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31.1 Introduction

Viable microbes have been a natural part of human diet throughout the history of

mankind. Today, different fermented foods and other foods containing live

microbes are consumed around the world, including industrialized countries,

where the diet has become increasingly sterile during the last decades. By defini-

tion, probiotics are viable microbes with documented beneficial effects on host

health. Probiotics have an excellent safety record, both in humans and in animals.

Despite the wide and continuously increasing consumption of probiotics, adverse

events related to probiotic use are extremely rare. Many popular probiotic strains

such as lactobacilli and bifidobacteria can be considered as components of

normal healthy intestinal microbiota, and thus are not thought to pose a risk

for the host health – in contrast, beneficial effects on health are commonly

reported. Nevertheless, the safety of probiotics is an important issue, in particular

in the case of new potential probiotics which do not have a long history of

safe use, and of probiotics belonging to species for which general assumption

of safety cannot be made. Furthermore, safety of probiotics in high-risk popula-

tions such as critically ill patients and immunocompromized subjects deserves

particular attention, as virtually all reported cases of bacteremia and fungemia

associated with probiotic use, involve subjects with underlying diseases, compro-

mised immune system or compromised intestinal integrity.

Several approaches to the evaluation of the safety of probiotics have

been applied. Assessment of the safety of a probiotic begins with the correct

identification of the strain. Laboratory tests applied in the safety assessment

of probiotics include in vitro assays assessing different intrinsic properties of

the strains such as resistance to antibiotics or production of toxic metabolites,

and different animal models, which can be used to evaluate the potential of
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probiotics to translocate from the host’s gut into the host’s bloodstream

and tissues, or assess the infectivity of the probiotics in different disease

models. In addition, the safety of probiotics may be evaluated in clinical trials.

In this review, the different approaches for the safety evaluation of probiotics

are reviewed. In addition, the adverse events associated with probiotic use to

date are outlined, and the factors affecting the likelihood of adverse events are

discussed.

31.2 Taxonomy and Identification as the Basis of
Safety Evaluation

The study of taxonomy comprises of different sub-disciplines including classifi-

cation, identification and nomenclature. Classification assigns microorganisms to

a known taxonomic group (taxa) according to the similarity between the micro-

organism and other members of the taxa, allowing the prediction of the proper-

ties of the microorganism based on what is already know on the taxa. Reliable

identification confirms the identity of a microorganism, for example a strain

isolated from fermented milk. Nomenclature, which includes assigning names to

taxonomic groups and specific microorganisms, allows not only scientific com-

munication but also proper labeling of products containing probiotic microor-

ganisms (Felis and Dellaglio, 2007). Reliable labeling of probiotic products

requires both correct identification of the bacterial species and strain used and

use of up-to-date nomenclature. Establishing the identity of microorganisms

constitutes the first step for the assessment of their safety. In fact, the Qualified

Presumption of Safety (QPS) approach, recently established by the European

Food Safety Agency (EFSA), considers identification the first pillar of the safety

assessment of microorganisms (EFSA, 2007). In this respect, a FAO-WHO expert

group recommended that phenotypic tests should be conducted first, followed by

genetic identification, using methods such as DNA/DNA hybridization, 16S RNA

sequencing or other well-established methods (FAO/WHO, 2006). The availabil-

ity of such methods makes the improper identification and labeling of probiotics

unacceptable. Failure to properly identify the strains may lead to the inclusion

of potentially harmful microorganism in the food chain.

Many different microorganisms are being used as probiotics, including both

gram-positive and gram-negative bacteria. Most of the currently used probiotics

belong to the genera Lactobacillus and Bifidobacterium, which are two genera

of gram-positive, non-sporeforming microorganisms. Lactobacilli are generally
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aerotolerant whilst bifidobacteria are anaerobes. The genus Bifidobacterium

shares phenotypic features and habitat with many lactobacilli and other lactic

acid bacteria (LAB), and for practical reasons some authors have considered this

genus to be part of the LAB. However, they are phylogenetically distinct, with

bifidobacteria having DNA with high guanine and cytosine (G + C) content

(55–67%) and belonging to the phylum Actinobacteria, whilst LAB form part of

the so-called Clostridium branch of the phylum Firmicutes, and are characterized

by a low G + C content. In addition, bifidobacteria possess a particular metabolic

pathway for hexose fermentation, characterized by the fructose-6-phosphate

phosphoketolase (F6PPK) enzyme activity. Determination of F6PPK constitutes

a reliable test for the identification of the family Bifidobacteriaceae (Felis and

Dellaglio, 2007). The F6PPK pathway leads to the production of acetic and lactic

acid in a ratio of 3:2, whilst in LAB the major end product of sugar fermentation

is lactic acid (Felis and Dellaglio, 2007).

Proper strain identification constitutes a critical starting point for probiotic

studies. Special attention should be paid to the strain identification, as a number

of studies have reported that the identity of microorganisms isolated from

probiotic products often does not correspond to the information stated on the

product label (Gueimonde et al., 2004; Hamilton-Miller et al., 1999). In fact, a

recent EU-funded project showed that 28% of the commercial probiotic cultures

were misidentified already by their manufacturers or distributors, which may

partly explain the disagreements observed between the label information and the

true identity of the isolated microorganisms in many products (Huys et al., 2006).

Accurate and reliable identification of probiotic strains is thus necessary to

evaluate both the documented health benefits and the safety of probiotic

products, and to avoid the inclusion of potentially pathogenic microorganisms

in commercial products. Pathogenic microorganisms can be found all around

the domain Bacteria, indicating the lack of common ‘‘pathogenicity’’ determi-

nants and making the identification of all the potentially pathogenic microorgan-

isms difficult. It is therefore important to clearly identify the pathogenicity

traits associated with a specific microorganism. In some studies similar properties

have been found between clinical isolates and commercial probiotic strains

(Ouwehand et al., 2004a, b), indicating that not only bacterial factors, but also

factors associated with the host play a role in pathogenicity. In this context, it

is necessary to clearly identify the possible risks associated with each probiotic

strain, as different strains can possess different characteristics. The first step in

identifying the possible risks is the proper identification of the strain, which

allows the preliminary establishment of the potential risks of the strain based
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on the previous knowledge on the corresponding taxonomical unit. An example

of misidentification and possible deliberate mislabeling of a probiotic is that

of Bacillus coagulans, which in some products may be labeled according to old

and long outdated nomenclature as Lactobacillus sporogenes. It is widely known

that the correct identification of this strain is Bacillus coagulans, but despite this,

the old and incorrect nomenclature of L. sporogenes is continuously used in many

products sold as ‘‘probiotics.’’ Given the long and good safety record of Lactoba-

cillus and the lack of safety assessments of Bacillus coagulans, it is possible that the

incorrect nomenclature is sometimes used on purpose to benefit from the

safety and efficacy status of members of the genus Lactobacillus (De Vecchi and

Drago, 2006). This example highlights the importance of proper identification

and labeling of probiotic products.

Traditional phenotypic identification of probiotic bacteria can be tedious

and not always reliable, since certain species cannot be distinguished by these

methods. Molecular techniques have emerged in recent years to replace or com-

plement the traditional phenotypic tests for the identification and comparison

of strains of probiotic bacteria. Two strains are considered to belong to the

same species if their DNA-DNA relatedness is 70% or higher. The DNA-DNA

hybridization method has become the gold standard for the determination of

bacterial identity. However, this method is laborious and difficult to perform

and hence expensive, and therefore not suitable for large scale typing. Phylogenetic

approaches such as comparison of DNA sequences have therefore become

commonly used frequently techniques in bacterial identification. Amongst the

sequence-based methodologies, sequence analysis of the 16S rRNA gene and

the 16–23S internally transcribed spacer regions have proven to be useful tools

for bacterial identification. In general, if two microorganisms share a 16S rRNA

gene homology higher than 97%, they are considered to belong to the same

species. Nevertheless, it is important to underline that in some cases the 16S

rDNA sequencing has limited resolution and is not enough for discrimination

of closely related species, some of which are frequently used in probiotic prepara-

tions (Felis andDellaglio, 2007; Vankerckhoven et al., 2008b). Among lactobacilli,

the most complex groups to identify are the Lactobacillus delbrueckii, the L. casei,

and the L. plantarum groups. Within the genus Bifidobacterium the most chal-

lenging groups are B. animalis and B. longum. The 16S rDNA sequences do not

allow proper identification within these groups, and therefore complementary

information may be required by using other molecular methods. For example,

the sequencing of certain protein-encoding genes may be of help in the develop-

ment of standardized methods for identification.
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In the future, the increasing availability of genome sequences will allow

genome-wide and/or multilocus phylogenetic analysis. It is important to point

out that when comparing a gene sequence with sequences found in the data-

bases, the quality (number, accuracy and proper identification of the micro-

organisms) of the sequences deposited in the database has a great impact on

the accuracy of the identification. To this regard, the EU-funded project PRO-

SAFE concluded that biochemical tests should not be used as a stand-alone

approach for identification of probiotic cultures. The use of 16S rRNA gene

sequence analysis was considered the best tool for routine determinations

but it was also underlined that public sequence databases contain unreliable,

poorly documented or incomplete sequence entries, and the need for a list of

validated complete 16S rRNA gene sequences for the purposes of identification

was recognized. Moreover, the use of sequence-based methods was encouraged

given the high reproducibility and data exchangeability of these techniques

(Vankerckhoven et al., 2008b).

Correct identification of the probiotic species used is of critical importance

but it is very important to keep on mind that the safety aspects of probiotics are

often strain-specific. Highly discriminatory molecular methods, such as random-

ly amplified polymorphic DNA (RAPD), amplified rDNA restriction analysis

(ARDRA), repetitive DNA element-PCR (rep-PCR), or pulsed field gel electro-

phoresis of macrorestriction fragments (PFGE) among others, are also available

for strain characterization (genetic typing) (Huys et al., 2006). DNA macro-

restriction followed by PFGE is considered to be the gold standard (FAO/

WHO, 2006) and has been used for differentiating commercial probiotic strains

(Gueimonde et al., 2004). Moreover, it is widely recognized that the comparison

of the results obtained by using different molecular methodologies (polyphasic

approach) is the best way to establish strain identity.

It is clear that strains used by the food industry and scientists should be

identified using molecular methods and up-to-date taxonomical nomenclature.

Importantly, the manufacturers of probiotic products have the responsibility

on the product composition. It is also important to make all relevant strains easily

available in international culture collections to all research groups participating in

the assessment of the health effects, the safety and the mechanisms of probiotics.

The FAO-WHO working group on probiotics strongly urged for the deposit of

probiotic strains in internationally recognized culture collections (FAO/WHO,

2006). Even today, many scientific articles are published with no access data for

the tested strains or sometimes even without mentioning the strain designation,

which hampers the progress of scientific development in this area.
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31.3 In Vitro Safety Assessments of Probiotics

In vitro assessments offer means to investigate the safety of probiotics based on

the intrinsic properties of the strains. In vitro safety assessments should always

precede the use of potential probiotic strains in animals and in humans. Assess-

ment of the antibiotic resistance determinants of potential and established pro-

biotic strains has received much interest, but also other in vitro assessments

targeting the safety aspects of probiotics have been proposed. It should be

noted however that classical risk assessments commonly used for pathogens

may not always be directly applicable for probiotic strains such as lactobacilli

and bifidobacteria, which become members of the normal healthy intestinal

microbiota soon after birth and are also components of normal human diet

(Borriello et al., 2003). In pathogens, pathogenicity is normally a consequence

of several properties of the strain. The presence of such a property in a strain of

low infective potential and low clinical significance does not necessarily imply

that the strain has pathogenic potential or poses a risk to health under certain

conditions (Borriello et al., 2003). An example of this is the ability to adhere

to human mucosa, which is a virulence factor in the case of true pathogens, but

is also an essential feature of many commensal microbes with very low patho-

genic potential. To date, no clear virulence factors similar to those associated

with pathogenic microorganisms have been identified for lactobacilli (Vesterlund

et al., 2007) or bifidobacteria (Ouwehand et al., 2004a). Screening for the

presence of such virulence factors is more applicable for genus such as Enterococ-

cus and Bacillus, which include known pathogenic organisms but also some

strains which have been proposed as probiotics (Eaton and Gasson, 2001).

Here, the in vitro assessments used in the safety assessments of probiotics are

reviewed. Examples of such assessments are listed in >Table 31.1.

31.3.1 Antibiotic Resistance of Probiotics

One of the main targets of the in vitro safety assessments of existing and potential

probiotic strains is the determination of antibiotic resistance properties. Resis-

tance of a probiotic strain to a certain antibiotic is clinically relevant only in the

case of infections, and infections related to probiotics are extremely rare. The

presence of antibiotic resistance genes in the probiotic genomic content is not

a safety concern in itself, as long as the genes are not mobilized and transferred

to other bacteria. Theoretically, probiotics possessing antibiotic resistance genes
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could serve as a reservoir of resistance for potential pathogens. Therefore, micro-

organisms intended for use as probiotics have to be systematically screened for

antibiotic resistance susceptibility in order to avoid the transfer of antibiotic

resistance genes, since the ability of these determinants to transfer in the food

and gut environment has been demonstrated. However, the current methodolo-

gies may not always unequivocally demonstrate the absence of transfer, and it

should be noted that the transfer rates can be completely different under in vitro

and in vivo conditions. Thus, it is of great interest to investigate whether probio-

tics can act as reservoirs for antibiotic resistance genes, from which they could be

spread to opportunistic or pathogenic bacteria.

The EFSA considers that the nature of any antibiotic resistance deter-

minant present in a candidate microorganism for QPS status evaluation needs

to be determined. However, antibiotic resistance per se is not a safety issue; it

only becomes a safety issue when horizontal transfer is concerned (EFSA, 2008).

Currently, it is generally accepted that the possibility of transfer is related to the

genetic basis of the resistance mechanism, i.e., whether the resistance is intrinsic,

acquired as a result of a chromosomal mutation(s), or acquired by horizontal

gene transfer. Intrinsic (or natural) resistance is inherent to a bacterial species

or genus. Such is the case of the vancomycin resistant phenotype of some

lactobacilli, the best characterized intrinsic resistance among LAB. In certain

. Table 31.1

Proposed in vitro safety assessments of probiotics

Assessment Notes

Presence of antibiotic resistance
genes

Commonly used safety assessment

Mobility of antibiotic resistance
genes

Commonly used assessment; particularly relevant for
Enterococcus

Adhesion to host tissues Not recommended as part of safety assessment
(Vankerckhoven et al., 2008b)

Resistance to host defense
mechanisms

Commonly used safety assessment (Vesterlund et al.,
2007)

Presence of virulence genes and
toxic metabolites

Particularly relevant for Bacillus and Enterococcus
(Tompkins et al., 2008)

Hemolysis Very rare among probiotics (Vesterlund et al., 2007)

Bile salt deconjugation Irrelevant as safety measurement (Vankerckhoven et al.,
2008b)

Presence of macrocapsules Rarely used safety assessment (Baumgartner et al.,
1998)
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Lactobacillus species, such as L. casei, L. rhamnosus and L. plantarum, the terminal

D-alanine residue of the muramyl pentapeptide in the cell wall is replaced by

D-lactate, thus preventing vancomycin binding (Delcour et al., 1999). For probi-

otic use, intrinsic resistance might be clinically relevant in some cases of Lactoba-

cillus-related bacteremia (Cannon et al., 2005). In addition, chromosomal

mutations leading to antibiotic resistance phenotypes have been described in

lactobacilli. A single A-to-G transition mutation in the 23S rRNA gene reduces

drastically the affinity of erythromycin for the ribosome. Such mutation has been

suggested as the most plausible cause of macrolide resistance in a strain of

Lactobacillus rhamnosus (Florez et al., 2007). In this respect, the transfer risk is

considered to be very low for intrinsic resistance or acquired resistance due to

chromosomal mutation(s).

Horizontally transferred antibiotic resistance genes, particularly those car-

ried within mobile genetic elements, are the most likely to be transmitted between

different microbes and thus deserve particular attention. A major step in the

differentiation between the intrinsic and the acquired antibiotic resistance in

probiotic bacteria is the determination and the comparison of antibiotic suscep-

tibility patterns of representative numbers of different strains from each species.

Unfortunately there is still a lack of agreement on the resistance susceptibility

breakpoints for most antibiotics in lactobacilli and bifidobacteria. This is

mainly due to the multiplicity of methods used, which include antimicrobial

gradient strips, agar dilutions, disc diffusions, microbroth cultures, and others,

and to the lack of standardized guidelines. However, major advances in this field

have been achieved during recent years in order to harmonize methods for

antimicrobial susceptibility testing in probiotics, and new susceptibility break-

points for some species of Lactobacillus and Bifidobacterium have been proposed

(Florez et al., 2008b; Klare et al., 2007; Mättö et al., 2007). Also, with the help of

new molecular biology methods, such as microarray analysis and various PCR

techniques, the genetic basis responsible for the acquired resistance pheno-

types is beginning to be elucidated. The essay reviews the current evidence on

antibiotic resistance determinants of probiotics, and their potential importance

in the safety assessment of probiotic bacteria used in human and animal feed.

31.3.1.1 Antibiotic Resistance in Lactobacillus

In regard to antibiotics acting on cell wall, lactobacilli are usually sensitive to

penicillin and b-lactamase inhibitors, but more resistant to cephalosporins. Many
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Lactobacillus species show a high level of resistance to vancomycin, as previously

mentioned. Also, most inhibitors of nucleic acid synthesis seem to have a low

inhibitory effect among the majority of Lactobacillus species. On the other hand,

lactobacilli are generally susceptible to low concentrations of many inhibitors of

protein synthesis, such as chloramphenicol, macrolides, lincosamides, and tetra-

cycline, but their resistance to aminoglycosides is often higher. Resistance to other

antibiotics varies greatly among lactobacilli.

Several genes responsible for atypical antibiotic resistance properties among

lactobacilli have been identified. Chloramphenicol resistance genes (cat; chloram-

phenicol acetyltransferases) have been identified in L. acidophilus, L. delbrueckii

subsp. bulgaricus (Hummel et al., 2007) as well as in L. reuteri (Lin et al., 1996)

and L. plantarum (Ahn et al., 1992). In addition, erythromycin resistance genes,

responsible for the macrolides, lincosamides, and streptrogramins (MLS) resis-

tance phenotype, have been identified in several Lactobacillus species

(> Table 31.2), with the erm(B) gene, which encodes a rRNA methylase acting

on the 23S ribosomal subunit, being the most frequent of such genes. The

presence of genes coding for macrolide efflux pumps, such as mef(A), has also

been reported (Cauwerts et al., 2006), as well as genes for lincosamide transferase

(lnu(A)) (Cauwerts et al., 2006) and streptogramin A acetyltransferases (vat(E))

(Gfeller et al., 2003). However, the most common resistance determinants found

in lactobacilli are the tetracycline resistance genes, and to date at least 11 different

tetracycline resistance genes have been detected among lactobacilli, including

genes coding for ribosomal protection proteins (tet(W), tet(M), tet(S), tet(O),

tet(Q), tet(36), tet(Z), tet(O/W/32/O/W/O), tet(W/O)) and tetracycline efflux

pumps (tet(K) and tet(L)) (> Table 31.2). Some strains were even found to harbor

various tetracycline resistance determinants (Ammor et al., 2008b). On the other

hand, aminoglycoside resistance genes, such as aac(60)-aph(200), ant(6), and

aph(30)-IIIa, aph(E) or sat(3), and b-lactam resistance genes (blaZ) were found

much less frequently in lactobacilli (Aquilanti et al., 2007; Rojo-Bezares et al.,

2006). It is important to point out that many of the genetic determinants

mentioned above are sometimes found in potentially mobile elements, such as

transposons and plasmids, which may spread the antibiotic resistance genes

mainly by conjugation mechanisms. The localization of these genes within the

genome, the nucleotide content, and the analysis of the flanking regions sur-

rounding the antibiotic resistance genes may yield important clues to the acqui-

sition process of these determinants, and their source or origin (Aquilanti et al.,

2007; Florez et al., 2006; van Hoek et al., 2008a). Remarkably, some of these genes

have been found to be transferred in vitro between strains of Lactobacillus but also
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from lactobacilli to different Gram-positive bacteria, including food pathogens,

such as Staphylococcus (Tannock et al., 1994). On the other hand, lactobacilli may

be able to acquire antibiotic determinants from other Gram-positive bacteria

(Vescovo et al., 1983). In addition to in vitro studies, the potential risks asso-

ciated with lactobacilli carrying transferable antibiotic have also been demon-

strated in experimental animal modes (Mater et al., 2008). The transfer of these

. Table 31.2

Examples of the main antibiotic resistance determinants identified and characterized in

lactobacilli and bifidobacteria

Gene(s)
Resistance
phenotype

Mechanism
of action

Location
(when
studied) References

Lactobacillus

erm(B)/erm(C)/erm
(T) erm(LF)/erm
(GT)

MLS Ribosomal
methylation

Plasmid
transposon
chromosome

Ammor et al. (2008a),
Aquilanti et al. (2007),
Cauwerts et al. (2006),
Gfeller et al. (2003),
Hummel et al. (2007),
Klare et al. (2007), and
Tannock et al. (1994)

mef(A) Macrolide Efflux – Cauwerts et al. (2006)

Cat Chloramphenicol Antibiotic
acetylation

Plasmid Ahn et al. (1992),
Hummel et al. (2007),
and Lin et al. (1996)

tet(W)/tet(M)/tet(S)
tet(O)/tet(Q)/tet
(36) tet(Z)/tet
(W/O) tet(O/W/32/
O/W/O)

Tetracycline Ribosomal
protection

Plasmid
transposon
chromosome

Ammor et al. (2008a),
Ammor et al. (2008b),
Aquilanti et al. (2007),
Klare et al. (2007), and
van Hoek et al. (2008b)

tet(K)/tet (L) Tetracycline Efflux Plasmid Ammor et al. (2008b),
Aquilanti et al. (2007)

Bifidobacterium

tet(W)/tet(M)/tet
(O) tet(W/32/O)/tet
(O/W)

Tetracycline Ribosomal
protection

Chromosome Ammor et al. (2008a),
Florez et al. (2006),
Kazimierczak et al.
(2006), van Hoek et al.
(2008b)

tet(L) Tetracycline Efflux Chromosome van Hoek et al. (2008b)

erm(X) MLS Ribosomal
methylation

Transposon van Hoek et al. (2008a)
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determinants may be enhanced in the presence of antibiotic selective pressure

(Feld et al., 2008). Taken together, these results support the hypothesis of the

resistance gene reservoir within intestinal bacteria, and their role as traffickers in

antibiotic resistance genes.

31.3.1.2 Antibiotic Resistance in Bifidobacterium

Most Bifidobacterium species are resistant to aminoglycosides, metronidazole

and Gram-negative spectrum antibiotics. They are also intrinsically resistant to

mupirocin, an antibiotic that is being used in the selective isolation of this

genus. In contrast, bifidobacteria are very susceptible to macrolides/lincosamides,

vancomycin, rifampicin, spectinomycin, chloramphenicol, and b-lactams. The

susceptibility to tetracyclines and cephalosporins varies widely among strains

(Zhou et al., 2005a). Compared to lactobacilli, the data on antibiotic resistance

determinants in bifidobacteria are much scarcer. In the case of the macrolide

resistance determinants, the presence of the gene erm(X) has been described in

B. animalis subsp. lactis and in B. thermophilum. This resistance determinant was

part of transposon Tn5432 that has been detected in several opportunistic

pathogens (van Hoek et al., 2008a). Also, multidrug resistance transporters able

to confer erythromycin resistance have been described in B. longum and B. breve,

although their contribution to a macrolide resistance phenotype is supposed to

be very limited (Margolles et al., 2005). Tetracycline resistance in this genus

deserves a separate mention. Current knowledge suggests that a potential concern

for the safe use of Bifidobacterium probiotic strains is the presence of tetracycline

resistance genes, especially tet(W), although other genes, such as tet(M), tet(O),

tet(L), tet(W/32/O), and tet(O/W) have been detected, albeit much less frequently

(Ammor et al., 2008a; Florez et al., 2006; Kazimierczak et al., 2006; van Hoek

et al., 2008b). Several studies have shown a high frequency of positive isolates of

these determinants in human isolates, with some strains containing up to three

different tet genes (Florez et al., 2006; van Hoek et al., 2008b). In bifidobacteria tet

genes seem to be integrated in the chromosome, and thus far they have not

been found to be associated with transposons or plasmids, but they are very often

flanked by putative transposase genes (Florez et al., 2006; Kazimierczak et al.,

2006; van Hoek et al., 2008b). Transposases are enzymes that catalyze the move-

ment of DNA segments among different locations by recognizing insertion

sequences in the DNA, and they are thought to be involved in the mobilization

of tet(W) genes in bifidobacteria. In fact, chromosomically encoded tet(W) have
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been shown to transfer at low frequency from B. longum to B. adolescentis

in vitro, and the site of chromosomal insertion in the B. adolescentis transconju-

gant was shown to be identical to that of the donor strain, consistent with

a transposase-mediated site-site specific insertion event (Kazimierczak et al.,

2006). However, transfer within the genus Bifidobacterium is not a safety

concern; more concerning would be transfer to other genera or even worse to

pathogens, but currently there are no indications that such transfer is likely

to occur.

31.3.1.3 Antibiotic Resistance in Other Probiotic Species

Currently, different species of bifidobacteria and lactobacilli are the most com-

monly used probiotics, but other bacteria as well as the probiotic yeast Saccharomyces

boulardii (Saccharomyces cerevisiae) are also used as probiotics. Saccharomyces is a

member of the domain Eukaryota, and hence naturally resistant to all antibiotics.

In the case of Saccharomyces, resistance to fungicides is more relevant. Lactococcus

and Pediococcus are LAB present in the commensal intestinal flora of humans and

animals. Strains of these genera are frequently used as large-scale starter cultures

in the food industry (Klare et al., 2007), and have also been proposed as potential

probiotics. Genes conferring resistance for chloramphenicol, tetracycline, eryth-

romycin and streptomycin have been found in different Pediococcus species

(Danielsen et al., 2007; Hummel et al., 2007; O’Connor et al., 2007; Rojo-Bezares

et al., 2006). Remarkably, a plasmid from P. acidilactici encoding resistance to

clindamycin, erythromycin [erm(B)] and streptomycin (aadE) has been shown to

be able to replicate in Lactococcus and Lactobacillus species. Moreover, the gene

aadE was 100% identical to an aadE gene found in a Campylobacter jejuni

plasmid, suggesting a recent horizontal gene transfer event between Gram-

positive and Gram-negative intestinal bacteria (O’Connor et al., 2007). Relating

to Lactococcus strains, in Perreten et al. (1997) described a Lactococcus lactis strain

resistant to streptomycin, tetracycline and chloramphenicol isolated from a raw-

milk cheese. The three resistances were encoded by three different genes, located

in a multi-antibiotic resistance plasmid, and these genes were almost identical

to others previously found in Staphylococcus aureus and Listeria monocytogenes.

This was the first strong evidence that antibiotic resistance can be spread in a

food environment (Perreten et al., 1997). Since then, many genes coding for

proteins conferring resistance to several antibiotics, mainly tetracycline and

erythromycin, have been described in Lactococcus lactis (Ammor et al., 2008a;

1204 31 Safety Assessment of Probiotics



Aquilanti et al., 2007), and transfer from Lactococcus to other bacteria, including

Gram-positive pathogens, as well as the acquisition of resistance genes, has been

demonstrated (Florez et al., 2008a). Probiotic strains of different Bacillus species

have been proposed (Duc et al., 2004), and antibiotic susceptibility patterns of

potential probiotic Bacillus strains have been determined (Sorokulova et al., 2008;

Tompkins et al., 2008). Antibiotic resistance of Bacillus clausii to certain anti-

biotics has been shown to be chromosome-encoded and not linked to transferable

genetic elements (Girlich et al., 2007), thus suggesting a low transfer possibility.

Antibiotic resistance assessment has also been applied to study the safety of a

probiotic strain of Streptococcus salivarius, intended for an application in the oral

cavity (Burton et al., 2006).

A major issue of concern is the safety of cultures containing enterococci.

These LAB constitute a significant percentage of probiotics in the worldwide

market. However, in recent years, the genus Enterococcus has become increasingly

relevant clinically, due to its increasing incidence as a cause of diseases, mainly in

nosocomial infections. Further concerns on the safety of Enterococcus have been

raised because of the widespread distribution of transferable virulence factors

among the genus, and because antibiotic therapies are being compromised by

evolving antibiotic resistance, and therefore the antibiotic susceptibility profiles

in enterococci have been extensively studied and numerous resistance determi-

nants have been identified (Eaton and Gasson, 2001; SCAN, 2003; Vankerckhoven

et al., 2008b). Enterococci are able to acquire high-level drug resistance through

horizontal gene transfer. Examples of acquired resistance genes by enterococci

include those that confer resistance to tetracycline, aminoglycoside, macrolide,

streptogramin and chloramphenicol, with resistance to vancomycin being the

most clinically relevant (Florez et al., 2008a; SCAN, 2003). Often, these resistance

genes are mobilized via transposons or plasmids. Furthermore, transfer among

Enterococcus strains, and from Enterococcus to other Gram-positive pathogens

has been reported (Lester et al., 2006), stressing the need for a careful and

rigorous examination of the antibiotic resistance of Enterococcus strains intended

to be used as probiotics.

31.3.1.4 Summary of Antibiotic Resistance of Probiotics

In summary, the potential ability of probiotic strains to transfer antibiotic

resistances to pathogenic bacteria in the food and gut environment should be

taken into account in the safety assessment of probiotics. Bacterial products
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intended for use as food and feed additives must be examined to determine the

susceptibility of the strain(s) to a relevant range of antimicrobials, starting from

appropriate in vitro tests. The detection of minimal inhibitory concentrations

above the breakpoint requires further investigations to make the distinction

between acquired and intrinsic resistance. When a strain of a typically susceptible

species is resistant to given antibiotic, the presence of acquired resistance determi-

nants is indicated, and clearly the presence of these genes in mobile genetic elements

presents the highest risk for lateral spread (EFSA, 2008; SCAN, 2003). In this

respect, the scientific community must provide clear and convincing evidence

to establish a risk assessment of antibiotic resistant probiotics. Currently, many

open questions regarding the antibiotic resistance of probiotics remain. Numer-

ous discrepancies have been encountered between the available phenotypic data

and the genetic basis of the resistance. For example, in susceptible strains,

antibiotic resistance determinants are sometimes detected. On the other

hand, in atypically resistant strains, such determinants are not always detected.

This suggests the existence of novel resistance genes which have escaped the

detection, or the presence of silent genes that may be activated under specific

conditions. In fact, recent studies have shown that gastrointestinal conditions

may induce the appearance of antibiotic resistance (Noriega et al., 2005), and a

higher proportion of tetracycline-resistant bifidobacteria has been detected dur-

ing antibiotic/probiotic intervention in humans (Saarela et al., 2007). Also, it

appears that the gastrointestinal tract may comprise a more favorable environ-

ment for antibiotic resistance transfer than conditions provided in vitro (Feld

et al., 2008). Thus, future in vivo experiments should shed some light on the

transfer events occurring from, via, or to probiotics. However, to put the risks

associated with antibiotic resistance of probiotics into context, it should be noted

that antibiotic resistance is not a property of probiotic strains alone and for

example wild-type strains of lactobacilli and bifidobacteria also carry antibiotic

resistance genes similar to those of the probiotic isolates. Therefore, probiotic

strains do not pose any more risk in this respect than the lactobacilli and

bifidobacteria occurring naturally in the human intestine.

31.3.2 Virulence Genes and Toxic Metabolite
Production

The potential presence of virulence genes may raise concerns on the safety of

certain microorganisms used as probiotics. For example, species belonging to the

genus Enterococcus often harbor such genes (Vankerckhoven et al., 2008b).
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Generally, Enterococcus faecium strains found in foods and used as probiotics are

free from virulence determinants (Eaton and Gasson, 2001; Vankerckhoven et al.,

2008a), while strains of E. faecalis typically possess multiple determinants (Eaton

and Gasson, 2001). Tompkins et al. (2008) detected no virulence genes in a strain

of E. faeciummarketed as a probiotic. They did however detect a PCR product for

the adhesion factor efaAfm, but the role of this factor in virulence has not been

clearly demonstrated. The potential presence of virulence determinants in En-

terococcus strains proposed as probiotics is a potential risk factor and the safety of

these strains requires critical evaluation. Certain strains of Bacillus are also being

marketed as probiotics. Duc et al. (2004) demonstrated that three strains of

Bacillus cereus, marketed as probiotics, produced enterotoxins, making them

unsafe for human use. Toxin producers can be also found among strains of Bacillus

subtilis (From et al., 2005), although not all Bacillus subtilis carry toxin genes

(Tompkins et al., 2008). The presence of virulence factors has also been used to

demonstrate the safety of other probiotic species. For example, Ouwehand et al.

(2004a) detected no virulence factors in strains of Bifidobacterium, and Burton

et al. (2006) detected no streptococcal virulence genes in a probiotic strain of

Streptococcus salivarius.

Since many Lactobacillus species produce both L-lactic acid and D-lactic

acid as their metabolic products, and since excessive D-lactic acid may cause

D-lactic acidosis in certain high risk populations such as children with short-

bowel syndrome, the safety of D-lactic acid producing probiotics in infant

formulas has raised concerns. However, current evidence suggests that the

D-lactic acid producing probiotics are safe to use also in infant formulas

(Connolly and Lönnerdal, 2004). D-lactic acid is being effectively metabolized by

humans, but in fact only little of the D-lactic acid produced in the gastrointestinal

tract is absorbed by the host, as other bacteria in the gut quickly consume lactic acid

to produce e.g., butyrate. Many of the naturally occurring microbes in the gut

produce both D- and L-lactic acid, also in infants. The risk of D-lactic acidosis is

limited to children with short-bowel syndrome, and no data suggest that the

ingestion of DL-producing lactobacilli by healthy infants is by any account harmful

(Connolly and Lönnerdal, 2004).

31.3.3 Adhesion of Probiotics to Host Tissues

Adhesion is considered an important mechanism for probiotic action, as

it contributes to the ability of the beneficial strains to interact with the host,
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remain temporarily colonized, and displace potential pathogens (Collado et al.,

2007, 2008). However, in true pathogenic bacteria, adhesion is a negative trait

which may be associated with the ability of the bacteria to translocate and to

cause infection. Strains of Lactobacillus and Bifidobacterium are also known

to adhere to human tissues, and adhesion to different host tissues has been

proposed to be included in the in vitro safety assessment of these microorganisms

(Harty et al., 1994). Many probiotic strains have good adherence to host mucus

and intestinal epithelial cell lines as well as adhesion to extracellular matrix

proteins such as fibronectin, fibrinogen and collagen (Schillinger et al., 2005).

No difference was observed in the adhesion properties to host extracellular matrix

proteins between fecal, blood and probiotic isolates of Lactobacillus (Vesterlund

et al., 2007). However, blood isolates were more adherent to mucus compared to

probiotic isolates. Blood culture isolates of Lactobacillus spp. have been reported

to adhere to intestinal mucus in greater numbers than isolates from human

feces or dairy products (Apostolou et al., 2001). However, adherence of

bacteremia-associated Lactobacillus strains varies significantly between the iso-

lates, suggesting that adhesion to mucus is not a prerequisite to Lactobacillus

bacteremia and does not serve as a good marker of potential of Lacto-

bacillus strain to cause bacteremia (Kirjavainen et al., 1999). Moreover, many

widely used probiotic strains such as B. animalis subsp. lactis and L. acidophilus

show good adhesion to host mucus in vitro, but have not been associated

with cases of probiotic sepsis.

Vankerkhoven et al. (2007) found no differences in adhesion to fibri-

nogen, fibronectin, collagen and laminin between endocarditis and probiotic

L. rhamnosus and L. paracasei isolates. Apart from one fecal isolate of L. paracasei,

all tested lactobacilli adhered only weakly to immobilized host matrix pro-

teins. Apart from strains of Lactobacillus, adhesion properties have also

been included in the in vitro safety assessments of other strains such as bifido-

bacteria (Ouwehand et al., 2004a) as well as strains of Enterococcus and Bacillus

(Tompkins et al., 2008). The ability of translocated bacteria to bind to fibrinogen

may be more relevant in relation to the risk of endocarditis than binding to

fibronectin (Vankerckhoven et al., 2007), but current evidence does not suggest

that the adhesion to any of the host extracellular matrix proteins provides a

good marker for the potential of Lactobacillus strains to cause bacteremia. The

recent EU-PROSAFE project (Vankerckhoven et al., 2008b) concluded that cur-

rently, adhesion assays are not recommended as part of safety assessment

of probiotics.
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31.3.4 Platelet Aggregation

The ability to aggregate human platelets is considered a pathogenic trait among

true pathogens. Platelet aggregation may be a relatively common trait

among genus Lactobacillus (Harty et al., 1994). Some bacteremia-associated

strains of Lactobacillus are able to aggregate platelets, while others are not,

suggesting that platelet aggregation is neither a prerequisite of Lactobacillus

bacteremia nor a good marker for the ability of these strains to cause bacteremia

(Kirjavainen et al., 1999). The inability to induce human platelet aggregation has

been used to demonstrate the safety of certain specific probiotic strains, including

L. rhamnosus HN001 and B. lactis HN019 (Zhou et al., 2005b).

31.3.5 Hemolysis

Hemolysis is a known virulence factor among pathogenic microorganisms.

Assessment of hemolytic activity has also been used in the in vitro evaluation

of probiotic safety (Baumgartner et al., 1998). No evidence of hemolytic acti-

vity was found in fecal, blood and probiotic Lactobacillus strains (Vesterlund

et al., 2007). Similarly, no hemolytic activity could be detected among strains of

Bifidobacterium (Ouwehand et al., 2004a) or L. rhamnosus (Ouwehand et al.,

2004b). However, some strains of lactobacilli express a-hemolysin (Baumgartner

et al., 1998).

31.3.6 Resistance to Host Defense Mechanisms

Resistance to host defense mechanisms may enhance the survival of translocated

microbes and increase the risk of infections, and in vitro assessments of host

defense resistance have been applied in the safety assessment of probiotics.

Probiotic lactobacilli have been found to be less resistant to intracellular killing

by macrophages in cell culture than the clinical Lactobacillus isolates (Asahara

et al., 2003). Moreover, similar differences were observed in the sensitivity of the

strains to nitric oxide, a compound which plays a role in the killing of bacteria by

macrophages. Notably, the study also suggested that differences in the sensitivity

to host defense mechanisms exist between the different probiotic strains (Asahara

et al., 2003). Vesterlund et al. (2007) assessed the ability to avoid the induction
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of respiratory burst in peripheral blood mononucleocytes and the resis-

tance to human serum of fecal, blood and probiotic isolates of lactobacilli.

Probiotic Lactobacillus strains induced a lower respiratory burst in comparison

to clinical Lactobacillus isolates, and tended to survive better in human serum

in comparison to fecal isolates. Similar results were reported for strains of

L. rhamnosus by Ouwehand et al. (2004b). Vankerckhoven et al. (2007) did

not find differences between endocarditis and probiotic isolates in susceptibility

to platelet microbicidal proteins. The above-mentioned factors and their rele-

vance to the safety of probiotics may require further investigation. Resistance to

serum by L. rhamnosus strains was earlier demonstrated by Baumgartner et al.

(1998). Ouwehand et al. (2004a) investigated the resistance to the bactericidal

effect of human serum and the induction of respiratory burst of strains of

bifidobacteria, and concluded that these are unlikely risk factors for the genus

Bifidobacterium.

31.3.7 Bile Salt Deconjugation

The role of bile salt deconjugation ability in the safety assessment of probiotics is

controversial. While there are some implications that free bile acids may affect

tumor promotion, there is insufficient evidence for the suggested harmful effects

of free bile acids in general and no evidence suggesting that bile salt deconjuga-

tion by probiotics is harmful in humans (Vankerckhoven et al., 2008b). In fact,

it has been suggested that bile salt deconjugation activity of probiotics may

have beneficial effects on human health by lowering serum cholesterol. The EU-

PROSAFE project concluded that bile salt deconjugation activity is irrelevant

for safety assessment of probiotics (Vankerckhoven et al., 2008b).

31.3.8 Summary of In Vitro Assessment of
Probiotic Safety

Several different in vitro approaches have been used in the safety assessment of

probiotics (> Table 31.1). In vitro tests assessing the resistance to antibiotics and

the presence of mobile antibiotic resistance genes are common. Several studies

have attempted to identify relevant virulence determinants for bacterial species

used commonly as probiotics. However, to date such determinants have

not been identified. Certain properties which are considered to be virulence
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factors for true pathogens may be present in probiotic bacteria, but the presence

of such factors (e.g., adhesion to host tissues) does not correlate with the infective

potential of the probiotics. This is likely to result from the minimal infectivity of

the probiotics in general. Nevertheless, certain in vitro measurements may be

relevant in probiotic research, even in the case of organisms which are generally

considered as safe. Certain microorganisms belonging to bacterial groups for

which the general assumption of safety cannot be applied have also been sug-

gested as potential probiotics. For such microorganisms, extensive in vitro safety

evaluation is required, e.g., to determine the presence of virulent genes or

transferable antibiotic resistance.

31.4 Animal Models in the Safety Assessment of
Probiotics

31.4.1 Animal Models in Probiotic Research

Preclinical laboratory testing of the safety and efficacy of probiotics can be carried

out using in vivo animal models. In contrast to in vitro assays, the in vivo models

are dynamic systems in which the complex interactions between the administered

probiotics and the host can be assessed in physiological environment. For scien-

tific, regulatory and ethical reasons, studies using animal models should only be

carried out following prior in vitro tests have been completed. In vivo testing of a

probiotic strain is essential for scientific and regulatory purposes before the strain

can be accepted for widespread use in humans or animals. In vivo models are

important for studies in which different interactions between probiotics and the

host, such as effects on host metabolism and immune system as well as distribu-

tion of probiotics following administration are investigated. Moreover, in vivo

models are essential for safety studies, which may include studies on toxicity,

bacterial translocation, and effects of probiotics in seriously ill and immunocom-

promized hosts. It is important to emphasize that experiments using animals are

rigorously regulated by legislation, and they must be conducted humanely and

only when similar results cannot be obtained by alternative methods. Similarly,

in vivo testing should be conducted in animals with lowest degree of neuro-

physiologic sensitivity, and the lowest number of animals should be employed.

Animal welfare and experimental procedures should be improved as much as

possible to minimize animal distress and suffering and also to achieve good

scientific practices.
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Various animal models have been shown to contribute to our knowledge on

the function of probiotics, and they have proved particularly useful in the

investigation of mechanisms of action, effects on health, and safety of probiotics.

The in vivo models used in probiotic research typically involve vertebrate labora-

tory animals, most commonly mice and rats. Also other animals such as pets,

livestock or fish have been used in probiotic research, particularly in the field of

veterinary science.

The choice and suitability of the animal models is influenced by numerous

factors (and their interactions), including the animal species and strain used, the

animal genotype and phenotype, the possible use of specific disease model, the

number of animals required, the target outcomes, the choice of probiotic strains,

and the quantity and quality of biological samples collected. When choosing

animal models for probiotic research, the biological, physiological and genetic

similarity between the model animal and the ultimately targeted host (e.g.,

human) should be evaluated. However, phylogenetic closeness is not always a

guarantee for a valid model. The use of animal models to assess the safety of

probiotics focuses on the microbe-host interactions. Microbiological factors,

such as the microbiological quality of the animal facilities and feed are one of

the most important factors to be considered by the scientists working with

probiotics, because of these factors have the potential to confound and invalidate

results and conclusions drawn from the animal experiments (Nicklas et al., 1999,

2002). Therefore, the use of in vivo models in probiotic research requires the

selection of animals with high standards of microbiological quality. In order to

achieve reliable, valid and reproducible experimental results, it is crucial that the

microbiological status of the laboratory animal model is defined and free from

unwanted microbial agents, such as viruses, mycoplasmas, bacteria, fungi and

parasites specific for the animal species (i.e., SPF or specific pathogen free).

Likewise, it is important to remark that most rodent infections are latent and

do not to cause overt clinical symptoms, but are nevertheless capable of causing

various degrees of abnormalities in the experimental results and increase

biological variation. This may lead to the need to increase the number of animals

used in order to counter the increased variation, which in turn has effects on the

project cost as well as on the animal welfare.

The relevance and the extrapolation of the results obtained from animal

studies to the ultimate target of probiotic use (e.g., human) depends on the

choice of the animal model as well as other exogenous factors including the

quality of the work, the targeted outcomes and the microbiological factors.

At times, the data generated from animal models are not directly applicable
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to the target host and vice versa. This is particularly true in microbiological

models, where factors such as the high variability in species-specific responses

and the differences between the compositions of the commensal microbiota of

different species may not always allow the direct extrapolation of the results.

Nonetheless, there are many published examples on probiotic research where

health data generated from an animal model has been associated with similar

outcomes in the ultimate target of probiotic use. However, careful assessment of

animal experiment data and the relevancy to the targeted host is needed before

the results may be extrapolated.

31.4.2 Examples of Probiotic Safety Assessments
Using Animal Models

Various animal models have been used to assess the safety of probiotics

(> Table 31.3). For the most commonly used probiotics, in particular lactobacilli

and bifidobacteria, no clear virulence determinants have been identified, indicat-

ing general lack of pathogenicity. This makes the selection of in vivo models for

safety assessment of probiotics challenging. Probiotic bacteria have a good safety

record, but in rare cases these microorganisms have been isolated from infections

in subjects with severe underlying diseases (Boyle et al., 2006). For this reason,

most of the models used in probiotic safety assessment correspond to different

. Table 31.3

Examples of animal models used in the safety assessment of probiotics

Animal model Example

Healthy Zhou et al. (2000b)

Neonatal Lee et al. (2000)

Colitis Daniel et al. (2006)

Infective endocarditis Asahara et al. (2003)

Immunodeficient (congenital) Wagner et al. (1997)

Immunodeficient (induced) Zhou and Gill (2005)

Liver injury Osman et al. (2005)

Acute pancreatitis van Minnen et al. (2007)

Helminthic infections Dea-Ayuela et al. (2008)

Intestinal resection Mogilner et al. (2007)
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disease models, both induced and spontaneous, and microbial translocation and/

or organ colonization have been frequently used as the outcomes of these studies.

The risk of translocation associated with gut barrier disturbance, for example

in the case of intestinal inflammation, has been studied extensively by using

different models of induced colitis (Daniel et al., 2006; Pavan et al., 2003). In

addition, healthy animals have been used in this respect, for example in the safety

evaluation of the probiotic strains L. rhamnosus HN001, L. acidophilus HN017

and B. lactis HN019 (Zhou et al., 2000a, b). Also acute oral toxicity tests, using

very high doses of probiotics, have been carried out (Kabeir et al., 2008; Tompkins

et al., 2008; Zhou et al., 2000b). Immunocompromized animal models, of both

adult and young animals, have also been used to evaluate the safety of probiotics.

Congenitally immunodeficient animals (Wagner et al., 1997, 1998), and induced

immunocompromized animal models (Dandekar et al., 2003; Zhou and Gill,

2005) are available. Many of the animal models applied in the safety assessment of

probiotics were originally developed to study pathogenic microorganisms in

which virulence traits are present and the infections caused by these pathogens,

and therefore they may not be optimal for studying translocation of non-virulent

microorganisms such as probiotics. Moreover, some of these models have been

found to be resistant to translocation of ingested probiotics (Vankerckhoven

et al., 2008b). The translocation ability of probiotics has also been assessed

using neonatal animal models (Lee et al., 2000; McVay et al., 2008). Neonate

animals may be considered to be immunocompromized due to the lack of

properly established gut barrier function. Therefore, they may offer a good

model for the determination of the safety of early probiotic intervention. In

the light of the certain reports of probiotic sepsis in humans, it should be noted

that the potential for probiotics to cause sepsis has also been observed in animal

models. Wagner et al. (1997) colonized athymic mice with probiotic strains

L. reuteri, L. acidophilus NCFM, B. lactis Bi-07 or L. rhamnosus GG (LGG).

While athymic adult mice were not adversely affected by the probiotics, coloni-

zation with the probiotics L. reuteri and LGG did lead to death in some athymic

neonatal mice, suggesting that the neonates with immune deficiency may be

at elevated risk of probiotic sepsis.

Some cases of bacterial endocarditis due to lactobacilli have been reported in

the literature (Salminen et al., 2004). This has drawn the attention of researchers to

the identification of traits related with the ability to colonize heart valves. Animal

models of induced experimental endocarditis are currently available (Gibson et al.,

2007). Using one of these models it has been shown that lactobacilli are 100-

to 10,000-fold less infective than the most common endocarditis pathogens;

1214 31 Safety Assessment of Probiotics



Staphylococcus or Streptococcus strains. Most strains were even less infective than

the non-pathogenic control Lactococcus lactis (Vankerckhoven et al., 2008b).

Asahara et al. (2003) used rabbit experimental infective endocarditis model to

demonstrate the safety of two probiotic strains L. casei Shirota and LGG, which

were compared to endocarditis clinical isolates of Staphylococcus, Streptococcus

and Lactobacillus. LGG was found to be more infective in the mouse model than

L. casei Shirota, and this correlated with the in vitro ability of these strains to resist

inactivation by host innate defense mechanisms. The colitis, immunocompro-

mized and endocarditis models are the most commonly used disease models used

in probiotic research, but many other models including induced acute liver injury

models (Osman et al., 2005), a model for susceptibility to helminthic infections

(Dea-Ayuela et al., 2008), models of interleukin deficient animals (Pena et al.,

2005), or models of intestinal resection (Mogilner et al., 2007) have also been

used. Animal models have also been used to investigate the possible transfer of

antibiotic resistance genes between lactobacilli and other bacteria in vivo (Mater

et al., 2008). Good results in animal models do not always correlate with good

results in human clinical trials. Van Minnen et al. (2007) demonstrated the safety

and the efficacy of a probiotic mix in a rat model of acute pancreatitis. The same

probiotic mix was subsequently used in a human clinical trial assessing the

efficacy of probiotics on severe acute pancreatitis. In the human study, compared

to the placebo group, the rate of mortality was found to be higher in the group

administered with probiotics (Besselink et al., 2008). This demonstrates that

caution must be used when extrapolating the results obtained from animal

disease models to humans. Moreover, it is important that the animal models

used in the safety assessment reflect the real-life situations. In the case of the

severe acute pancreatitis study, the animal model involved rats which were

administered intragastrically with probiotics before the onset of pancreatitis

(van Minnen et al., 2007), while in the human trial, the probiotic mixture was

administered through nasojejunal tube to already gravely ill patients with severe

complications (Besselink et al., 2008) (e.g., the organ failure rate was already high

prior to the treatment in the probiotic group).

31.4.3 Concluding Remarks on Animal Models in the
Safety Assessment of Probiotics

Animal models provide the opportunity to investigate many different aspects

safety of probiotics (> Table 31.3). Animal models are used to investigate
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scientific questions which can not be answered by using in vitro or human trials.

Examples of this include the studies focusing on the translocation of bacteria into

host tissues, and acute toxicity tests. It is known that the extremely rare but

clinically significant adverse effects related to probiotic use in humans are practi-

cally always associated with severe underlying diseases and compromised im-

mune system of the host (Salminen et al., 2006). Animal models offer a way to

study the safety of probiotics in severely ill hosts. When using the currently

available animal models it should be keep on mind that most of them were

developed to study virulence traits of pathogenic microorganisms, and caution

is required when drawing conclusions from the studies with non-pathogenic

microorganism, such as probiotics, in which the potential mechanisms of

both beneficial and possible adverse effects but also the potential risks are

different from pathogens. To date, the use of animal models has not revealed

any specific virulent or pathogenic determinants among the different probiotic

microorganisms studied, demonstrating the general safety of probiotics. Animal

models designed specifically to assess the safety of probiotics should further

be developed, to allow improved safety assessment of new and existing probiotic

organisms.

31.5 Human Interventions in the Safety Assessment
of Probiotics

Clinical trials assessing the safety of probiotics, along with the widespread and

safe use of probiotics worldwide, constitute the most compelling evidence of the

safety of probiotics. Clinical safety trials enable the in vivo evaluation of the effects

of probiotics in humans in a controlled manner, with a special focus on attributes

relevant to the safety of the administered probiotic and the factors contributing to

possible adverse events. Clinical trials assessing the safety of new probiotics

should be carried out following appropriate in vitro and animal model safety

assessments, but preferably prior to introducing products containing the probi-

otic to market. However, many organisms belonging to Lactobacillus and Bifido-

bacterium are generally regarded as safe (EFSA, 2007), and therefore extensive

studies on the safety of these strains are not always carried out. Outcome

measures of clinical probiotic safety studies often include stool consistency,

defecation frequency and gastrointestinal complaints (Mäkeläinen et al., 2003),

as well as serum and immune markers and the frequency of adverse events.

Apart from trials specifically designed for assessing the safety of the probiotic
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administration, the clinical trials assessing the efficacy of probiotic treatments

also contribute to the clinical evidence of probiotic safety. Although the main

target outcomes in these probiotic intervention trials focus on the health benefits

of probiotics, the safety of the probiotic administration and the potential adverse

events are often reported as a secondary outcome (Kajander et al., 2008; Peng and

Hsu, 2005; Rautava et al., 2002). In particular, safety aspects are of interest in

trials involving diseased patients and other potential risk groups.

Clinical investigations of the safety of probiotics are commonly carried out

with healthy volunteers. No adverse effects on gastrointestinal health were seen

during probiotic administration of Bifidobacterium longum 46 and B. longum 2C

to healthy volunteers (Mäkeläinen et al., 2003). Safety of the administration of

high dose of L. reuteri ATCC 55730 (1 � 1011 cells/day) to healthy volunteers has

been demonstrated (Wolf et al., 1995). Clinical trials have been conducted to

demonstrate the safety of the strain Streptococcus salivarius K12 strain used as a

probiotic targeted at oral health (Burton et al., 2006), and the lack of tetracycline

resistance gene transfer during concomitant ingestion of L. acidophilus LA-CH5,

B. animalis subsp. lactis Bb-12 and antibiotics (Saarela et al., 2007). Long term

safety studies of probiotics are rare. Laitinen et al. (2005) assessed the effects of

perinatal administration of LGG on the subsequent growth of children, and

found the early probiotic administration to be safe.

Safety of the probiotics may be of particular interest in specific age groups,

such as neonates, who have compromised immune system. In neonates and low-

birth-weight infants, successful clinical interventions have been carried out

(Agarwal et al., 2003; Hoyos, 1999) but serious adverse events have not been

reported. Clinical trials suggest that probiotics are safe to use in follow-up

formulas and growing-up milks (Haschke et al., 1998). Clinical evaluation of

probiotics in elderly populations is of special interest, since elderly subjects

commonly have health related problems including infections and gastrointestinal

problems, and may also have altered dietary habits and gut microbiota composi-

tion compared to healthy adults. For the very same reasons, the elderly subjects in

particular may benefit from the use of probiotics. The safety and the lack of

adverse events following the consumption of B. longum 46 and 2C (Pitkälä et al.,

2007) as well as other strains including B. lactisHN0019 and L. rhamnosusHN001

(Gill et al., 2001) by elderly subjects has been demonstrated.

As expected, the commonly used probiotics such as strains belonging to

Lactobacillus and Bifidobacterium perform well in studies involving the safety

assessment of probiotics in healthy volunteers. Clinical intervention studies and

the widespread and long-term consumption of fermented foods and probiotic
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products clearly demonstrate the safety of probiotic administration in general

population. However, the possible risks associated with probiotics may be elevat-

ed in certain high risk populations, and the demonstration of the safety of

a certain probiotic strain in general population does not necessarily imply that

the administration of the same strain is equally safe in high risk populations.

A limited number of clinical safety assessments of probiotics have been conduc-

ted in high risk populations. In a clinical trial to assess the safety of enteral

administration of L. casei Shirota to critically ill children, no evidence was

found of bacteremia or colonization of the probiotic in surface swabs from

various sites, endotracheal aspirates, sputum, blood, urine, cerebrospinal fluid,

sterile body fluid samples or tip cultures of arterial and long venous line catheters

(Srinivasan et al., 2006). Probiotics have also been used successfully in patients

with necrotizing enterocolitis (Bin-Nun et al., 2005). Immunocompromized

patients have an increased risk for translocation and infections, and are

therefore a group of special interest for clinical safety assessment of probiotics.

In a small placebo-controlled trial in patients infected with the Human Immu-

nodeficiency Virus (HIV) designed to assess the safety of probiotics in this

patient group, no changes were found in safety parameters such as serum

chemistry, hematology, immune profile, urinalysis, gastrointestinal tolerance,

fecal microbiota and physical examination parameters (Wolf et al., 1998),

suggesting that the administration of L. reuteri ATCC 55730 was safe in this

population. Several other probiotic intervention studies have also been con-

ducted in this patient group. Clinical trials involving severely ill patients are

associated with an elevated risk of adverse events. Careful preclinical safety

assessment is required before such intervention trials are conducted. Even then,

the potential for adverse events may remain high, as demonstrated by the recent

study carried out in severely ill patients with acute pancreatitis (Besselink et al.,

2008). In this study, adverse events were observed in the probiotic group, despite

that earlier data from an animal model (van Minnen et al., 2007) and from

clinical intervention trials (Olah et al., 2002) suggested the safety of the probiotic

intervention.

Taken together, clinical safety trials of probiotics provide valuable informa-

tion on the effects of these organisms in vivo. The importance of such trials

is underlined by the fact that the results of in vitro safety assessments and

animal models cannot be directly extrapolated to humans. The current evi-

dence strongly suggests that probiotics are extremely safe for general popula-

tion. However, for certain high-risk populations, more thorough safety

evaluation may be required to confirm the safety of probiotic use.
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31.6 Adverse Events and Potential Risks of Probiotics

Probiotics overall have an excellent safety record in humans. In clinical studies,

probiotics have also been fed to in particular high risk populations without

significant adverse effects, including subjects infected with HIV (Heiser et al.,

2004) and premature infants suffering from necrotizing enterocolitis (Bin-Nun

et al., 2005). In Finland there has been a marked increase in the use of the

probiotic LGG since its introduction into the country in 1990, but during this

period no significant increase in Lactobacillus bacteremia or bacteremia attri-

butable to probiotic strains was observed by Salminen et al. (2002). When

47 Lactobacillus bacteremia isolates from Finland were species-characterized,

53% of the isolates were identified as L. rhamnosus and furthermore, in 23%

of the cases the isolate was indistinguishable by PFGE from LGG (Salminen

et al., 2004). In a survey from Sweden, lactobacilli were found to represent

less than 1% of the total number of bacteremia cases each year, and commonly

used probiotic strains were not identified among the clinical isolates (Sullivan

and Nord, 2006). Although commercially available probiotic strains are widely

regarded as safe, there are concerns with respect to safety in particular high-risk

populations.

31.6.1 Sepsis Related to Probiotic Use

The most commonly reported serious adverse event from probiotic treatment is

sepsis. In the absence of probiotic supplementation, Lactobacillus species are a

known, albeit rare, cause of endocarditis in adults and other forms of sepsis in

children. Certain reports have directly linked cases of sepsis to the ingestion of

probiotic supplements (> Tables 31.4 and > 31.5). A case of a 74 year old diabetic

woman who developed LGG liver abscess (isolate indistinguishable from the

commercial strain using PFGE of chromosomal DNA restriction fragments)

and pneumonia 4 months after commencing daily LGG supplements has been

reported (Rautio et al., 1999). L. rhamnosus endocarditis after a dental extraction

in a 67 year old man with mitral regurgitation who was taking daily probiotic

capsules has been reported (Mackay et al., 1999). No differences between the

probiotic and the infective L. rhamnosus were found using standard API 50 CH

biochemical analysis and pyrolysis mass spectrometry. Although highly sugges-

tive of probiotic supplement related sepsis, the aforementioned reports do not

conclusively prove that the infectious agents were indeed originating from the

Safety Assessment of Probiotics 31 1219



probiotic products, as bacterial strains seemingly indistinguishable from probi-

otic strains may sometimes be found in the intestinal microbiota of healthy

humans (Presterl et al., 2001).

. Table 31.4

Cases of bacterial sepsis in humans temporally related to probiotic use (Cont’d p. 1221)

Study Age Risk factors Probiotic
Method of

identification
Form of
sepsis

Rautio et al.
(1999)

74 Diabetes mellitus LGG API 50 CH; PFGE
of DNA
restriction
fragments

Liver
abscess

Mackay et al.
(1999)

67 Mitral
regurgitation

L. rhamnosus
3 � 109 cfu/
day

API 50 CH;
Pyrolysis mass
spectrometry

Endocarditis

Dental extraction

Kunz et al.
(2004)

3 months Prematurity LGG No confirmatory
typing

Bacteremia
Short gut
syndrome

10 weeks Prematurity;
Inflamed
intestine;

LGG PFGE of DNA
restriction
fragments

Bacteremia

Short gut
syndrome;

De Groote
et al. (2005)

11 months Prematurity;
Gastrostomy;

LGG ¼
capsule/day

rRNA
sequencing

Bacteremia

Short gut
syndrome; CVC;

Parenteral
nutrition;
Rotavirus
diarrhea

Land et al.
(2005)

4 months Cardiac surgery; LGG Repetitive
element
sequence-based
PCR DNA
fingerprinting

Endocarditis
Antibiotic
diarrhea

1010 cfu/day

Cerebral palsy;
Jejunostomy
feeding; CVC;
Antibiotic
diarrhea

LGG
1010 cfu/day

Repetitive
element
sequence-based
PCR DNA
fingerprinting

Bacteremia
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In children, cases of bacterial sepsis related to probiotic use and short

gut syndrome have been reported. Two premature infants with short gut

syndrome who were fed via gastrostomy or jejunostomy developed Lactobacillus

bacteremia while taking LGG supplements (Kunz et al., 2004). Similarly, catheter-

related LGG bacteremia has been reported in an 11-month-old patient (De

Groote et al., 2005). In both cases, the bacteremic strain and probiotic strain

were found to be indistinguishable. Cases of probiotic sepsis have been seen in

two severely ill children with antibiotic-related diarrhea, related to cardiac sur-

gery or cerebral palsy, due to enteral administration of LGG (Land et al., 2005).

Cases of bacteremia associated to other probiotic strains have also been reported.

Bacillus subtilis bacteremia and cholangitis have been described in three reports

(Oggioni et al., 1998; Richard et al., 1988; Spinosa et al., 2000), of which one

included confirmation of the strain homology between the probiotic and patho-

genic bacteria by molecular typing. Several cases of Saccharomyces boulardii

fungemia in subjects taking S. boulardii supplements have also been described

(> Table 31.5). Molecular typing was used to demonstrate the homology between

the probiotic and infective organisms in many cases. Significant sepsis due to

S. boulardii administered to a neighboring patient, but not the patient developing

. Table 31.4

Study Age Risk factors Probiotic
Method of

identification
Form of
sepsis

Richard et al.
(1988)

47 Not stated B. subtilis
8 � 109

spores/day

Antibiotic
susceptibility

Bacteremia

25 Not stated B. subtilis
8 � 109

spores/day

Antibiotic
susceptibility

Bacteremia

63 Neoplastic
disease

B. subtilis
8 � 109

spores/day

Antibiotic
susceptibility

Bacteremia

79 Not stated B. subtilis
8 � 109

spores/day

Antibiotic
susceptibility

Bacteremia

Oggioni
et al. (1998)
and Spinosa
et al. (2000)

73 Chronic
lymphocytic
leukemia

B. subtilis
109 spores /
day

16S rRNA
sequencing

Bacteremia

CVC, Central venous catheter. Adapted from Boyle et al. (2006)
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sepsis, has been reported in two cases (Cassone et al., 2003; Perapoch et al., 2000).

Such cases may have been due to contaminated vascular catheters (Hennequin

et al., 2000). Despite of the widespread use of the genus Bifidobacterium and in

particular the species B. animalis subsp. lactis in commercial probiotic products,

. Table 31.5

Cases of fungal sepsis in humans temporally related to probiotic use (Cont’d p. 1223)

Study Age Risk factors Probiotic
Method of

identification Sepsis

Hennequin
et al. (2000)

30
months

Cystic fibrosis; CVC;
Poor nutritional state;
Intestinal surgery;

S. boulardii
750 mg/day

PFGE of
mitochondrial
DNA restriction
fragments

Fungemia

HIV infection; CVC;
Diarrhea

36 Antibiotic diarrhea;
Upper
gastrointestinal
surgery for
malignancy

S. boulardii
1.5 g/day

PFGE of
mitochondrial
DNA restriction
fragments

Fungemia

47 Peptic ulcer; Chronic
Renal Failure;

S. boulardii
2 g/day

PFGE of
mitochondrial
DNA restriction
fragments

Septic
shock

78 Pneumonia/COPD S. boulardii
1.5 g/day

PFGE of
mitochondrial
DNA restriction
fragments

Fungemia

Cassone
et al. (2003)

34 CVC; Intensive care
unit

No direct
treatment

PFGE of
undigested
chromosomal
DNA

Fungemia

48 CVC; Intensive care
unit

No direct
treatment

PFGE of
undigested
chromosomal
DNA

Fungemia

75 CVC; Intensive care
unit

No direct
treatment

PFGE of
undigested
chromosomal
DNA

CVC
colonization

35 Intensive care unit Unclear PFGE of
undigested
chromosomal
DNA

Fungemia
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. Table 31.5

Study Age Risk factors Probiotic
Method of

identification Sepsis

Perapoch
et al. (2000)

3 months CVC; Diarrhea;
Parenteral nutrition

S. boulardii
100 mg/day

PFGE of
mitochondrial
DNA restriction
fragments

Fungemia

PFGE of
undigested
chromosomal
DNA

Short bowel
syndrome; CVC

Not
received
directly (in
cot next to
first patient)

PFGE of
mitochondrial
DNA restriction
fragments

Fungemia

Infant Parenteral nutrition PFGE of
undigested
chromosomal
DNA

Lherm et al.
(2002)

50–82 Acutely unwell on
intensive care unit
with respiratory
failure; CVC

S. boulardii
1.5–3 g/day

PFGE of nuclear
and
mitochondrial
DNA restriction
fragments

Fungemia

Bassetti
et al. (1998)

51 Immunosuppression;
C. difficile diarrhea;

S. boulardii
1 g/day

PFGE of DNA
restriction
fragments

Fungemia

CVC

Riquelme
et al. (2003)

42 Kidney/Pancreas
transplant;
Immunosuppression;
C. difficile diarrhea

S. boulardii
1 g/day

PFGE of DNA
restriction
fragments

Fungemia

41 HIV; Diarrhea S. boulardii
750 mg/day

PFGE of DNA
restriction
fragments

Fungemia

Fredenucci
et al. (1998)

49 Antibiotic diarrhea;
Immunosuppressed

S. boulardii
200 mg/day

API 32C Fungemia
PFGE of
undigested
chromosomal
DNA

Cesaro
et al. (2000)

8 months Acute myeloid
leukemia; CVC;

S. boulardii API 32C Fungemia

Neutropenia

Cherifi et al.
(2004)

89 C. difficile colitis;
Gastrostomy

S. boulardii
300 mg/day

No formal
identification
described

Fungemia

(Cont’d p. 1124)
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these probiotics have never been related to sepsis associated with probiotic use,

demonstrating the extremely low pathogenic potential of bifidobacteria.

31.6.2 Gastrointestinal Symptoms Related
to Probiotic Use

It is clear from dose ranging studies that high dose probiotic treatment can lead to

increased frequency and softening of feces (Larsen et al., 2006). Gastrointestinal

adverse events such as vomiting and diarrhea are also rarely seen in probiotic

treatment trials. In particular, one study would suggest that there is an increased

risk of such adverse events associated with the use of heat-inactivated rather than

viable probiotics. Kirjavainen et al. (2003) were forced to terminate their study of

. Table 31.5

Study Age Risk factors Probiotic
Method of

identification Sepsis

Henry et al.
(2004)

65 Malignancy; Immune
compromise;
Mucositis; Diarrhea;
Parenteral Nutrition

S. boulardii No formal
identification
described

Fungemia

Niault et al.
(1999)

78 Antibiotic diarrhea;
Intensive Care unit;
Intragastric feeding

S. boulardii
1.5 g/day

No formal
identification
described

Fungemia

Viggiano
et al. (1995)

14
months

Burns; Diarrhea;
Gastrostomy

S. boulardii
200 mg/day

No formal
identification
described

Fungemic
shock

Zunic et al.
(1991)

33 Inflammatory bowel
disease;
Intensive care unit;
Parenteral nutrition

S. boulardii
1.5 g/day

No formal
identification
described

Fungemia

Pletincx
et al. (1995)

1 Parenteral nutrition;
Antibiotic diarrhea;
CVC

S. boulardii
600 mg/day

No formal
identification
described

Septicemia

Rijnders
et al. (2000)

74 Colitis; Nasogastric
feeding

S. boulardii
600 mg/day

No formal
identification
described

Fungemia

Lestin et al.
(2003)

48 Diabetes; C. difficile
diarrhea

S. boulardii
150 mg/day

API 32C Fatal
fungemia

CVC, Central venous catheter; COPD, Chronic obstructive pulmonary disease. Adapted from Boyle et al.

(2006)
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the probiotic LGG in allergic infants due to adverse gastrointestinal symptoms

and diarrhea in those treated with a heat-killed form of the probiotic, something

which they did not find in those infants treated with viable LGG. However,

bacteriological data of the study indicated that high numbers of Clostridium

and Bacteroidesmay have been a predisposing factor for the observed side effects.

The group treated with heat-killed LGG had higher numbers of both Clostridium

(11%) and Bacteroides (12%) already before the treatment than did the group

treated with live LGG (4 and 5%, respectively), which may also explain why

the adverse gastrointestinal were more common in the group receiving heat-

inactivated probiotics.

31.6.3 Other Adverse Events Related to Probiotic Use

A recent clinical trial identified the most severe potential risk of probiotic

treatment reported to date – that of fatal bowel ischemia. Besselink and colleagues

(Besselink et al., 2008) investigated the effects of a probiotic mix (L. acidophilus,

L. casei, L. salivarius, Lactococcus lactis, B. bifidum and B. infantis) at a total dose

of 1010 CFU/day in a randomized placebo-controlled trial of 296 adults with a

first episode of high risk acute pancreatitis. The probiotic mix was administered

by nasojejunal feeding tube, and had been specifically designed to inhibit the

growth of pathogens important in pancreatic necrosis. Preliminary data in rats

(van Minnen et al., 2007) and humans with less severe illnesses (Besselink et al.,

2008) suggested that this probiotic mix would be safe and efficacious in the

prevention of infectious complications of pancreatitis. The authors found a 2.53-

fold increase in mortality risk in probiotic treated participants, and nine cases of

bowel ischemia (eight fatal) in the probiotic group, with no bowel ischemia in the

placebo group (Besselink et al., 2008). The bowel ischemia occurred after a

median of 3 days probiotic treatment (range 2–11 days). It is known that small

bowel ischemia, increased intestinal permeability and increased bacterial translo-

cation are all associated with acute pancreatitis. In these cases the direct applica-

tion of probiotic bacteria to an already damaged small intestinal mucosa may

have precipitated a local inflammatory response leading to increased risk of small

bowel ischemia. However, it is not known why exactly mortality was higher in the

treatment group, and although the mortality was associated with randomization,

this does not necessary implicate that the probiotic itself was the causative factor.

Indeed, the observed results may have (at least partly) been due to unsuccessful

randomization, because the rate of organ failure, a consequence of hemodynamic
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disturbance parallel to bowel ischemia, was significantly higher in the probiotic

group (n = 20) compared to the placebo group (n = 7) already at the day of

randomization (Reid et al., 2008).

Probiotics have been proposed to have a role in the management of child-

hood allergies. In general, prevention of the occurrence of allergies appears to be

more effective than the treatment of allergies by probiotics. Despite the promising

results in this area, there are also some indications of adverse effects of probiotics

in this respect. A recent systematic review demonstrated that the probiotic LGG

leads to a minor worsening of disease severity when used to treat eczema in young

children, whereas subgroup analysis of probiotics other than LGG suggested

significant improvement in eczema severity (Boyle et al., 2008). In a 7-year

follow-up of a study assessing the efficacy of administration of LGG during

infancy in the prevention of atopic eczema, it was observed that children who

received LGG during infancy had lower rate of eczema at 7 years of age compared

to children who received placebo, but the rate of respiratory allergies and asthma

tended to be higher in the probiotic group (Kalliomäki et al., 2007). Kopp et al.

(2008) reported no reduction in the rate of atopic dermatitis in children follow-

ing administration of LGG during late pregnancy and early infancy. Instead,

increased frequency of recurrent episodes of wheezing bronchitis was observed

in the probiotic group. Finally, Taylor et al. (2007) reported that postnatal

administration of L. acidophilus LAVRI-A1 to infants was associated with

increased allergen sensitization at 12 months of age. Despite these reports, the

role of probiotics in the management of allergies appears to be beneficial in

general, but the indications of the possible adverse effects following early probi-

otic administration deserve further attention in the future.

31.6.4 Factors Affecting the Adverse Effects Associated
with Probiotics

31.6.4.1 Underlying Diseases and Treatments

To date, there have been no reports of sepsis related to probiotic use in otherwise

healthy individuals. All reported cases of probiotic bacteremia or fungemia have

occurred in patients with underlying chronic disease, or immune compromised

or debilitated state. In most cases, probiotic sepsis has resolved with antimicrobial

therapy, but in some cases patients have developed septic shock (Hennequin

et al., 2000). In some cases the outcome has been fatal, but apart from a case of
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a 48 year old diabetic patient with diarrhea attributable to Clostridium difficile

who died from multiple organ failure and septic shock in association with a toxic

megacolon and probiotic fungemia (Lestin et al., 2003), these fatalities have been

related to underlying disease rather than being directly attributable to probiotic

sepsis (Boyle et al., 2006). In the report by Lestin et al. (2003), the only case

suggestive of fatal probiotic sepsis, molecular methods were not used to confirm

homology between the probiotic and pathogenic fungi. Treatment of diarrhea

and short bowel syndrome are common targets of probiotic therapies, but these

pre-existing intestinal pathologies may also potentially increase the risk of probi-

otic translocation through the intestinal mucosa. Ongoing antibiotic treatment

may increase the risk of Lactobacillus bacteremia, in particular in the case of

L. rhamnosus. Salminen et al. (2006) reported that in approximately half of the 85

cases, the patient had received antimicrobial treatment prior to Lactobacillus

bacteremia. Administration of probiotics via jejunostomy tube, bypassing the

effect of gastric acid and the dilutional capacity of both stomach and duodenum,

may increase the numbers of viable probiotic bacteria that reach the intestine.

Some cases of adverse events in patients administered with probiotics via jeju-

nostomy tube have been reported. Central venous catheter, a common finding in

cases of probiotic sepsis, may serve as a possible source of sepsis (Hennequin

et al., 2000). Premature infants and patients who are debilitated or have com-

promised immune function are overrepresented in the cases of sepsis associated

with probiotics (> Tables 31.4 and > 31.5). In the case of lactobacilli, cardiac

valvular disease may be a risk factor, as certain species of Lactobacillusmay in rare

cases colonize heart valve and cause endocarditis. In the light of the recent results

reported by Besselink et al. (2008), enteral administration of probiotics to

patients with severe acute pancreatitis or patients in high risk of developing

bowel ischemia may be particularly risky.

31.6.4.2 Probiotic Strain Selection and Characteristics

The beneficial health effects of one probiotic cannot be assumed for another

probiotic species, or even for different strains of the same species. The same

applies for the rare adverse events associated with probiotics. The case reports of

probiotic sepsis published to date suggest that Saccharomyces boulardii, LGG and

Bacillus subtilis may be probiotics that carry a higher risk of sepsis than other

strains (> Tables 31.4 and > 31.5). When 85 blood isolates from cases of Lactoba-

cillus bacteremia in Finland were examined, 46 isolates were identified as
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L. rhamnosus, 12 isolates of both L. casei and L. fermentum, and three isolates each

of L. jensenii, L. salivarius and L. gasseri were identified (Salminen et al., 2006). Of

the L. rhamnosus isolates, 22 (48%) were judged to be indistinguishable from

LGG by pulsed-field gel electrophoresis, but it is important to note that it is not

known whether the patients in this study had actually consumed LGG.

In addition, phenotypic differences have later been demonstrated between some

of the above-mentioned L. rhamnosus isolates and the probiotic strain LGG

(Ouwehand et al., 2004b). Certain probiotic strains such as LGG and S. boulardii

may be more frequently administered to subjects with underlying diseases,

including antibiotic associated diarrhea, than other strains. This may partly

explain the association of these strains with the reported cases of probiotic sepsis,

but the differences in the intrinsic properties of probiotic strains, such as the

properties increasing the potential of bacterial translocation, clearly also affect the

probability of certain probiotic strains to cause sepsis. Results from animal model

experiments also suggest that certain Lactobacillus strains have higher infectivity

than others (Vesterlund et al., 2007). Other groups such as probiotics in the

genus Bifidobacterium appear to have less pathogenic features and are under-

represented in case reports of probiotic sepsis (Boyle et al., 2006).

For probiotic sepsis, bacterial translocation appears to be a key event. Good

adherence to host mucus and epithelium is thought to play a role in many of the

beneficial effects of probiotics. However, theoretically, strong adherence to epi-

thelial layer may also increase the likelihood of bacterial translocation, in partic-

ular in subjects with disturbed gut permeability, immune deficiency and

intestinal immaturity (Boyle et al., 2006). Adherence alone should not be consid-

ered a risk factor for strains of commencal microbes and strains with low infectiv-

ity. Properties other than adherence are also required for increased likelihood of

translocation and sepsis, as demonstrated by the fact that certain probiotic species

such as B. animalis subsp. lactis and L. acidophilus are characterized with good

adhering properties, but are not associated with the cases of probiotic sepsis,

despite their widespread use as probiotics. Moreover, some clinical isolates of

Lactobacillus exhibit only low level of adhesion (Apostolou et al., 2001).

The intestinal microbiota is important in stimulating normal immune devel-

opment, particularly the development of the gut associated lymphoid tissue. The

crucial role of the intestinal microbiota in normal immune development and

function suggests that manipulations designed to alter this microbiota may have

significant immunomodulatory effects. Immune modulation is thought to be one

of the key mechanisms of the beneficial effects of probiotics. Although currently

there is no evidence linking immune modulation of probiotics to adverse

events, such effects remain a possibility (Boyle et al., 2006). For example,
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administration of the probiotic LGG to infants with atopic eczema has been

shown to induce systemically detectable low grade inflammatory responses

characterized by increased levels of c-reactive protein and interleukin-6 (Viljanen

et al., 2005). While these effects may serve as a mechanism for the beneficial

effects of probiotics on atopic eczema, the potential for adverse events linked

with systemic proinflammatory effects cannot be ruled out. At present there

is little support for the hypothesis that probiotics lead to adverse immune

development from empirical studies, but this is an area that warrants further

investigation.

Potential pathogenic determinants to be taken into account in the safety

assessment of probiotics, including transferable antibiotic resistance, hemolysis,

platelet aggregation, production of deleterious metabolites and resistance to host

defense mechanisms, are reviewed elsewhere in this chapter. In addition to the

characteristics of administered probiotic strain, the administration dose should

be taken into account when evaluating the safety of probiotic regimens. Since

high dose regimens of probiotics may be associated with looser stools (Larsen

et al., 2006), the dosing of probiotics may also have effect on certain potential

side-effects, although it should be noted that in general, even very high doses

of probiotics are well-tolerated.

31.7 Conclusion

The current evidence strongly suggests that probiotics are safe to use in general

population. Several approaches for the safety evaluation of current and potential

new probiotics are available, ranging from in vitro assessments to randomized,

controlled clinical trials. Most commonly used probiotics are considered to be

generally safe, and in Europe such microorganisms have been granted a QPS

status (EFSA, 2007). Safety of probiotics, similar to the beneficial effects of

probiotics, is a strain-dependent feature, and differences exist between diffe-

rent probiotics. For example, in the case of transferable antibiotic resistance

elements, strains of Enterococcus are particularly problematic. The problems

associated with the potential production of toxic compounds are especially

evident among strains belonging to genus Bacillus. In regard to the potential of

probiotics to cause sepsis, the currently reported cases suggest that strains of

Saccharomyces, L. rhamnosus and Bacillus may posses higher risk of adverse

events than other probiotics. Notably, among L. rhamnosus, clear differences

exist between the infective potential of the strains belonging to this species

(Vankerckhoven et al., 2007).
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Despite the excellent overall safety record of probiotics, they should be used

with caution in certain specific patient groups – particularly critically patients,

those with immune deficiency and patient groups with increased risk for bacterial

translocation due to disturbed intestinal mucosal barrier function. The risk of

adverse events is likely to differ with each probiotic strain, and published litera-

ture has highlighted some strains which may carry higher risks than others. The

dose and mode of administration are also important, with higher dose regimens

being associated with gastrointestinal symptoms. Careful consideration should

be given to these issues before using probiotic supplementation in high risk

populations.

Taken together, the beneficial effects of probiotics clearly outweigh the

possible risks of probiotic use. Probiotics provide a variety of health benefits

for humans, from healthy subjects to patients with many different diseases.

31.8 Summary

� Probiotics have an excellent overall safety record.

� Several in vitro assessments of probiotics are available, but clear markers for poten-

tial infectivity have not been identified.

� Animal models allow the safety assessments focusing on bacterial translocation and

underlying diseases.

� Numerous clinical trials assessing the safety of probiotic contribute to the safety of

probiotics.

� In certain high-risk populations such as critically ill patients, the use of probiotics

should be carefully considered.

List of Abbreviations

ARDRA amplified rDNA restriction analysis

COPD chronic obstructive pulmonary disease

CVC central venous catheter

EFSA European Food Safety Authority

FAO Food and Agriculture Organization

HIV human immunodeficiency virus
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LAB lactic acid bacteria

LGG Lactobacillus rhamnosus strain GG

MLS macrolide, lincosamide and streptrogramin

PCR polymerase chain reaction

PFGE pulsed field gel electrophoresis

QPS qualified presumption of safety

RAPD randomly amplified polymorphic dNA

Rep-PCR repetitive DNA element-PCR

SPF specific pathogen free

WHO World Health Organization
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Rautava S, Kalliomäki M, Isolauri E (2002)

J Allergy Clin Immunol 109:119–121

Rautio M, Jousimies-Somer H, Kauma H,

Pietarinen I, Saxelin M, Tynkkynen S,

Koskela M (1999) Clin Infect Dis 28:

1159–1160

Reid G, Gibson G, Sanders ME, Guarner F,

Versalovic J (2008) Lancet 372:112–113

Richard V, Van der AP, Snoeck R, Daneau D,

Meunier F (1988) Eur J Clin Microbiol

Infect Dis 7:783–785

Rijnders BJ, Van Wijngaerden E, Verwaest C,

Peetermans WE (2000) Intensive Care

Med 26:825

Riquelme AJ, Calvo MA, Guzman AM, Depix

MS, Garcia P, Perez C, Arrese M, Labarca

JA (2003) J Clin Gastroenterol 36:41–43

Rojo-Bezares B, Saenz Y, Poeta P, Zarazaga M,

Ruiz-Larrea F, Torres C (2006) Int J Food

Microbiol 111:234–240

Saarela M, Maukonen J, von Wright A,

Vilpponen-Salmela T, Patterson AJ,

Scott KP, Hämynen H, Mätto J (2007)

Int J Antimicrob Agents 29:271–280

Salminen MK, Rautelin H, Tynkkynen S,

Poussa T, Saxelin M, Valtonen V, Jarvinen

A (2004) Clin Infect Dis 38:62–69

Salminen MK, Rautelin H, Tynkkynen S,

Poussa T, Saxelin M, Valtonen V, Jarvinen

A (2006) Clin Infect Dis 42:e35–e44

Salminen MK, Tynkkynen S, Rautelin H,

Saxelin M, Vaara M, Ruutu P, Sarna S,

Valtonen V, Järvinen A (2002) Clin Infect

Dis 35:1155–1160

1234 31 Safety Assessment of Probiotics



SCAN (2003) European Commission Adopted

on 3 July 2001, revised on 24 January 2003

Schillinger U, Guigas C, Holzapfel WH (2005)

Int Dairy J 15:1289–1297

Sorokulova IB, Pinchuk IV, Denayrolles M,

Osipova IG, Huang JM, Cutting SM,

Urdaci MC (2008) Dig Dis Sci 53:954–963

Spinosa MR, Wallet F, Courcol RJ, Oggioni MR

(2000) Microb Ecol Health D 12:99–101

Srinivasan R, Meyer R, Padmanabhan R, Britto

J (2006) J Pediatr Gastroenterol Nutr

42:171–173

Sullivan A, Nord CE (2006) Scand J Infect Dis

38:327–331

Tannock GW, Luchansky JB, Miller L,

Connell H, Thode-Andersen S, Mercer AA,

Klaenhammer TR (1994) Plasmid

31:60–71

Taylor AL, Dunstan JA, Prescott SL (2007)

J Allergy Clin Immunol 119:184–191

Tompkins TA, Hagen KE, Wallace TD, Fillion-

Forte V (2008)Can JMicrobiol 54:391–400

van Hoek AH, Mayrhofer S, Domig KJ, Aarts

HJ (2008a) Int J Antimicrob Agents 31:

544–548

van Hoek AH, Mayrhofer S, Domig KJ, Florez

AB, Ammor MS, Mayo B, Aarts HJ

(2008b) Antimicrob Agents Chemother

52:248–252

van Minnen LP, Timmerman HM, Lutgendorff

F, Verheem A, Harmsen W, Konstantinov

SR, Smidt H, Visser MR, Rijkers GT,

Gooszen HG, Akkermans LM (2007) Sur-

gery 141:470–480

Vankerckhoven V, Huys G, Vancanneyt M,

Snauwaert C, Swings J, Klare I, Witte W,

Van Autgaerden T, Chapelle S, Lammens

C, Goossens H (2008a) Appl Environ

Microbiol 74:4247–4255

Vankerckhoven V, Huys G, Vancanneyt M, Vael

C, Klare I, Romond MB, Entenza JM,

Moreillon P, Wind RD, Knol J, Wiertz E,

Pot B, Vaughan E, Kahlmeter G, Goossens

H (2008b) Trends Food Sci Technol

19:102–114

Vankerckhoven V, Moreillon P, Piu S, Giddey

M, Huys G, Vancanneyt M, Goossens H,

Entenza JM (2007) J Med Microbiol

56:1017–1024

Vescovo M, Morelli L, Bottazzi V, Gasson MJ

(1983) Appl Environ Microbiol 46:

753–755

Vesterlund S, Vankerckhoven V, Saxelin M,

Goossens H, Salminen S, Ouwehand AC

(2007) Int J Food Microbiol 116:

325–331

Viggiano M, Badetti C, Bernini V, Garabedian

M, Manelli JC (1995) Ann Fr Anesth Rea-

nim 14:356–358

Viljanen M, Pohjavuori E, Haahtela T, Korpela

R, Kuitunen M, Sarnesto A, Vaarala O,

Savilahti E (2005) J Allergy Clin Immunol

115:1254–1259

Wagner RD, Warner T, Roberts L, Farmer J,

Balish E (1997) Infect Immun 65:

3345–3351

Wagner RD, Warner T, Roberts L, Farmer J,

Dohnalek M, Hilty M, Balish E (1998)

Rev Iberoam Micol 15:271–276

Wolf BW, Garleb KA, Ataya DG, Casas IA

(1995) Microb Ecol Health D 8:41–50

Wolf BW, Wheeler KB, Ataya DG, Garleb KA

(1998) Food Chem Toxicol 36:1085–1094

Zhou JS, Gill HS (2005) Int J Food Microbiol

103:97–104

Zhou JS, Pillidge CJ, Gopal PK, Gill HS (2005a)

Int J Food Microbiol 98:211–217

Zhou JS, Rutherfurd KJ, Gill HS (2005b) J Food

Prot 68:2459–2464

Zhou JS, Shu Q, Rutherfurd KJ, Prasad J, Birtles

MJ, Gopal PK, Gill HS (2000a) Int J Food

Microbiol 56:87–96

Zhou JS, Shu Q, Rutherfurd KJ, Prasad J, Gopal

PK, Gill HS (2000b) Food Chem Toxicol

38:153–161

Zunic P, Lacotte J, Pegoix M, Buteux G, Leroy

G, Mosquet B, Moulin M (1991) Therapie

46:498–499

Safety Assessment of Probiotics 31 1235




	Safety Assessment of Probiotics
	31.1 Introduction
	31.2 Taxonomy and Identification as the Basis of Safety Evaluation
	31.3 In Vitro Safety Assessments of Probiotics
	31.3.1 Antibiotic Resistance of Probiotics
	31.3.1.1 Antibiotic Resistance in Lactobacillus
	31.3.1.2 Antibiotic Resistance in Bifidobacterium
	31.3.1.3 Antibiotic Resistance in Other Probiotic Species
	31.3.1.4 Summary of Antibiotic Resistance of Probiotics

	31.3.2 Virulence Genes and Toxic Metabolite Production
	31.3.3 Adhesion of Probiotics to Host Tissues
	31.3.4 Platelet Aggregation
	31.3.5 Hemolysis
	31.3.6 Resistance to Host Defense Mechanisms
	31.3.7 Bile Salt Deconjugation
	31.3.8 Summary of In Vitro Assessment of Probiotic Safety

	31.4 Animal Models in the Safety Assessment of Probiotics
	31.4.1 Animal Models in Probiotic Research
	31.4.2 Examples of Probiotic Safety Assessments Using Animal Models
	31.4.3 Concluding Remarks on Animal Models in the Safety Assessment of Probiotics

	31.5 Human Interventions in the Safety Assessment of Probiotics
	31.6 Adverse Events and Potential Risks of Probiotics
	31.6.1 Sepsis Related to Probiotic Use
	31.6.2 Gastrointestinal Symptoms Related to Probiotic Use
	31.6.3 Other Adverse Events Related to Probiotic Use
	31.6.4 Factors Affecting the Adverse Effects Associated with Probiotics
	31.6.4.1 Underlying Diseases and Treatments
	31.6.4.2 Probiotic Strain Selection and Characteristics


	31.7 Conclusion
	31.8 Summary
	List of Abbreviations
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


