptitis or crypt abscess.

3.2.5. Persistence of L. fermentum Lf1 in Colitis and Noncolitis
Models. The persistence and viability of Lf1 in mice gut
were confirmed by monitoring the log counts in the faecal
samples from different mice groups and also subjecting some
randomly selected colonies of faecal isolates recovered on
MRS agar (Figure 5) by species specific PCR (data not shown)
and RAPD to ascertain whether they belonged to Lf1 or not.
From the log count data presented in Figure 5, it is quite
clear that Lf1 not only persisted in the mice gut in all the
treatment groups but also proliferated as can be reflected
from the gradual increase in the faecal Lactobacillus log
counts during the treatment period registering more than
one log cycle increase towards the end of the experimental
period. The preponderance of Lf1 in the faecal Lactobacillus
isolates in the faecal samples of mice was demonstrated by
PCR and RAPD.The typical RAPD banding patterns of pure
Lf1 along with some of the randomly selected representative
faecal Lactobacillus isolates obtained with primer 275 have
been recorded in Figure 5. Since the typical RAPD banding
patterns recorded with most of the faecal isolates matched
those obtained from the pure culture of Lf1, it gives indication
that most of the faecal isolates belonged to the clones of Lf1
that was administered to the mice. From these results, it can
be inferred that Lf1 could survive and persist in the colon to
express its antioxidative functions.

3.3. MDA Level as an Index of Lipid Peroxidation. The data
on the level of MDA estimated in each tissue sample from
each mice group under different treatments is recorded in
Figure 6. There was significant difference in the MDA con-
tent of colitis control (91.13 𝜇M/g) and colitis-Lf1 treatment
group (37.92 𝜇M/g), thereby suggesting that our probiotic
strain exhibited strong antioxidative property in colon and
prevented lipid peroxidation by decreasing the level of MDA
at significant level.

3.4. Relative Expression Studies of “Nrf2” and Antioxida-
tive Enzyme Systems (“Superoxide Dismutase 2”, Thioredoxin
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Figure 4: Histological examination and scores of different groups ofmice. (a) Histological examination of noncolitis control group, noncolitis
(Lf1) control, colitis group, and Lf1-treated group of mice. A-B: NC-PBS (noncolitis control), showing normal mucosal and epithelial layer
along with intact glands with no sign of inflammation, infiltration, ulceration, and cryptitis; C-D: NC-Lf1 (noncolitis (Lf1) control), showing
normal histology of noncolitis (Lf1) control similar to noncolitis control; E–H: C-PBS (colitis control), showing severity of colitis in colitis
control group. (1) Inflammation infiltrate (lymphocytes and neutrophils), (2) gland destruction, (3) cryptitis, (4) loss of entire crypt with
erosion of surface epithelium, and I-L: C-Lf1 (colitis-Lf1 treatment groups), showing normalization of histological score in colitis- (Lf1) treated
group with no cryptitis, no ulceration, andminimal-to-moderate infiltration. (b) Histological scores/changes induced in different mice colon
in different mice groups in different treatments. NC-PBS: noncolitis control; NC-Lf1: noncolitis (Lf1) control; C-PBS: colitis control; and
C-Lf1: colitis-Lf1 treatment groups. ∗Data are significantly different within the group (𝑃 < 0.001, Bonferroni post hoc test). The data for
different groups were reported as mean ± standard deviation.
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Reductase, and Catalase) in Colitis Mouse Model by RT-
qPCR. Specificity of RT-qPCR products generated from the
amplification of reference gene “ACTB” and the target genes
“Nrf 2,” “SOD2,” “TrxR-1,” and “CAT” using specific primers
was checked on agarose gel. Specific single product of
the desired amplicons, that is, 102 bp (“Nrf 2”) and 112 bp
(“ACTB”) (Figure 2(S) in Supplementary Material), resulted
in a single product of specificmelting temperatures of 83.10∘C
and 83.20∘C for “Nrf 2” and “ACTB,” respectively, by melt
curve analysis (Figure 2(S)). However, no Cq values in
amplification curve for “Nrf 2” gene were obtained in the
colitis-induced mice as well as Lf1 fed-colitis-induced mice
groups.Themice fed with probiotic strain alone in noncolitis
group also did not show any significant level (𝑃 < 0.231)
of expression of “Nrf 2” which turned out to be only 1.756
relative to control group (Figure 7). Similarly, no significant
level of expression of the target gene could be demonstrated
in both untreated colitis-induced mice and Lf1-treated colitis
mice since no amplification of the target gene was recorded
in both of the mice groups.

With respect to antioxidant enzymes systems, spe-
cific single products of the desired amplicons, that is,
87 bp (“SOD2”), 65 bp (“TrxR-1”), and 64 bp (“CAT”), were
obtained. All the curves showed high linearity (Pearson
correlation coefficient R2 > 0.978). The slopes of “SOD2,”
“TrxR-1” “CAT,” and “ACTB” curves were −3.351, −3.363,
−3.349, and −3.360, respectively, which indicated corre-
sponding high real-time PCR efficiencies of 1.988, 1.98, 1.989,

NC-PBS NC-Lf1 C-PBS C-Lf1
0

10

20

30

40

50

60

70

80

90

100

M
D

A
 (𝜇

M
/g

 ti
ss

ue
)

∗

∗
∗

∗
∗

Figure 6: Comparative evaluation of MDA levels recorded in the
colonic tissue of experimental mice group for different treatments.
NC-PBS: noncolitis control; NC-Lf1: noncolitis (Lf1) control; C-
PBS: colitis control; and C-Lf1: colitis-Lf1 treatment groups. ∗Data
are significantly different within the group (𝑃 < 0.001, Bonferroni
post hoc test).The data for different groups were reported asmean ±
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Figure 7: Relative expression of Nrf 2, SOD2, TrxR, and CAT
in colitis mouse model. NC-Lf1: noncolitis (Lf1) control; C-PBS:
colitis control; and C-Lf1: colitis-Lf1 treatment groups. Data are
represented as mean ± SD; number of RT-qPCR experiments (𝑛) =
3. Data showing asterisk mark (∗) without line shows significant
difference compared with noncolitis control (Bonferroni post hoc
test); ∗𝑃 < 0.001.

and 1.984 in respect of the targeted genes (Figure 3(a)). On
melt curve analysis, a single product of specific melting tem-
peratures of 82.59, 83.53, 82.62, and 83.16∘C was recorded for
“SOD2,” “TrxR-1,” “CAT,” and “ACTB,” respectively (Figure
3(b)). The relative expression of “SOD2” in different mice
treatment groups has been recorded in Figure 7. The expres-
sion of “SOD2” was significantly (𝑃 < 0.000) downregulated
in colitis-induced mice at the level of –100.00-fold relative to
PBS control group. However, when the colitis-induced mice
group was fed with Lf1, the downregulation was considerably
reduced to −37.037-fold indicating that there was actually a
substantial increase (approximately 63%) in the expression
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of “SOD2” gene under these conditions. On the other hand,
the mice group fed with Lf1 alone showed a significant level
(𝑃 < 0.000) of upregulation by as much as 6.446-fold in
“SOD2” expression.

The expression of “thioredoxin” was also found to be
significantly (𝑃 < 0.000) downregulated in colitis-induced
mice at the level of −4.292-fold with respect to noncolitis
PBS control mice. However, when the colitis-induced mice
were fed with Lf1, there was no significant (𝑃 < 0.428)
relative change in expression profile with respect to control
group, although the expression level decreased from −4.292-
fold in the colitis group to −1.328-fold in colitis-Lf1 mice.
These results indicate that downregulation of the expression
was not that drastic when Lf1 was used in the colitis-induced
mice group in comparison to the untreated colitis group. On
the other hand, the noncolitis mice group fed with Lf1 alone
resulted in a significant level (𝑃 < 0.031) of upregulation of
“thioredoxin” gene expression to the extent of 2.656-fold.The
mice group fed with Lf1 did not show any significant level
(𝑃 < 0.493) of relative changes (−1.29) in expression profile
with respect to control group. However, expression of “CAT”
gene could not be demonstrated in other treatment groups
since amplification could not be recorded in the colitis-
induced mice as well as Lf1 fed-colitis-induced mice groups.

4. Discussion

Low-grade inflammations accompanied by acute phase
oxidative stress to the affected tissues in the gut are the
hallmark of IBDs. Hence, to neutralize the damaging effects
of oxidative stress, antioxidant supplements are popularly
consumed with the belief that loading of antioxidant capacity
through external sources could improve the ability to down-
size/restrict potential oxidative damage caused by reactive
oxygen species (ROS). However, recent advances made in
understanding redox homeostasis maintained via the “Nrf 2”
signalling pathway may challenge the concept of artificially
supplying the body with antioxidants. In this situation, the
feedback nature of the redox systemmust be considered fully
as too much ingestion of antioxidants may actually diminish
the body’s endogenous defensive antioxidative capability with
serious health implications. Hence, the better and safer
option to deal with the severe oxidative stress induced dam-
age in the gut would be by exploring antioxidative potentials
of probiotic bacteria since excessive antioxidative response
coming from the probiotic strains may be downregulated
by the stabilizing systems operating in the whole organisms,
thereby suggesting the feasibility of the probiotic therapy to
manage IBD from a broader perspective. The major focus
of this study centred on “Nrf 2” signalling pathway and its
modulation by probiotic strains under both in vitro and in
vivo conditions. Another important issue that figured promi-
nently in the study was to find whether the antioxidative
efficacy of Lf1 driven by “Nrf 2” signalling pathway that was
successfully demonstrated in HT-29 cells could be replicated
in colitis mice model or not. This was considered important
since the rationale for selecting Lf1 for demonstrating its
efficacy in in vivo studies in colitis mice model in this

investigation was based on its in vitro “Nrf 2” modulatory
activity and also by virtue of showing high antioxidative
activity as reported previously [13].

The outcome of this study indicated that L. fermentum
Lf1 was quite effective in reducing the severity of colitis in
mice by bringing about significant changes in DAI score,
body weight gain or loss, colon length, faecal character, and
faecal bleeding (bloody stool) besides histological damage
severity scores. A drastic weight loss in mice was recorded
that became highly significant starting from the eighth day
to the thirteenth day (𝑃 < 0.05) due to severe experimental
colitis. However, significant differencewas recorded inweight
gain in colitis control versus colitis-Lf1 treatment groups.
Our observations in this regard are in accordance with
earlier reports, statingweight gain in probiotics-treated group
[38, 39]. The probiotic-treated group of mice had longer
colon relative to colitis control as well as noncolitis control
groups [39]. The shortening of the colon under severe colitis
conditions might be attributed to thickening of the colon
epithelial wall that could bring about contraction of the
colon length. DAI scores in Lf1 treatment group decreased
gradually and reached as low as zero on the 13th day in
some mice. Significant differences (𝑃 < 0.05) in the DAI
scores of treatment and colitis control groups demonstrated
the efficacy of Lf1 against colitis which is consistent with the
similar observations in DAI results recorded by several other
investigators [38–40]. Significant differences in histological
scores amongst the colitis control and treatment groups
were also recorded, which implies that Lf1 was effective in
preventing histological damage of treatedmice to a significant
level (𝑃 < 0.05) which is perfectly in line with those of
earlier reports on improvement in histological damage in
colitis mice fed with probiotics [38–40].

The significant differences in the MDA content in the
colitis control versus the colitis-Lf1 treatment group as shown
in our study suggest that Lf1 exhibited a strong antioxidative
property in colon as well and prevented lipid peroxidation.
These findings are in concordance with that of Ito et al.,
who demonstrated the highest inhibitory activity against lipid
peroxidation in liposomes by Streptococcus thermophilus YIT
2001 [41]. Our findings on the antioxidative efficacy of Lf1 in
terms of lipid peroxidation inhibition in colitis-Lf1 mice can
also be supported by a similar study conducted in Sprague-
Dawley rats previously [42] wherein different probiotic and
prebiotic based treatments alone or in combination prior
to colitis induction with DSS were also shown to evoke a
significant decrease in the levels of lipid peroxidation in pro-
biotic group. Similarly, two additional studies carried out by
Singh et al. [43] and Kaushal and Kansal [44] demonstrated
antioxidative efficacy of low-fat probiotic dahi prepared with
regular dahi cultures plus L. acidophilus and L. casei as well
as B. bifidum by significantly reducing the levels of TBARS
in colon carcinogenesis in rats/mice in comparison to DMH
control rats [43]. These observations further substantiate the
findings of our study and reaffirmed the antioxidative efficacy
of Lf1 strain against colitis.

4.1. Relative Expression Studies. Since the selection of Lf1 was
based on its ability to induce “Nrf 2” expression in HT-29
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cells, the expression of the same was also investigated under
in vivo conditions using colitis model. This was considered
important because Nrf 2/ARE signalling pathway plays a
crucial role in vascular homeostasis and the defence of
endothelial and gut epithelial cells against oxidative stress
encountered during inflammatory process. However, surpris-
ingly, Lf1 could not induce “Nrf 2” expression in the mice
model. This was quite unexpected and inconsistent with the
response recorded in HT-29 cells. Although the exact cause
of differential “Nrf 2” expression under in vitro and in vivo
conditions cannot be explained precisely due to lack of any
supportive data, it might be attributed to some inhibitory
factor present in the complex mice gut milieu that could
interfere with the processing and nuclear translocation of
functional “Nrf 2.” Hence, it would be interesting to identify
such unknown factors that eventually may provide a clue to
explain this hypothesis. Our findings in this regard, however,
are at variance with results of previous research groups,
who demonstrated increased level of “Nrf 2” expression in
rat model with liver fibrosis fed with blueberry after 21
days of treatment [45, 46]. Another possible reason for
the failure of “Nrf 2” expression in colitis mice with Lf1
could be ascribed to differences in the treatment periods
in the two studies and also due to different mechanisms
using different animal models followed in the two studies.
Furthermore, it is to be clarified that the results from themice
experiment were recorded only up to 13 days which might
be inadequate to demonstrate the effect unlike the 21 days
used by Wang et al. [45, 46]. Moreover, strain specificity of
the probiotic cultures could also partly account for variation
in the results, thereby necessitating further standardization
of the experimental design to optimize the “Nrf 2” expression
conditions in the animalmodels. Hence, in order to showcase
the exact cause of this contradiction in results under in vitro
and in vivo conditions, more robust in-depth studies are
needed to unravel the intricacy of this process by optimizing
the experimental conditions and proper design of the animal
studies. This is important from regulatory perspectives since
EU has planned new restrictions and regulations for animal
models.

The antioxidative potentials of Lf1 were found to be
reinforced with a powerful arsenal of several enzymatic and
nonenzymatic factors such as antioxidative enzymes and
other important molecules which could play a protective role
during the oxidative stress induced conditions confronted in
the gut. Our findings on “SOD2” expression in the mouse
model evoked with Lf1 are well supported by the outcome
of some previous studies [47–49] wherein an upregulation
of “SOD2” was also recorded with their respective probiotic
food preparations. Their results showed that probiotic dahi
could increase the activity of superoxide dismutase in RBCs
and colorectal tissues of rats after treatment with probiotic
dahi. However, our results on upregulation (6-446-fold) of
“SOD2” in noncolitic mice when fed with Lf1 for a period
of 12 days are at variance with those earlier reports on the
effect of daily consumption of probiotic and conventional
yoghurt on oxidant and antioxidant parameters in plasma
of young healthy women [50, 51]. Both studies reported
that the probiotic and the conventional groups did not have

any significant difference in “SOD” levels before and after
probiotic intervention (𝑃 > 0.05). This could be attributed
to the use of a different probiotic strain and also the host
specificity used in the two studies.

Our results with regard to upregulation (2.656) of
“TrxR-1” in noncolitic mice when fed with Lf1 for a period
of 13 days and nonsignificant effect of probiotic feeding in
colitis mice group cannot be substantiated due to lack of
any published reports on these lines. Nevertheless, there are
few studies reporting the positive effects of upregulation
of thioredoxin reductase in the alleviation of cardiac dys-
function and protection against oxidative damage brought
about by chemoprotective agents such as resveratrol [52].
Almost a similar trend was recorded with regard to catalase
in our study as Lf1 did not evoke any significant effect
on expression of catalase and in fact there was not even
basal level expression recorded in the colitic mice group.
Our findings in this regard are almost similar to those of
previous published report on the clinical efficacy of probiotic
preparations in healthy womenwhich reported that themean
activities of catalase decreased significantly (𝑃 < 0.001) in
the probiotic group, after consuming yoghurt daily for four
weeks [50]. Nonetheless, some previous studies show that
feeding of probiotic dahi increased the activities of catalase
in different tissues in their respective studies [47, 48]. Besides
this, there was an interesting study carried out by Chamari
et al. that reported that catalase levels in plasma of young
healthy women in a randomized clinical trial in probiotic
group increased significantly after probiotic intervention in
comparison with baseline (𝑃 < 0.001) and the mean changes
in catalase level were significantly different in probiotic and
conventional groups (𝑃 < 0.001) [51].

5. Conclusion

From the outcome of this study, it can be concluded that
our indigenous Lactobacillus fermentum strain Lf1 is ade-
quately equipped with the multifactorial antioxidative and
anti-inflammatory defense arsenal not only to protect its
own survival but also to confer protection to the host cells
against the hostile oxidative stress confronted in the mice gut
during colitis. However, it remains to be seen whether the
antioxidative efficacy of this strain is mediated by activation
of “Nrf 2” stress response pathway or through other routes in
established animal models. Nevertheless, it has the potential
to be explored as prospective functional therapeutics to
manage IBDs by establishing its clinical efficacy in well-
designed double-blind placebo-controlled human trials.
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The present study describes the beneficial effects of potential probiotic E. coli 16 (pUC8:16gfp) expressing Vitreoscilla hemoglobin
(vgb) gene, associated with bacterial respiration under microaerobic condition, on gastrointestinal (GI) colonization and its
antioxidant activity on carbon tetrachloride (CCl

4
) induced toxicity in Charles Foster rats. In vitro, catalase activity in E. coli 16

(pUC8:16gfp) was 1.8 times higher compared to E. coli 16 (pUC-gfp) control. In vivo, E. coli 16 (pUC8:16gfp) not only was recovered
in the fecal matter after 70 days of oral administration but also retained antibacterial activities, whereas E. coli 16 (pUC-gfp) was
not detected. Oral administration of 200 and 500𝜇L/kg body weight of CCl

4
to rats at weekly interval resulted in elevated serum

glutamyl pyruvate transaminase (SGPT) and serum glutamyl oxalacetate transaminase (SGOT) levels compared to controls. Rats
prefed with E. coli 16 (pUC8:16gfp) demonstrated near to normal levels for SGPT and SGOT, whereas the liver homogenate catalase
activity was significantly increased compared to CCl

4
treated rats. Thus, pUC8:16gfp plasmid encoding vgb improved the growth

andGI tract colonization of E. coli 16. In addition, it also enhanced catalase activity in rats harboring E. coli 16 (pUC8:16gfp), thereby
preventing the absorption of CCl

4
to GI tract.

1. Introduction

Human gastrointestinal (GI) tract has a very complex micro-
biota, with approximately 500–1000 different species [1]. At
birth, babies emerge from a sterile environment into one that
is loaded with microbes as a result of which the infant’s intes-
tine rapidly becomes home to one of the densest populations
of bacteria on earth [2].The endogenous GI microbiota plays
a fundamentally important role in health and disease, yet
this ecosystem remains to be incompletely characterized [3].
The critical functions of the commensal microbiota include
protection against irritable bowel syndrome, inflammatory
bowel disease, colorectal cancer, and epithelial cell injury,
regulation of host fat storage, and stimulation of intestinal
angiogenesis [4, 5]. In GI tract, the microbial diversity

changes from stomach to rectum. The microbiota of infants
possesses three taxonomic groups, whereas healthy adults
contain only five phyla and, amongst proteobacteria, E. coli
is the predominant commensalmicroorganism present in the
GI tract [2, 6–8]. E. coli being a facultative anaerobe colonizes
the GI tract at early stages and is proposed to facilitate the
colonization of obligate anaerobes belonging to 22 different
phyla by the creation of a reduced environment [9]. Many E.
coli strains were demonstrated to have probiotic properties
[10–13]. Previously, we isolated several E. coli strains from
rat feces demonstrating characteristics such as acid tolerance,
antibiotic susceptibility, nonpathogenicity, adherence capa-
bility, and antimicrobial activity to the Enterobacteriaceae
family [13]. The E. coli 16 showed better adherence and
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acid tolerance capability along with other characteristics
conferring this strain as potential probiotic [13].

Oxygen electron paramagnetic resonance (EPR) imaging
technique showed that the GI tract environment fluctuates
between anaerobic andmicroaerobic conditions [14]. In order
to adapt the microaerobic environment of GI tract, bacteria
downregulate or repress aerobic genes and simultaneously
activate anaerobic genes [3]. E. coli being a facultative
anaerobe has aerobic respiratory control (ARC) system and
fumarate nitrate reductase (FNR) system for aerobic and
anaerobic conditions, respectively [15]. Aerobic bacterial res-
piration is essential for effective competition and colonization
of E. coli in microaerobic environment of GI tract [16].

In oxygen poor habitats, Vitreoscilla sp., an obligate aer-
obe, survives due to efficient oxygen-binding kinetics of Vit-
reoscilla hemoglobin (VHb) encoded by vgb gene [17]. A het-
erologous expression of VHb in E. coli resulted in improved
cell growth and protein production under microaerobic
conditions [15]. Additionally, heterologous expression of vgb
in Enterobacter aerogenes reduced H

2
O
2
toxicity [18]. In

E. coli, the protective role of VHb is mediated through
oxidative stress regulator OxyR, which in turn activates VHb
biosynthesis [19, 20]. VHb also has been shown to possess
peroxidase activity [21, 22]. The chimera of superoxide dis-
mutase and VHb protein rapidly detoxified reactive oxygen
species (ROS) produced under oxidative stress conditions in
E. coli [22].

Carbon tetrachloride (CCl
4
) causes tissue injury

especially in hepatocytes by the formation of reactive
trichloromethyl radicals [23]. Trichloromethyl radical reacts
with molecular oxygen to form trichloromethylperoxyl
radical and oxidizes lipid molecules by hydrogen abstraction
especially in hepatocytes. The present study was designed to
investigate the effects of E. coli 16 harboring vgb gene on GI
tract colonization and CC1

4
induced hepatotoxicity.

2. Materials and Methods

2.1. Bacterial Strains, Plasmids, and Culture Conditions. The
bacterial strains and the plasmids used in this study are listed
in Table 1. E. coli 16 isolate was maintained on Hichrome col-
iform agar and MacConkey agar plates (HiMedia, Mumbai,
India). E. coli DH5𝛼 was used for constructing recombinant
plasmids. E. coli BL21 was used for expressing the proteins.
Luria-Bertani (LB) rich medium [5 g/L yeast extract (HiMe-
dia, Mumbai, India), 10 g/L, Tryptone (HiMedia, Mumbai,
India), and 10 g/L NaCl] and M9 minimal medium (12.8 g/L
Na
2
HPO
4
⋅7H
2
O, 3 g/L KH

2
PO
4
, 0.5 g/L NaCl, 1 g/L NH

4
Cl,

3mg/L CaCl
2
, and 1mMMgSO

4
) were used for plasmid con-

struction and bacterial culture, respectively. NaNO
3
(10 g/L)

was added to the medium for induction of the nar promoter
and 1mM FeSO

4
was added as a metal cofactor for VHb

protein [18]. Plasmid-containing cells were grown inmedium
supplemented with 100 𝜇g/mL ampicillin.

2.2. Construction of Recombinant Plasmids and Transforma-
tion in E. coli 16. Green fluorescent protein (GFP) would
be suitable as an in vivo marker for monitoring E. coli 16.

Cloning of the gfp gene into the SmaI site of pUC8:16 results
in lacZ-gfp fusion inwhich gfp is in framewith lacZ sequence.
The recombinant plasmidwas confirmed by restriction diges-
tions. The plasmids pUC-gfp and pUC8:16gfp were indepen-
dently transformed in the potential probiotic E. coli 16 using
the CaCl

2
method [24]. The transformants were screened by

their fluorescence at 365 nm in ultraviolet transilluminator.

2.3. Preparation of E. coli 16 Culture and Cell-Free Extracts
for Catalase Assays. Luria broth culture was grown as 60mL
of culture in a 100mL flask. The cells were incubated at
37∘C using agitation rates of 75 rpm and were treated with
CCl
4
(65mM) at 0.4 to 0.5O.D., that is, midlog phase,

and incubated for 30 h. The cells were then harvested by
centrifugation at 9,200 g for 2min at 4∘C. The cell pellet was
washed once with 50mM phosphate buffer (pH 7.0) followed
by resuspension in the same buffer. The cells were subjected
to sonication (Branson Sonifier Model 450) for a total period
of 1min at a pulse rate of 15 s in an ice bath, followed by
centrifugation at 9,200 g at 4∘C for 30min to remove the cell
debris. The supernatant thus obtained was used as cell-free
extract for the catalase assay.

2.4. Catalase Assay of Cell-Free Extract. The cell-free extract
was added in a cuvette followed by addition of 30mM H

2
O
2

prepared in 50mMpotassium phosphate buffer (pH 7.0).The
decrease in absorbance was measured at 240 nm for 1min
to determine the catalase activity [25]. The molar extinction
coefficient of 43.6M/cm was used to determine the catalase
activity and the activity was reported as units/min/mg of
protein.

2.5. Animal Experiments. Male Charles Foster rats were
housed in the departmental animal house facility under
controlled room temperature (21 ± 2∘C). The animals were
fed chow diet and water ad libitum. The experiments were
carried out after the approval of the Animal Ethical Com-
mittee of Department of Biochemistry, The MS University of
Baroda, Vadodara (Approval no. 938/A/06/-CPCSEA). The
guidelines of the Committee for the Purpose of Control
and Supervision of Experiments on Animals (CPCSEA) were
followed.

2.5.1. GI Tract Colonization Experiments. Three-month aged
rats were given drinking water containing streptomycin
sulphate (5 g/liter) for 24 h to remove the existing resident
facultative microflora and then starved for food and water
for 18–20 h. The rats were divided into two groups and were
fed approximately 109 CFU of E. coli 16 (pUC-gfp) and E.
coli 16 (pUC8:16gfp), respectively, in 1mL of 20% sucrose
once a day for up to 3 days. After the bacterial suspension
was ingested, food and water were restored, and fecal plate
counts were determined at regular intervals till the 70th day.
Fecal samples were homogenized, serially diluted in 0.85%
saline, and plated on Luria agar plates containing ampicillin
(100 𝜇g/mL). After 24 h, the plates were inspected under
UV light for the fluorescence. As soon as the reduction of
fluorescent colonies of fecal samples was noted, rats were
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Table 1: Bacterial strains and plasmids.

Plasmids/strains Relevant characteristics Reference
Plasmids

pUC-gfp Derived from the high-copy number vector pUC18 by insertion of a modified gfp gene; Apr [26]
pUC8:16 Derived from the high-copy number vector pUC8 by insertion of a vgb gene; Apr [19]
pUC8:16-gfp Derived from the high-copy number vector pUC8:16 by insertion of a gfp gene; Apr This study

Bacterial strains

E. coli DH5𝛼 F-endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR nupG Φ80dlacZΔM15Δ(lacZYA-argF)U169, hsdR17
(rK−mK+), 𝜆− [24]

E. coli BL21 FompT hsdSB (rB− mB−) gal dcm [24]
E. coli 16 Wild type [13]
E. coli 16
(pUC-gfp) E. coli 16 with pUC-gfp plasmid; Apr This study

E. coli 16
(pUC8:16-gfp) E. coli 16 with pUC8:16-gfp plasmid; Apr This study

Apr represents ampicillin resistance; gfp represents green fluorescent protein; pUC8:16-gfp represents construct containing vgb gene tagged with gfp.

given ampicillin (50mg/kg body weight) (days 23–25 and
days 48–51) in drinking water [16, 26].

Selected fluorescent colonies from fecal samples were
screened for vgb gene. The colony PCR was carried out on
using a set of specific primers that anneal to a region of the vgb
gene inE. coli 16 (pUC8:16gfp) and amplify a 714 bp fragment.
Similarly, least dilution of fecal homogenate was plated on
Luria agar plates containing lawn of E. coliDH5𝛼 to show the
inherent antimicrobial property of E. coli 16 (pUC8:16gfp).
The pUC8:16gfp is a nonmobilizable plasmid and does not
get transferred horizontally [26].

2.5.2. Effect of E. coli 16 (pUC8:16gfp) under Oxidative Stress.
A total of 15 rats (14 to 16 months) were equally divided into
five groups (𝑛 = 3). Group I served as normal control and
was orally given saline for 3 days followed by 2 weeks interval
up to 45 days. Group II served as potential probiotic E. coli
16 (pUC8:16gfp) where rats were fed the culture orally with
saline for 3 days followed by 2 weeks interval up to 45 days.
Group III served as normal control with CCl

4
and was orally

given saline for 3 days followed by 2 weeks interval up to 45
days. Further, two doses (200𝜇L and 500 𝜇L) of CCl

4
were

given with olive oil as carriers at weekly interval and the
antioxidant parameters in plasma and liver were monitored
to assess the liver function. Group IV (potential probiotic E.
coli 16 (pUC-gfp) with CCl

4
) served as vector control and the

same procedure was followed as that of Group III. Group V
[potential probiotic E. coli 16 (pUC8:16gfp)] with CCl

4
served

as test and the same procedure was followed as that of Group
III. At the end of the 2nd dose, on the 3rd day, rats were
mildly anesthetized and blood was collected via retroorbital
sinus followed by plasma separation for further biochemical
analysis. Later, animals were sacrificed by decapitation under
mild anesthesia and liver was excised and stored at −80∘C for
further estimations.

2.5.3. Assessment of Liver Function. Liver damage in the
above mentioned groups of rats was assessed by estimating
the plasma levels of serum glutamic oxaloacetic transaminase

(SGOT) and serum glutamic pyruvic transaminase (SGPT)
using commercially available mono single test IFCC, kinetic
SGOT and SGPT test kits from Reckon Diagnostics Pvt.
Ltd, Vadodara, Gujarat, India, as per the manufacturer’s
instructions.

2.5.4. Estimation of Lipid Peroxidation and Catalase Activity.
Liver samples (100mg/mL) were homogenized in 50mM
potassium phosphate buffer and centrifuged at 10,000 rpm
for 15min. The supernatant thus obtained was used for
estimating the lipid peroxidation levels and catalase activity.
Catalase activity was expressed as enzyme activity per mg
of protein. The protein concentration in each fraction was
determined by modified Lowry method [27], using bovine
serum albumin as standard. The mean malondialdehyde
(MDA) content (𝜇mol/mg protein) was used as an indicator
of lipid peroxidation and assayed in the formof thiobarbituric
acid-reacting substances (TABRS) [28]. Catalase activity was
measured using the method described previously [25].

2.5.5. Microscopic Examination of Liver. Liver samples were
fixed using 4% buffered paraformaldehyde followed by dehy-
dration in graded alcohol series and embedded in paraffin
wax. About 4-5 𝜇m thick sections were cut (by Leica RM 2155
Microtome) followed by staining with hematoxylin and eosin
for examination using Leica microscope.

2.6. Statistical Analysis. Statistical evaluation of the data was
performed by one way analysis of variance (ANOVA) fol-
lowed by Bonferroni’s corrections for multiple comparisons.
The results were expressed as mean ± SEM using GraphPad
Prism version 5.0 for Windows, GraphPad Software, San
Diego, California, USA.

3. Results

3.1. Effect of vgb Gene Expression on E. coli 16 (pUC8:16gfp).
A significant effect of vgb expression was observed as
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medium.

E. coli 16 (pUC8:16gfp) demonstrated an increase in growth
rate under microaerobic condition compared to its pUC-gfp
vector control (Figure 1).

3.2. vgb Gene Expression Enhances In Vitro Catalase Activity
of E. coli 16 (pUC8:16gfp). In the presence of CCl

4
, catalase

activity of E. coli 16 (pUC8:16gfp) was increased by 1.8-fold as
compared to E. coli 16 (pUC8-gfp) vector control (Figure 2).
This suggests that vgb genewas expressed undermicroaerobic
environment and was functional in E. coli 16 (pUC8:16gfp).

3.3. GI Tract Colonization of E. coli 16 (pUC8:16gfp) in
Rats Exposed to Intermittent Antibiotic Challenge. E. coli 16
(pUC-gfp) transformants declined significantly in feces as
compared to E. coli 16 (pUC8:16gfp) transformants. On the
21st day, the fecal E. coli 16 (pUC-gfp) counts were reduced by
100 times as compared toE. coli 16 (pUC8:16gfp) counts.After
22nd to 24th days, upon the first treatment of ampicillin, the
counts of both E coli 16 (pUC-gfp) and E. coli 16 (pUC8:16gfp)
transformants in feces were increased. However, after 48
days, E. coli 16 (pUC-gfp) was not detected, whereas E.
coli 16 (pUC8:16gfp) counts remained constant. Moreover,
after 51 days, E. coli 16 (pUC-gfp) was not detected even
after ampicillin treatment whereas E. coli 16 (pUC8:16gfp)
was detected even after second ampicillin treatment up
to the 70th day (Figure 3(a)). Thus, the retention time of
potential probiotic E. coli 16 (pUC8:16gfp) was significantly
improved in the GI tract of rats. On the 48th day of post-
feeding (Figures 3(b) and 3(c)), ampicillin resistant bacterial
colonies were detected from fecal samples. These colonies
demonstrated fluorescence aswell as antimicrobial properties
suggesting that both properties were retained in the E. coli 16
(pUC8:16gfp).
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Figure 2: In vitro catalase activities of E. coli 16 containing
pUC8:16gfp construct. Values are expressed as mean ± SEM (𝑛 = 4
each group) and analysis was performed using one way ANOVA.
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𝑃 > 0.05 compared to E. coli 16 with
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treated groups.

3.4. Effects of E. coli 16 (pUC8:16gfp) on Liver Function

3.4.1. SGOT and SGPT Activity in Plasma. Oral adminis-
tration of CCl

4
to Groups III (normal control with CCl

4
)

and IV (vector control) rats resulted in significantly elevated
(𝑃 < 0.001) serum levels of SGPT and SGOT as compared
to Group I (control) and Group II [prefed with potential
probiotic E. coli 16 (pUC8:16gfp)] untreated rats. Treatment
of CCl

4
to Group V rats [prefed with potential probiotic E.

coli 16 (pUC8:16gfp)] resulted in significantly decreased (𝑃 <
0.05) activities of SGOT and SGPT enzymes as compared to
Group III and Group IV rats (Figures 4(a) and 4(b)). Rats
treated with CCl

4
and prefed with potential probiotic E. coli

16 (pUC8:16gfp) resulted in near to normal plasma SGPT and
SGOT levels.

3.4.2. Liver Lipid Peroxidation Level and Catalase Activity.
Catalase activity was significantly decreased in the liver
homogenate of CCl

4
treated Group III and Group IV rats

as compared to control groups. Potential probiotic E. coli
16 (pUC8:16gfp) Group V rats showed significantly (𝑃 <
0.05) increased catalase activity compared to CCl

4
treated

Group III rats (Figure 4(c)). Slight decrease in themeanMDA
levels was found in the liver of Group V (CCl

4
-exposed) rats

compared to Group III rats (Figure 4(d)).

3.4.3. Histopathological Analysis of Liver. Histopathological
analysis of liver cells using hematoxylin and eosin stains in
Group III and Group IV rats treated with CCl

4
revealed

extensive liver damage, characterized by the disruption of the
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Figure 3: (a) Plate counts of fluorescent colonies in fecal samples of rats, following oral administration of E. coli 16 (pUC-gfp) and E. coli
16 (pUC8:16gfp) to respective groups of rats for the effects of antibiotic on the colonization process. (b) E. coli 16 strain transformed with
pUC8:16gfp plasmid showed antimicrobial activity and expressed green fluorescent protein in fecal samples of Charles Foster rats. The plate
(in the right side) showed antimicrobial activity under transmitted light and the same plate (in the left side) showed green fluorescent protein
under ultraviolet light at 365 nm. The plate assay suggested that the transformants retained their antimicrobial activity even after passing
through rat GI tract, and pUC8:16gfp plasmid did not affect the inherent antimicrobial activity of the E. coli. (c) Colony PCR for vgb gene
in colonies showing fluorescence and antimicrobial activity in the plate. 1.5% agarose gel electrophoresis revealed 714 bp specific band of vgb
gene (lanes: 2 and 3). Lane 1 represents 100 bp ladder; lane 4 represents plasmid pUC-gfp serving as negative control; lane 5 represents plasmid
pUC8:16gfp serving as positive control for vgb gene.

lattice nature of the hepatocytes, damaged cell membranes,
degenerated nuclei, disintegrated central veins, and damaged
hepatic sinusoids as compared to the liver of Groups I and II
(control) rats. However, in Group V rats [treated with CCl

4

and prefed with potential probiotic E. coli 16 (pUC8:16gfp)],
only minimal disruption of the hepatic cellular structure was
observed (Figure 5).

4. Discussion

Probiotic bacteria exert their effects by competing with
potentially pathogenic bacteria for ecological niches, thereby
preventing their colonization. The exact mechanism of col-
onization of E. coli in the GI tract is not clear, but it is
known that the respiration of E. coli in GI tract is very much
essential for its successful colonization and competitiveness

in the GI tract [16]. Colonization and competitiveness of
facultative anaerobes, that is, E. coli, depend on their res-
piratory flexibility which in turn depends on high-affinity
cytochrome bd oxidase. Previous study has shown that VHb
improves the oxygen uptake rate ofE. coliundermicroaerobic
condition, by 5-fold and 1.5 increase of cytochrome bo

3

and cytochrome bd oxidase, respectively [29]. In the study,
VHb expression was enhanced by low oxygen tension via a
fumarate and nitrate reductase regulator- (FNR-) dependent
mechanism [29]. When a vgb gene is introduced into E. coli,
the cell growth and yield of the target protein were increased
significantly [16, 18, 30–34]. In the present study, E. coli 16
(pUC8:16gfp) plasmid expressing vgb gene was also found to
increase the growth rate in microaerobic condition as well as
improve the GI tract colonization and enhance the catalase
activity.The expression of vgb gene significantly improved the
colonization of potential probiotic E. coli 16 (pUC8:16gfp) in



6 BioMed Research International

0

250

500

750
Ac

tiv
ity

 (U
/L

)

0.0

C
on

tro
l

pU
C8

:1
6
g
fp

C
on

tro
l w

ith
 C

Cl
4

pU
C1

8g
fp

w
ith

 C
Cl

4

pU
C8

:1
6
g
fp

CC
l 4

∗∗∗∗

∗∗∗∗

∗

(a)

0

250

500

750

1000

Ac
tiv

ity
 (I

U
/L

)

∗∗∗∗

∗∗∗∗
∗∗∗∗

C
on

tro
l

pU
C8

:1
6
g
fp

C
on

tro
l w

ith
 C

Cl
4

pU
C1

8g
fp

w
ith

 C
Cl

4

pU
C8

:1
6
g
fp

CC
l 4

(b)

0

10

20

30

(m
in

/m
g 

pr
ot

ei
n)

C
on

tro
l

pU
C8

:1
6
g
fp

C
on

tro
l w

ith
 C

Cl
4

pU
C1

8g
fp

w
ith

 C
Cl

4

pU
C8

:1
6
g
fp

CC
l 4

∗

∗∗∗∗∗∗∗∗

(c)

0.0

2.5

5.0

7.5

10.0
N

an
om

ol
es

 o
f M

D
A

/m
g 

of
 p

ro
te

in

C
on

tro
l

pU
C8

:1
6
g
fp

C
on

tro
l w

ith
 C

Cl
4

pU
C1

8g
fp

w
ith

 C
Cl

4

pU
C8

:1
6
g
fp

CC
l 4

∗∗

∗∗∗∗

∗∗∗∗

(d)

Figure 4: Effect of probiotic E. coli 16 (pUC8:16gfp) encoding vgb gene on liver parameters: (a) serum glutamyl oxalacetate transaminase
(SGOT) levels, (b) serum glutamyl pyruvate transaminase (SGPT) levels, (c) catalase activity, and (d) lipid peroxidation levels in different
groups of rats treated with CCl

4
. SGOT and SGPT activities were measured in plasma, whereas catalase activity and lipid peroxidation levels

were measured in liver homogenates. ∗∗∗∗𝑃 < 0.0001, ∗∗∗𝑃 < 0.001, ∗∗𝑃 < 0.01, and ∗𝑃 < 0.05 compared to Group I (control without CC1
4

treatment). Values are expressed as mean ± SEM (𝑛 = 3 each group) and analysis was performed using one way ANOVA.

rat GI tract, possibly due to improved cell growth and better
respiratory adaptation under low oxygen tension.

Superoxide radicals (O
2

−) formed within biological
systems are toxic to living cells. Trichloroperoxyl radi-
cal (CC1

3
OO∙) synthesized from (O

2

−) and CC1
4
has a

highly toxic effect on metabolic oxidizing activities pre-
sumably because of the electron-withdrawing nature of the
trichloromethyl group [23, 35]. Heterologous expression
of nonheme catalase in Lactobacillus lactis improved the
antioxidant status and alleviated the risk of 1,2-dimethyl
hydrazine induced colon cancer [36, 37]. Near to normal

levels of SGPT and SGOT activity in CCl
4
treated rats with

E. coli 16 (pUC8:16gfp) plasmid demonstrate the protection
of the toxic effects of CCl

4
in the liver. Previous reports have

suggested that the protective effects could be attributed to
the peroxidase activity of VHb [21, 38]. Additionally, VHb is
known to decrease the oxidative stress caused by H

2
O
2
by

enhancing the catalase activity [18]. The present study also
found 1.8-fold increased activity of catalase contributed by
vgb gene under in vitro condition. It has been shown that
VHb in E. coli induces the expression of catalase-peroxidase
G (katG) and superoxide dismutase A (sodA) genes, thereby
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pUC8:16gfp treated rat

(a)

CCl4 treated control rat

(b)

pUC8:16gfp CCl4 treated rat

(c)

pUC-gfp CCl4 treated rat

(d)

Figure 5: Effect of probiotic E. coli 16 (pUC8:16gfp) encoding vgb gene onCCL
4
-induced histopathological changes in different groups of rats:

(a) photomicrograph of liver from Group II [control rat with probiotic E. coli 16 (pUC8:16gfp)], (b) photomicrograph of liver from Group III
(rat treated with CCL

4
), (c) photomicrograph of liver fromGroup V [rat treated with CCL

4
along with probiotic E. coli 16 (pUC8:16gfp)], and

(d) photomicrograph of liver fromGroup IV [rat treatedwith CCL
4
alongwith probiotic E. coli 16 (pUC-gfp)] as vector control. Haematoxylin

and eosin were used for staining the paraffin-embedded sections.

protecting from damage caused by ROS [19]. In comparison,
when vgb gene was expressed in E. coli oxyR mutant, the
vgb expression was increased but the strain showed high
sensitivity to oxidative stresswithout induction of antioxidant
genes. Thus, oxidative stress regulator OxyR mediates the
protective effect of vgb under oxidative stress [19].

5. Conclusion

The present investigation showed that vgb gene when
expressed in a potential probiotic E. coli 16 strain increased
its GI tract colonization, thereby improving its survival. In
addition, vgb gene being an antioxidant, it detoxified the
CCl
4
in GI tract and thereby reduced the hepatotoxicity

in rats. Hence, the retention of probiotics in GI tract is
thus enhanced; it reduces the doses to maintain an effective
probiotic count in the GI tract.These additional benefits may

increase the efficiency of the probiotics making them more
effective in minimum dose intervals.
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3 UMR 5248 CBMN CNRS-Université Bordeaux 1-ENITAB, Laboratoire de Microbiologie et Biochimie Appliquée,
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Inflammatory bowel disease (IBD) is an autoimmune disease characterized by a chronic inflammation of the gastrointestinal tract
mucosa and is related to an abnormal immune response to commensal bacteria. Our aim of the present work has been to explore the
levels of antibodies (IgG and IgA) raised against extracellular proteins produced by LAB and its association with IBD.We analyzed,
by Western-blot and ELISA, the presence of serum antibodies (IgA and IgG) developed against extracellular protein fractions
produced by different food bacteria from the genera Bifidobacterium and Lactobacillus. We used a sera collection consisting of
healthy individuals (HC, 𝑛 = 50), Crohn’s disease patients (CD, 𝑛 = 37), and ulcerative colitis patients (UC, 𝑛 = 15). Levels of IgA
antibodies developed against a cell-wall hydrolase from Lactobacillus casei subsp. rhamnosus GG (CWH) were significantly higher
in the IBD group (𝑃 < 0.002; 𝑛 = 52). The specificity of our measurements was confirmed by measuring IgA antibodies developed
against the CWH peptide 365-VNTSNQTAAVSAS-377. IBD patients appeared to have different immune response to food bacteria.
This paper sets the basis for developing systems for early detection of IBD, based on the association of high levels of antibodies
developed against extracellular proteins from food and probiotic bacteria.

1. Introduction

Inflammatory bowel disease (IBD) is an autoimmune disease
characterized by a chronic inflammation of the gastroin-
testinal tract (GIT) mucosa. Depending on the severity and
location of the injuries, two main forms are distinguished,
Crohn’s disease (CD) and ulcerative colitis (UC). Both are
chronic disorders of unexplained origin, in which persistent
ulcerations appear in the small or large bowel mucosa.
Interestingly, genetic susceptibility only explains up to 23% of
the disease, in the case of CD (16% forUC), with the rest being
attributed to environmental factors, such as an exacerbated

response of the innate immune system to the commensal
microbiota [1].

Experiments in germ-free animals have shown that
microbial colonization is crucial in the instruction, matura-
tion, and regulation of the immune system. For instance, the
presence of Bacteroides fragilis offers protection from experi-
mental colitis, induced byHelicobacter hepaticus, in an animal
model, with this beneficial activity being dependent on the
presence of an exopolysaccharide [2]. In addition, recent
metagenomic studies with human samples have revealed
that lifestyle in developing countries is associated with an
altered microbial colonization of the human gut [3]. Indeed,
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an alteredmicrobial composition, or dysbiosis, is observed in
both mucosal and fecal samples of patients with IBD [4].

Implications of microbiota dysbiosis extend beyond the
obvious differences in microbial composition from a func-
tional and metabolic point of view. For instance, decreased
ratios between Faecalibacterium prausnitzii and Escherichia
coli in IBD patients resulted in different fecal bile acid com-
positions, with implications in the perpetuation of chronic
inflammation in IBD [5]. In the same way, Firmicutes and
Enterobacteriaceae abundances have been related to changes
in global metabolic pathways present in the gut microbiomes
of IBD patients, notably with increases in oxidative stress
pathways and decreases in carbohydrate metabolism and
amino acid biosynthesis with respect to healthy controls
[6]. For this reason, great efforts are being made in order
to understand exactly the genome complement carried by
all the microorganisms inhabiting our gut [7]. Although
gut microorganisms are essential in driving inflammation
and mucosal injuries in IBD, some other bacteria attenuate
inflammation through anti-inflammatory effects, such as cer-
tain lactic acid bacteria (LAB) or the commensal bacterium
F. prausnitzii [8–10]. Interestingly, LAB count with a long
history of safe use by human beings [11, 12].

IBD is associated with antibodies raised against extracel-
lular molecules of GIT microorganisms, such as extracellular
mannan from Saccharomyces cerevisiae (ASCA), the outer
membrane porin C protein from E. coli (anti-OmpC), or
the flagellin from members of the Clostridium cluster XIVa
[13–15]. The presence of these antibodies, together with
some specific antibodies directed against host structures
(such as antibodies to exocrine pancreas (PAB) or antineu-
trophil cytoplasmic antibodies (ANCA)), are used as serum
biomarkers of CD or UC [13, 16].

Our aim with the present work has been to explore the
levels of antibodies (IgG and IgA) raised against extracellular
proteins produced by LAB and its association with IBD. The
main results are discussed next.

2. Material and Methods

2.1. Culture Conditions and Bacterial Strains. Six bacterial
strains representing microorganisms used in human nutri-
tion, or as probiotics, were used in this study: Lactobacillus
casei subsp. rhamnosus GG (LGG), Lactobacillus acidophilus
DSM 20079T, Lactobacillus reuteri DSM 20016T, Bifidobac-
terium longum subsp. longum NCIMB 8809, Bifidobacterium
bifidum LMG 11041T, and Bifidobacterium animalis subsp.
lactis IPLA 4549. All strains were grown in MRS (de
Man, Rogosa, and Sharpe) broth (Difco, Becton Dickinson,
Franklin Lakes, NJ) supplemented with 0.05% (w/v) L-
cysteine (MRSC) (Sigma-Aldrich, St. Louis, MO). Agar (1.8%
(w/v)) was added to the broth when colony isolation was
necessary. In all cases, cultures were incubated in an anaer-
obic chamber model MG500 (Don Whitley Scientific, West
Yorkshire 100, UK) with a defined atmosphere composed of
10% (v/v) H

2
, 10% (v/v) CO

2
, and 80% N

2
.

As routine culturing, isolated bacterial colonies were
recovered on MRSC agar plates from frozen stocks stored

at −80∘C (MRSC supplemented with 40% (v/v) glycerol).
Single colonies were used for inoculatingMRSC tubes, which
were kept in the anaerobic chamber ON. FreshMRSC bottles
containing different volumes, depending on the experiment
(from 50mL to 400mL), were then inoculated from the ON
precultures (1% v/v). These cultures were incubated in the
same conditions up to early stationary phase of growth (from
12 to 48 h depending on the bacterium). Cultures were then
centrifuged (10,000×g, 30min), and the supernatants were
filtered (0.45 𝜇m) and kept for further analysis. MRSC was
used as control supernatant.

2.2. Fractionation and Separation of Extracellular Proteins.
Extracellular proteins were obtained from bacterial super-
natants following the protocol described by Sánchez et al.
[17]. Briefly, trichloroacetic acid (TCA) was added to the
spent supernatants at a final concentration of 6% (w/v) and
incubated ON at 4∘C. Samples were then centrifuged and
washed twice with ice-cold acetone (10,000×g, 4∘C, 10min).
Pellets were dried for one hour at 37∘C in a heat block, and
the precipitate corresponding to 50mL of culture was resus-
pended in 200𝜇L of Laemmli buffer 5X [18] with the help of
an ultrasound bath (15min) (Ultrasons-H, JP Selecta, Spain).
Samples were finally centrifuged (16,000×g, 21∘C, 5min)
to precipitate nonsolubilized proteins and volumes of 15 𝜇L
were loaded in polyacrylamide gels (12.5%) under denaturing
conditions (SDS-PAGE). Prestained Page Ruler (Thermo
Fisher Scientific, Madrid, Spain) was used as molecular mass
marker. Extracellular proteins were separated according to
Laemmli [18], in an electrophoresis buffer containing SDS
(1 g/L), TRIS (3 g/L), and glycine (15 g/L) (Sigma-Aldrich) at
pH = 8.7, under a constant current of 40mA. To visualize
proteins, gels were stained with colloidal Coomassie blue
(GelCode Blue Safe Protein Stain, Thermo Fisher Scientific),
according to the manufacturer’s instructions.

2.3. Analysis of the Serum Reactivity to Bacterial Extracellular
Proteins by Western-Blot. For detection of immunoreactive
bandswithin the different extracellular protein extracts, 40𝜇g
of protein was separated in SDS-PAGE as described above.
Proteins were transferred and immobilized onto polyvinyli-
dene fluoride (PVDF) membranes (GE Healthcare, Madrid,
Spain) for 30min under a constant voltage of 50V. PVDF
membranes were blocked with PBS (phosphate buffered
saline, Oxoid Ltd., UK) supplementedwith 0.1% (v/v) Tween-
20 (PBST) (Sigma-Aldrich) and with 5% (w/v) skimmed
milk (PBST-L) (Oxoid Ltd.) for 3 h at room temperature.
Membranes were washed twice and individual sera were
diluted to 1 : 100 in PBST-L and incubated over the mem-
branes (ON, 4∘C) with slight agitation. Membranes were
then washed 4 times with PBST and incubated for 1 h with
a secondary antibody conjugated to horseradish peroxi-
dase (horseradish peroxidase-conjugated anti-human IgA or
IgG (Sigma-Aldrich)), diluted to 1 : 2,000 in PBST-L. For
detection of immunoreactive bands, a commercial solution
containing the chromogenic reagents chloronaphthol and
diaminobenzidine (CN/DAB Substrate Kit, Thermo Fisher
Scientific) was used.
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Table 1: Demographic and clinical parameters of UC patients.

Clinical parameters n = 16
Men/women 11/7
Age, mean ± sd 45.25 ± 16.89
Disease duration, mean ± sd 8.37 ± 8.57
Age at onset, mean ± sd 36.88 ± 16.79
Familial history 5 (31.3)
Location

Extensive 9 (56.3)
Left-sided 2 (12.5)
Proctitis 5 (31.3)

Extraintestinal manifestations
Arthritis 4 (25.0)
Dermatological affection 4 (25.0)

Values are n or n (%), unless stated otherwise.

Table 2: Demographic and clinical parameters of CD patients.

Clinical parameters n = 37
Men/women, n 23/14
Age, mean ± sd 42.89 ± 12.89
Disease duration, mean ± sd 10.08 ± 8.56
Age at onset, mean ± sd 32.78 ± 12.41
Familial history 8 (21.6)
Location

Ileum 11 (29.7)
Colon 5 (13.5)
Ileum + colon 20 (54.1)
Upper gastrointestinal 1 (2.7)

Extraintestinal manifestations
Arthritis 14 (37.8)
Dermatological affection 9 (24.3)

Perianal disease 12 (32.4)
Fistula 15 (40.5)
Values are n or n (%), unless stated otherwise.

Detection of immunoreactive bandswas performed using
a collection of sera and consisted of 50 samples from
healthy individuals, 37 samples from individuals with CD,
and 15 samples from individuals with UC. Approval for the
study was obtained from the Regional Ethics Committee
for Clinical Investigation (Comisión Asesora de Bioética del
Principado de Asturias; Servicio de Salud del Principado
de Asturias) and all determinations were performed with
fully informed written consent. This collection is deposited
in the “Colección del Registro Nacional de Biobancos”,
Ref. C.0001263 (https://sede.isciii.gob.es/). Demographic and
clinical parameters of the UC and CD patients are shown in
Tables 1 and 2.

2.4. Purification of the Cell-Wall Hydrolase of LGG. Around
one milligram of extracellular protein fraction from LGG
was separated in polyacrilamide gels, as described before,
using multiple wells. CWH is the only extracellular protein

of LGG separated in the gel range of 70–80 kDa, so this
zone was cut out of the gels with the help of the pre-stained
molecular mass marker, containing a red-labelled band of
70 kDa. Gel slides were placed into dialysis membranes with
a cut-off of 8 kDa and 3mL of electrophoresis buffer were
added. Dialysis membranes were set in the electrophoresis
chamber and the system was maintained for one hour at a
constant voltage of 170V. Following this procedure, CWH
was electroeluted from the gel slides. CWH protein, already
in solution, was concentrated in a vacuum device at room
temperature (Concentrator 5301, Eppendorf AG, Germany),
and finally dialyzed against PBS for 24 h at 4∘C (Tube-
O-dialyzer devices, G-biosciences, cut-off 1 kDa). Protein
concentration was determined by the bicinchoninic acid test
(BCA kit, Thermo Fisher Scientific), using a series of bovine
serum albumin standards.

2.5. ELISAs against the Cell-Wall Hydrolase of LGG. Specific
IgG and IgA antibodies developed against the CWH of LGG
were titrated in all the sera. Two 𝜇g of CWH, purified as
described above, was dissolved in PBS and coated on the
surface of a 96 well plate (Nunc) 1 h at 37∘C and then ON
at 4∘C. Wells were washed twice with 300 𝜇L of PBST and
blocked with 200𝜇L of 1% (w/v) bovine serum albumin in
PBS (1 h at RT and with gentle shaking). Wells were washed
twice again with 300 𝜇L of PBST and incubated with 200𝜇L
of the sera dilutions, made with PBST, for 2 h at RT. The
dilutions tested were 1 : 100, 1 : 250, 1 : 500, 1 : 1,000, 1 : 2,500,
1 : 5,000, and 1 : 10,000. Wells were washed twice with 300 𝜇L
of PBST and incubated with 100 𝜇L of a secondary antibody
dilution in PBST (1 : 10,000) (anti-human IgG or anti-human
IgA conjugated with horseradish peroxidase, Sigma-Aldrich)
in PBST, for 1 h at RT. Finally, wells were washed twice with
PBST and 100 𝜇L of the chromogenic substrate ultra-TMB-
ELISA (Thermo Fisher Scientific) was added and incubated
for 20min at RT. Reactions were stopped with 2M H

2
SO
4

and the Abs
450

of the wells measured.The titer of each serum
was defined as the last dilution of serum that gave a positive
reaction (Abs

450
threshold = 0.300).

2.6. CWH Bioinformatic Analysis and Synthesis of a Specific
Peptide. Homology searches using the CWH amino
acid sequence (gi|258507319; ref|YP 003170070.1) were
performed using the BlastP algorithm implemented
at the National Center for Biotechnology Information
(http://blast.ncbi.nlm.nih.gov/Blast.cgi) against the curated,
nonredundant “nr” database. Homologous proteins present
in other species belonging to the Firmicutes phylum were
retrieved and aligned, and the comparative analysis allowed
us to identify a specific peptide present in the CWH protein
from L. casei subsp. rhamnosus that was not present in other
intestinal or food bacteria species (query performed on
February 24, 2014). Two mg of the specific CWH peptide
(CWHp) was chemically synthesized by the company
Genecust (Luxembourg), with a minimum purity of 95%.

2.7. CWHp against the Peptide ELISAs. Antibodies developed
against the CWHp and present in the following sera C72,
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(1)

(2)

(3)

(4)

(5)

Lactobacillus acidophilus
Lactobacillus casei subsp. rhamnosus
Lactobacillus reuteri
Bifidobacterium bifidum
Bifidobacterium longum subsp. longum

(6) Bifidobacterium animalis subsp. lactis

1 2 3 4 5 6

(a)

C68 IgA C65 IgA P47 IgA P30 IgA

P40 IgA P31 IgA P19 IgA P38 IgA

1 → 6 1 → 6 1 → 6 1 → 6

1 → 6 1 → 6 1 → 6 1 → 6

(b)

Figure 1: (a) Immunoreactive bands corresponding to antibodies present in the sera of healthy controls or IBD patients raised against
the extracellular proteins of the bacterial strains used in this study. (b) Western blotting analysis showing different patterns of sera
immunoreactivity against extracellular proteins produced by the strains used in this study (C# healthy controls; P# IBD patients). In all cases,
a secondary anti-human IgA antibody, HRP conjugated, was used. The order of the lanes (lines 1 to 6) correspond to that of the SDS-PAGE.

C65, C49, C59, P8, P39, P34, and P20 were determined by
ELISA as described before. These sera were chosen as being
representative for the specificCWHanti-IgA/anti-IgG values.
Five 𝜇g of the peptide was coated on the surface of 96-
well plates (Nunc), and the following serum dilutions were
tested for titration: 1 : 100, 1 : 250, 1 : 500, 1 : 1,000, 1 : 2,500,
1 : 5,000, and 1 : 10,000. The rest of the procedure was exactly
as described for the CWH.

2.8. Statistical Methods. In order to evaluate and analyze
distribution of data, the following tests were applied: the
Runs test, Levène’s test, and the Kolmogorov-Smirnov test.
The nonparametric Kruskal-Wallis test was used for median
comparison between groups (healthy controls, CD, UC, and
IBD). All tests were performed using SPSS v18.0 software.

3. Results and Discussion

Several immunological studies have shown that the human
immune system, in the framework of IBD, reacts differentially
against many of the microorganisms composing our gut
microbiota by producing specific IgA and IgG responses such
as ASCA [19]. Experimental evidence points to extracellular
proteins secreted by probiotic bacteria as molecular effectors
of their beneficial effects on the human host [20–23]. Specific
antigens developed against this subset of proteins, which are
normally consumed with fermented and functional foods,
may be related to IBD.

Susceptibility to IBD has been associated with the so-
called leaky gut syndrome (LGS), in which a decrease in the
gut epithelial barrier led to an increase of antigens from food
and bacteria from the gut lumen leaking into the body [24].
Also, it is known that excessive bacterial translocation in CD
is a key factor in the development of the disease, in which
certain genetic mutations affect the autophagy pathway [25].
In fact it has been proposed that antigens belonging to com-
mensal microbiota could interact with the immune system
evoking antibody-driven inflammatory responses [26]. In a
healthy gut, the immune system reacts against commensal
microbiota by producing antibodies, notably secretory IgA
[27, 28].

Extracellular proteins from the bacteria strains used in
this study, all of them representative of microorganisms
used as probiotics or in human nutrition, were immobi-
lized on PVDF membranes and submitted to immunoblot
analysis. Incubation with pools of sera of the three dif-
ferent groups (HC, CD, and UC), showed the presence of
different immunoreactive bands when membranes where
developed using an anti-human IgA antibody conjugated
with horseradish peroxidase (Figure 1(a)). The presence of
strong immunoreactive bands prompted us to hybridize
immobilized extracellular protein extracts using all the sera
individually (Figure 1(b)). This analysis revealed that a pro-
tein in the molecular mass range of 70 kDa, produced by
LGG, displayed a wide range of immunoreactivity among all
the tested sera, including healthy controls and IBD patients.
This protein was identified by peptide mass fingerprinting as
the homologous to L. casei cell-wall hydrolase, also known
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Figure 2: Distribution of the specific anti-CWH titers (IgG and IgA) of all the sera divided into two groups (HC: healthy controls, IBD:
inflammatory bowel disease) ( ∗∗𝑃 < 0.01).

as P-75. This is a cell-wall hydrolase able to hydrolyze
muropeptides from L. casei [29]. In addition, CWH has an
affinity for molecules present on intestinal surfaces, such
as mucin and fibronectin [30]. CWH and P-40, being two
of the most abundantly secreted proteins by LGG with the
glyceraldehyde-3-phosphate dehydrogenase [31], accomplish
different functions in gut homeostasis, such as reduction
of inflammatory damages and increases of transepithelial-
resistance by increasing tight-junction protein production
[32, 33].

At this point, our results strongly suggested that the levels
of specific anti-CWH IgAs were increased in the IBD sera.
As Western-blot is very limited for antibody quantification,
we purified enough amounts of CWH following the proce-
dure described in the Material and Methods section. Once
CWH was purified, and after verifying its purity by SDS-
PAGE, the protein was used for the coating of 96-well plates
and for quantifying the levels of specific antibodies present in
the sera collection. After incubation of the different sera with
the coated CWH, we used two types of secondary antibodies
for detection of different antibody isotypes specifically devel-
oped against CWH, anti-human IgG, and anti-human IgA.

While levels of specific IgGs remained constant between
the two populations (healthy controls versus IBD patients)
with the exception of some outlier, levels of anti-CWH IgA
were significantly higher in the IBD sera (Figure 2). However,
when the IBD patients were divided in CD and UC and
the levels of the anti-CWH IgA were analyzed again, titers
were unable to differentiate between the two conditions
(Figure 3). It is known that IBD patients showing high serum
reactivity against gut microbes have the most complicated
disease phenotypes13. In this context we can mention ASCA,

p-ANCA, and anti-flagellin antibodies, with the latter being
even more frequent in other inflammatory disorders such as
irritable bowel syndrome (IBS) [16]. In a study conducted by
Furrie et al. [26], UC patients showed a higher IgG response
than CD patients. Contrary to this work, no differences in the
anti-CWH IgG titers were found between the IBD group and
the HC group, even if IBD patients were divided into UC and
CD subgroups.

In a step forward, we compared the amino acidic
sequence of the CWH protein from LGG against the nonre-
dundant protein database at the NCBI servers, in order to
determine whether the anti-CWH antibodies were or were
not specific to this protein. A BLAST analysis allowed us to
identify a 13-mer peptide whichwas only present in the CWH
from L. casei subsp. rhamnosus 365-VNTSNQTAAVSAS-377.
Chemical synthesis of the peptide allowed us to measure the
specific antibodies (anti-IgG and anti IgA) present in the
different sera. In this case, we used the sera corresponding to
these healthy controls/IBD patients C49, C59, C65, C72, P8,
P20, P34, and P39. These sera were chosen as representative
of the specific CWH anti-IgA and anti-IgG titer distribution.
IgA titers against the specific CWH peptide, although lower
than those measured for the whole CWH protein, were also
higher in the IBD sera and lower in the healthy controls
(Table 3).

Surprisingly, titers corresponding to the specific CWH-
peptide IgG antibodies were zero in all the sera, suggesting
that they have been developed against homologous surface
proteins of other Gram positive bacteria. In this sense,
presence of certain enteropathogens, notably infection by
Mycobacterium avium subsp. paratuberculosis, has been pro-
posed as a trigger factor for IBD, although controversial data
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Figure 3: Distribution of the specific anti-CWH titers (IgG and IgA) of all the sera assayed taking into account three groups: healthy controls
(HC), Crohn’s disease (CD), and ulcerative colitis (UC).

Table 3: Comparison between the titers values obtained in different
sera (C#: healthy controls, P#: IBD patients) using different target
proteins (CWH: purified cell wall hydrolase, CWHp: specific CWH
peptide) and different secondary antibodies (Anti-human IgA and
IgG). Results are expressed as the median of 3 independent mea-
sures.

Patient Anti CWHp-IgG
(antiCWH IgG)

Anti CWHp-IgA
(antiCWH IgA)

C72 0 (2,500) 250 (2,500)
C65 0 (500) 500 (1,000)
P34 0 (2,500) 250 (2,500)
P20 0 (500) 1,000 (10,000)
C49 0 (250) 500 (1,000)
C59 0 (250) 500 (1,000)
P39 0 (500) 500 (2,500)
P8 0 (500) 1,000 (2,500)

have been published so far [34]. Also, increased levels of
antibodies developed against proteins secreted by M. avium
subsp. paratuberculosis in Japanese patients suffering from
CD have been reported [35].

Why levels of IgA antibodies against extracellular pro-
teins produced by gut bacteria are more elevated in IBD
patients? It is known that increased gut permeability may
correlate with IBD susceptibility/risk. This elevated passage
of bacterial antigens in the intestinal mucosa may lead to
a concomitant increase in the immune response through
specific antibody production for compensating this failure
in the barrier function of the gut epithelium [24]. In the
case of familial Mediterranean fever (FMF), which is another

autoimmune disease with inflammatory conditions and skin
manifestations, levels of IgG antibodies against common gas-
trointestinal bacteria such as Bacteroides sp., Parabacteroides
sp., E. coli, and Enterococcus sp. were increased [36].

4. Concluding Remarks

Our experiments showed that IgA antibodies specifically
developed against an extracellular protein of L. casei are
associated with IBD. Quantification of antibodies against
extracellular proteins from food and probiotic bacteria may
be helpful in the early diagnosis of IBD.Therefore, our results
suggest that anti-CWH IgA levels have great potential for
being used for early detection of CD and UC; however,
validation of these findings in different populations of greater
sample size would be required, together with the identifica-
tion of other extracellular protein targets present in food and
probiotic bacteria.
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