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Abstract

A history of safe use is a backbone of safety assessments for many current probiotic species, 

however, there is no global harmonization regarding requirements for establishing probiotic safety 

for use in foods and supplements. As probiotic manufacturers are increasingly seeking to use new 

strains, novel species, and next-generation probiotics, justification based on a significant history 

of use may be challenged. There are efforts underway by a variety of stakeholders, including the 
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United States Pharmacopeia (USP), to develop best practices guidelines for assessing the quality 

and safety of probiotics. A current initiative of the USP seeks to provide expert advice specific 

to safety considerations for probiotics. Toward this goal, this review provides a helpful summary 

guide to global regulatory guidelines. We question the suitability of traditional animal toxicology 

studies designed for testing chemicals for relevance in assessing probiotic safety. This includes 

discussion of the use of excessive dose levels, the length of repeated dose toxicity studies needed, 

and the most suitable animal species used in toxicology studies. In addition, the importance of 

proper manufacturing practices with regard to final product safety are also included. Thus, an 

outline of essential parameters of a comprehensive safety assessment for a probiotic are provided.

Keywords

Probiotics; Toxicology; United States Pharmacopeia; Safety; Next-generation probiotics; Animal 
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1. Introduction

Probiotics are live microorganisms that, when administered in adequate amounts, confer 

a health benefit on the host (Hill et al., 2014; FAO/WHO 2001). This formal definition 

established by the Joint FAO/WHO Expert Consultation provided consensual understanding 

of the term “probiotics”, and has been used by regulatory agencies, scientific institutions, 

trade associations and consumers in numerous countries for more than two decades. Despite 

this, a few regulatory agencies instead reference the broader category of “live microbials”, 

which may include, but does not imply any health benefit. However, for simplicity, the 

term “probiotics” is used throughout and remains the focus of this manuscript, as the scope 

is intended to fully align with the FAO/WHO position, as these are intentionally used for 

the anticipated benefit. Probiotics are used as ingredients in foods, nutritional supplements, 

and are being developed as live biotherapeutics, amongst other categories (e.g., cosmetics). 

Specific safety standards, which exist for all these product categories, require a minimum 

that the probiotic is safe for the intended use and meets standards for purity, identity and 

potency (Vankerckhoven et al., 2008).

The United States Pharmacopeia (USP) is a non-profit standards-setting organization that 

publishes quality standards for medicines, foods and dietary supplements (United States 

Pharmacopeia, 2022a). As such, the USP has initiated development of standards for 

probiotic ingredients and products.

The USP quality standards (referred to as monographs) are available for a range of 

ingredients and include the definition of the article, tests for identification, quantification 

assays (enumeration in the case of probiotics), limits for contaminants, and other quality 

parameters, as appropriate. In response to an increasing number of probiotics proposed 

for monograph development, the USP established a probiotic Expert Panel (EP) to advise 

on quality requirements specific for probiotics. As efforts of the USP EP progressed, it 

became increasingly clear that in addition to quality, a focus on the safety of probiotics was 

also warranted. This paper represents efforts by a sub-team of the EP to provide guidance 

specific to safety considerations for probiotics.

Roe et al. Page 2

Regul Toxicol Pharmacol. Author manuscript; available in PMC 2023 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



While sometimes under the category of “live microbials”, numerous regulatory guidance 

documents and organizational initiatives have addressed the topic of probiotic safety, 

including the FAO/WHO (World Health Organization, 2018), European Food Safety 

Authority’s (EFSA) Qualified Presumption of Safety (QPS) initiative (EFSA, 2021a), EFSA 

guidance documents on antimicrobial resistance (McArthur et al., 2013; Jia et al., 2017; 

Alcock et al., 2020; Hendriksen et al., 2019), International Dairy Federation (IDF) bulletins 

focused on microbes with a history of safe use in food (IDF, 2002; IDF, 2012; IDF, 2022), 

the US Food and Drug Administration’s approaches to generally recognized as safe (GRAS) 

food and the new dietary ingredient notification (NDIN) ingredients (FDA, 2016b; FDA, 

2016c; FDA, 2016d), the probiotic monograph from Health Canada (Health Canada, 2021), 

and the International Probiotics Association (IPA) Guidelines to Qualify a Microorganism 
to be Termed as ‘Probiotic’, which briefly describes several approaches and requirements 

from different authorities on establishing the safety of probiotics (IPA, 2017). In addition, 

some published reviews have also made various recommendations for performing safety 

assessments of probiotics (Pradhan et al., 2020; Sanders et al., 2010) or reviewing what is 

known about the safety of probiotic interventions (Hempel et al., 2011). Pariza et al. (2015) 

provided a comprehensive framework of criteria (in the form of a 13-question decision tree) 

that is useful when evaluating the safety of new microbial ingredients including those that 

lack an established history of safe use. Sanders et al. (2016) discussed safety considerations 

for the use of probiotics in vulnerable populations.

This work aims to move beyond these previous efforts, intended to address safety in a 

comprehensive manner beyond direct metrics of safety and characterization. In particular, 

the lack of coordinated guidance regarding the conduct of human safety studies and the 

use of in vitro and animal models in addition to the appropriateness of traditional animal 

toxicology studies that are routinely used for chemicals, for use in assessing probiotic safety 

(Pradhan et al., 2020) is discussed in detail. Specifically, we question the suitability of 

animal studies as a tool to assess probiotic safety for humans, the use of excessive dose 

levels, the length of repeated dose toxicity studies, and the most suitable animal species. We 

also review global regulatory initiatives, discuss essential parameters of a comprehensive 

safety assessment, and discuss the importance of proper manufacturing practices with 

regard to final product safety. The scope of this work encompasses probiotics, including 

next generation probiotic species, administered orally for healthy populations, but does not 

include genetically modified organisms, or live biotherapeutic products. We do not speak to 

requirements for use in specific subpopulations, such as immunocompromised, vulnerable 

and disease populations.

2. Global regulatory initiatives on probiotic safety

Independent of labeling them as “probiotics” these ingredients are widely marketed for use 

in foods and food supplements around the globe. However, the regulatory requirements for 

safety vary widely from country to country (Table 1). Regulatory authorities may simply 

consider the history of safe use of the microbial species or may expand the scope to 

include a detailed review of strain-level information, including genotypic and phenotypic 

characterization, animal toxicity studies, and in some limited cases human clinical trials. 

Although there may be general agreement among global regulatory authorities on the basic 
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safety principals that should be established for probiotics, there is little consensus on the 

specific types of studies and methods for confirming safety. Thus, it is difficult to provide 

a comprehensive list of specific techniques and methods for safety requirements sufficient 

to meet the global regulatory requirements of every country. Such a list would undoubtedly 

result in implementing a series of tests that would be duplicative and unnecessary – a 

bureaucratic box-checking exercise rather than an organized, science-based strategy to create 

data that substantiates safety.

The Joint WHO/FAO Expert Consultation (FAO/WHO 2001) and Working Group (FAO/

WHO, 2002) guidance documents have been used to form a foundation of regulatory 

structures for probiotics in a number of countries including Indonesia (Badan Pengawas 

Obat Dan Makanan, 2021), Malaysia (Malaysian Food Act, 1985), Philippines (Republic 

of the Philippines, 2004), and Thailand (Thailand Ministry of Public Health, 2012). Lists 

of probiotic species/strains acceptable from a safety perspective were published in the 

national regulations of Malaysia, Philippines, Korea and Thailand among others. Many 

parallel efforts have also resulted in a foundational landscapae for probiotics, and since 

2002, the IDF and the European Food and Feed Cultures Association (EFFCA) have 

been collaborating in the determination of safety for microbial food cultures. The FIL-IDF 

Bulletin 377–2002 was published as a result (Bourdichon et al., 2019). Subsequent updates 

of the IDF/EFFCA collaboration continue to provide updates on those microorganisms used 

in foods (Bulletin of the International Dairy Foundation, 2012; 2018, 2022), furthering the 

evidence of a safe history of use of these species.

In 2005, EFSA’s Scientific Committee began to investigate a qualified presumption of 

safety “QPS” system to standardize the safety assessments of defined taxonomic groups 

of microorganisms used in food and feed (EFSA, 2005). Those species determined to be 

safe, notwithstanding noteworthy qualifications for some species would be included in a 

QPS list and pending further strain-specific characterization, would be acceptable for use 

in the European market (EFSA, 2005). The first QPS list was published in 2007 and has 

been updated routinely with input and refinement from EFSA’s Panel on Biological Hazards 

(BIOHAZ) (EFSA, 2007; EFSA, 2008). The current version was adopted in December 

2021 (EFSA, 2022). The QPS list continues to be the foundation of the safety standards 

for microorganisms used in food and feed in European countries and provides a regulatory 

landscape based on a comprehensive and uniform safety review that once attained, negates 

the need for animal toxicity testing that may be required for non-listed, novel species.

As a result of these initial efforts between 2001 and 2007, regulatory structures for probiotic 

standards for safety became established across Europe, in a number of countries in Asia, and 

continue to be developed across the globe. In 2001, China’s Ministry of Health published a 

list of species for use in health foods, then a comprehensive list of permitted culture species 

for use in general food in 2010 (China Ministry of Health, 2010) and has since published 

a list of permitted microbial strains for use in infant and toddler food (China Ministry of 

Health, 2011). Australia’s Therapeutic Goods Administration (TGA) has published a list of 

acceptable substances for use in listed medicines that include a number of species of the 

genus Bifidobacterium and the family Lactobacillaceae, in recognition of safety of these 

species (TGA Substances that may be used in Listed Medicines in Australian Therapeutic 
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Goods Administration, 2007). In 2009, Health Canada implemented its monograph for 

probiotics to be used in Natural Health Products prescribing a very clearly defined safety 

standard and continuous update to reflect latest scientific development and understanding 

(Health Canada, 2021). Health Canada’s framework specifically developed for probiotics 

has served as a model for establishment of safety and characterization requirements in 

a number of countries. In 2016, South Africa published a list of acceptable probiotic 

species as substances typically considered to be used in a health supplement (MCC, 

2016; SAHPRA, 2020) and the Food Safety and Standards Authority of India (FSSAI) 

in India implemented a list of probiotics species acceptable for use in health supplements, 

nutraceuticals and foods for special medical purpose (FSSAI, 2002).

Most recently, some regulatory agencies have intentionally focused on building a regulatory 

structure specifically for probiotics (microorganisms) (ANVISA Resolution RDC 241/2018). 

There are also newly implemented regional consortia that focus on building a regulatory 

structure by partnering with industry, academia and health care practitioners within 

consorting countries to intentionally design an appropriate regulatory landscape for 

probiotics in Southeast Asia (SEA Probiotics SREN) in addition to efforts at the Codex 

level (Codex Alimentarius Commission, 2017). Furthermore, a number of countries are also 

releasing criteria for next generation probiotics and microbiome-derived probiotic strains, 

outside of the standard Lactobacillaceae and Bifidobacterium species (EFSA, 2016; SAMR, 

2020), including the live biotherapeutic product (drug) category (EP 3053, 2019; EP, 20636, 

2019; FDA, 2016).

In the United States, probiotics have not been statutorily defined, but have been referred to 

as “live microbials” in a recent guidance document focused on dietary supplements (United 

States Food and Drug Administration, 2018). In the US, all regulatory requirements for 

probiotics as “live microbials” are subsumed into existing regulatory categories (Smith, 

2019). Establishing safety, therefore, requires meeting the criteria specifically established for 

the relevant product category, for example in foods (FDA, 2016a) or for dietary supplements, 

where extensive criteria for safety requirements have been specified, including the details 

of toxicity tests required based on intended population and duration of use (GFS. 2016b). 

The US FDA has not published a list of acceptable probiotic species, however, does publish 

details on the information submitted for GRAS notifications and for NDI notifications 

received where safety has been reviewed. Based on the intended use in food products, a 

number of probiotic strains have been subjected to GRAS self-determination, which can 

be retained as a confidential self-assessment (although the information supporting safety 

must still be generally available), but others have been submitted as GRAS Notices to 

the FDA, voluntarily. The published GRAS Notices reflect many probiotic submissions 

to which the FDA did not object to the general recognition of safety for use in foods 

(FDA GRAS Notices, 2021). Specifically for use in dietary supplements, the FDA has also 

acknowledged certain strains of probiotics as new dietary ingredients through submissions 

of New Dietary Ingredient (NDI) notifications (US FDA NDIN). It is not unusual for 

regulatory requirements to be distinctly defined by its intended use in food versus dietary 

supplements (Table 1) however, FDA takes a unique position of consideration of the history 

of use of the ingredient. Based on a history of use of the probiotic strain, FDA’s criteria 

for required submission of evidence of safety will vary, where those strains previously used 
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in foods, and established as GRAS, can be used as ingredients in dietary supplements at 

equivalent doses with no NDI notification. It should be noted that the information contained 

within either GRAS or NDI submissions may vary greatly based on a safe history of use 

and the ability to ‘bridge’ information from previous use within the species for specific 

probiotics. Because of this variation, in recent years, there has been an industry-wide 

anticipation of standard requirements and uniformity, which has resulted in probiotics 

manufacturers routinely providing a standard level of safety information in line with 

other country regulations and with recent publication (EFSA, 2021a; Pariza et al., 2015; 

Health Canada, 2021). Most recently, the probiotics industry standards also now focus on 

addressing many of the criteria in guidance from the FDA (2016b), which can include 

extensive animal toxicity testing for those species lacking a history of use in foods.

In total, these developments indicate a global progression in probiotic-focused regulatory 

structures. However, probiotic regulatory structures vary widely, and can range from 

publishing a list of acceptable genera and species that are recognized as safe, where minimal 

determination of safety is required at the strain level, to those that require monographs and a 

fully defined battery of tests at the strain level (Table 1).

Given the range of safety and characterization requirements listed in Table 1, the global 

probiotics industry has driven industry standards to appropriately and comprehensively 

assess each probiotic strain used for food and supplements intended for human ingestion. 

The expansion of requested information from customers and regulators alike, has resulted 

in the consideration of the below referenced topics, which may be supplemental or exceed 

what is required for regulatory submission or approval. These topics should be considered 

for a comprehensive assessment of all probiotic strains intended to be used in foods and 

human supplements, despite the variation in regulatory requirements in each country. This 

objective assessment is based on industry experience and the progression in technological 

advancements, allowing a thorough understanding of these live microbials.

3. In silico and in vitro parameters of a comprehensive assessment of 

probiotic safety

3.1. Strain identity

The first step in considering marketing of a probiotic includes the unambiguous 

identification of the probiotic strain(s) of interest. Probiotic identity should be established 

to the strain level and include determination of inter-strain differences compared to a type 

strain or well-characterized strain within the same species. Whole genome sequencing 

(WGS) is used for this purpose, and a description of how to use comparative genomic 

analysis to demonstrate strain uniqueness was outlined by Jackson et al. (2019). EFSA 

has further provided information on how to perform WGS analysis and to appropriately 

summarize and provide the relevant results (EFSA, 2021b). To protect the original stock 

for which WGS has been completed, the strain should be deposited in a recognized type 

collection to provide a permanent record of what was evaluated. A master and working cell 

banks should also be maintained for preserving the genetic integrity of this original stock. 
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The prevention of genetic drift is necessary in maintaining the strain identity and periodic 

analysis should be conducted.

A high quality, annotated genome sequence is further used to assess genetic elements 

for antibiotic resistance, virulence factors, hemolytic activity, and toxins. The horizontal 

transfer capability of antimicrobial resistance genes is determined by identification of these 

genes either on a plasmid or in near proximity to potential mobile elements (e.g., inverted 

repeats, transposases). Furthermore, genomic sequence alignment analysis can be used to 

bridge safety data from one strain to another by identifying homology among strains and 

identifying differences within each. Even when a safety assessment relies on substantiating a 

history of safe consumption of the microbe in food, clear identification and characterization 

at the strain level is needed. Considerations for assessing these critical components of an 

overall probiotic safety assessment are discussed in detail below.

The determination of a microbial strain within a species acknowledges that traditional 

aspects of morphology, metabolism and physiology are characteristics common to that 

species. Currently, due to advances in molecular technology, phylogenetic trees can 

be developed to demonstrate microbial ancestry and associated physiological functions 

(vonWright and Axelsson, 2019). This information can be used to identify anticipated 

functions related to safety, including virulence, toxigenicity, and antibiotic resistance for any 

strain within well characterized species.

The EFSA system for establishing the safety of a microorganism for food applications is 

based on characteristics of the microbe’s taxonomic group and a number of conditions 

(EFSA, 2007). If the taxonomic group does not raise safety concerns, or if safety concerns 

exist but can be defined and accounted for (i.e., the ‘qualified’ component of QPS), the 

taxonomic group could be granted QPS status as long as the individual strains meet the 

established conditions as stipulated in the QPS document. For a microorganism falling into 

one of the taxonomic groups assigned QPS status by EFSA, further requirements at the 

strain level include the conditions of safety: antibiotic resistance testing (phenotypic and 

genotypic), toxigenicity, pathogenicity and any identified qualification gaps. Safety of a 

taxonomic group is based on identity, body of knowledge, possible pathogenicity, and end 

use. This taxonomic approach to risk assessment focuses on risks that may be inherent 

within a genus or species of microbe. The vancomycin-resistance phenotype found in many 

Lactobacillaceae family species is probably the best characterized example of intrinsic 

antibiotic resistance and is attributed to properties of the cell wall which prevents the binding 

of the vancomycin (Gueimonde et al., 2013). Another example includes toxins, such as 

hemolysins, phospholipases, and other enterotoxins associated with a number of Bacillaceae 
member species (Jezewska-Frackowiak et al., 2018). This risk is widely known and has led 

to quality management systems for some Bacillaceae member species including screening 

for cytoxicity (EFSA, 2021b).

To illustrate the utility of the QPS system, one can turn to the family Lactobacillaceae, many 

species of which have a history of safe use (Zheng et al., 2020). These species are consumed 

globally in large quantities on a daily basis through the consumption of fermented foods. 

EFSA and other authors have concluded that there are no specific safety concerns regarding 
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a number of Lactobacillaceae species that have a long and well-documented history of 

apparent safe use in foods (Bernardeau et al., 2006; EFSA, 2007). In addition to the history 

of use, QPS requires strain safety analysis to ensure pre-determined qualifications such 

as determination of acquired antimicrobial resistance genes (EFSA, 2020a; EFSA, 2020b). 

Therefore, understanding the level of inherent risk within the species is extremely relevant 

when bridging safety of the strain to that of the species.

3.2. History of safe use

The general safety of probiotics is presumed for certain species of microbes with a properly 

documented history of safe use. For example, Lactobacillaceae and Bifidobacterium spp. 

Historically associated with food have been recognized as safe and have been acknowledged 

in numerous guidance documents and monographs in addition to publications by thought 

leaders in peer reviewed journals (Adams and Marteu, 1995; vonWright and Axelsson, 

2019). Their established safe use in a diversity of foods and supplement products worldwide 

coupled with their occurrence in some cases as normal commensals of the mammalian 

microbiota supports this conclusion.

An adequate description of history of use should include the use across defined geographical 

areas, with information on intake levels, intake patterns, years of use, and impact on human 

health, as well as addressing any potential adverse effect issues. Most microorganisms 

currently marketed as probiotics have been historically used in foods. A safety decision tree 

was published by Pariza et al. (2015) that defines the significance of such a history of safe 

use at the species level and defines what additional testing should be completed before the 

probiotic strain can be considered safe for consumption. For a probiotic strain, it is relevant 

to include the history of safe use in foods at the species level as pertinent evidence of safety. 

However, history of safe use alone is not sufficient and certain strain-specific characteristics 

must accompany a comprehensive safety analysis.

3.3. Virulence and toxigenicity assessment

A safety assessment must consider the potential for a probiotic to express any virulence or 

toxin genes, which could lead to disease. Typically, the approach to this issue is two-fold. 

First, determining if the probiotic strain is a member of a species known to be virulent or 

toxigenic, and second, if there is evidence of virulence or toxin genes in the genome of the 

microbe.

It is difficult to discreetly define virulence of a microbe at a molecular genetic level, as it 

can greatly depend on the highly dynamic hostmicrobe relationship (Wiles and Guillemin, 

2019). Generally, factors that contribute to the colonization, invasion, and evasion (for 

host immune-related elements) are considered important genetic underpinnings of virulence. 

Other factors may enable a microbe to thrive in a particular host and may contribute to 

virulence by complementing harmful effects of toxins and other direct-acting agents that 

form the basis of virulence sensu stricto.

These “virulence” factors are not causative agents in isolation, but importantly, it is the 

combined actions of such genetic underpinnings and their coordinated expression that 

contribute to disease potential in a comprehensive manner. A characteristic example is the 
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species Escherichia coli, which contains many strains that are common commensals, while 

others act as pathotypes and cause disease. The E. coli example provides a window into the 

complexity of host-microbe interactions and the role and designation of “virulence factors” 

to pathogenicity. It is important to mention that determination of pathogenicity requires 

a systems biology approach and a deeper understanding of the mechanisms of probiotic 

beneficial relationships with the host (Sanders et al., 2010). As such, proper taxonomy 

becomes an initial first step in categorization of a respective microbe into pathogen or 

beneficial microbe and what may be respective “characteristic” genetic baggage.

Such high-resolution information brings clarity to core genome relationships along with 

accessory genome elements that may further develop and inform our understanding 

of genetic content of concern. These recent developments led the European Food 

Safety Authority (EFSA) to update its Qualified Presumption of Safety (QPS) list of 

microorganisms to address such changes (EFSA BIOHAZ Panel, 2020). Certainly, such 

first pass identification has been facilitated by highly curated databases and genomic-scale 

analytical resources such as the Pathosystems Resource Integration Center (PATRIC) shown 

in Table 2 (Binda et al., 2020). Analytical tools that target horizontally acquired loci, 

mobilization structures, and associated content within respective genomes have also been 

included as potential resources. A few examples of potential virulence and toxin factors that 

should be considered as part of an overall safety assessment are described in further detail 

below.

Most recently, an increase in the biofilm-forming capacity of probiotic strains may lead to 

pathogenicity as determined by variable genetic traits (Rossi et al., 2022). These authors 

re-assessed the pathogenic potential of various strains of Lactobacilli using infection case 

reports published between 2019 and 2021. As a result of their findings and to protect 

particularly vulnerable populations, it is recommended that genetic stability should be 

periodically re-evaluated using WGS.

3.4. Antibiotic resistance

Only probiotic strains that do not contribute to the spread of functional antibiotic resistance 

should be selected for use in food and supplements (Ouwehand et al., 2016). Antibiotic 

resistance in probiotic strains is a concern if the resistance can be transferred directly or 

through mediator microbes to potentially pathogenic members of the microbiota, leading 

to antibiotic resistant pathogens refractory to treatment. The phenotypic assessment of 

antibiotic resistance involves testing the susceptibility of the probiotic strain of interest 

to a set of clinically relevant antibiotics, and determination of the minimal inhibitory 

concentration (MIC) for each. The EFSA has a protocol for assessing antibiotic resistance 

that is most often used and includes determination of phenotypic resistance, based on an 

MIC above the pre-established cut-off for a particular antibiotic and mining the genome 

for the presence of antibiotic resistance genes (EFSA, 2012; EFSA, 2018). According 

to the guidance given by EFSA in 2012, any functional antibiotic resistance above a pre-

determined threshold should be further characterized as intrinsic or transmissible and the 

genetic basis of resistance should be determined and explained (Fig. 1).

Roe et al. Page 9

Regul Toxicol Pharmacol. Author manuscript; available in PMC 2023 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The updated EFSA guidance in 2018, indicates that both a phenotypic (MIC) and genotypic 

analysis of antimicrobial resistance must be determined and does not limit the analysis 

to functional antimicrobial resistance above a pre-determined threshold or cut-off (EFSA, 

2018). This is in line with the safety requirements for a number of countries globally.

Given this guidance and the expanded inclusion of regulatory requirements in regard to 

antibiotic resistance, an attempt to provide a comprehensive approach to the determination 

of antibiotic resistance as part of a safety determination for all probiotic strains is described 

in Fig. 1.

Understanding the genetic nature of the antibiotic resistance is key to determining the risk 

of potential spread, which is a major concern given the promiscuous nature of bacteria. It 

is well known that live microbes harbor antibiotic resistance genes and the possibility of 

horizontal gene transfer in the human gut has been established (McInnes et al., 2020). 

Intrinsic resistance common to a species presents a very low potential for horizontal 

spread and can be utilized safely as a result (EFSA, 2018). Any antimicrobial resistance 

not normally harbored in a species is considered to be acquired resistance. Chromosomal 

mutation leading to acquired resistance has been determined to be low risk, as low potential 

for horizontal spread exists (EFSA, 2012). Essentially, EFSA guidance and global regulatory 

requirements, dictate that the genetic nature of clinically relevant antibiotic resistance genes 

must be explained. Strains carrying transmissible resistance flanked by genetic elements 

known to mediate horizontal spread, must be addressed and explained per EFSA guidance, 

whereas more global requirements are to determine the risk of transfer potential (see Table 

1). Most importantly, strains where the nature of the resistance cannot be explained should 

be avoided.

The search for antibiotic resistance genes within the WGS of a probiotic strain can be 

facilitated by available antimicrobial resistance databases (Table 2). Of note, because the 

microbial coverage of these databases is constantly expanding, it is important that gene 

annotation be conducted with the most current releases. Antifungal resistance genes are 

also included in at least one database, Mycology Antifungal Resistance Database (MARDγ) 

(Nash et al., 2018). Clinically relevant antibiotics that should be considered are those listed 

as critically important antimicrobials (CIAs) and can be found as published by the World 

Health Organization (WHO) (2018).

3.5. Biogenic amines

Biogenic amines are basic organic compounds that contain an amine group. Although 

most concern for toxicity of biogenic amines is associated with microbial production 

in foods such as some cheeses, they can be produced in situ as well. The primary 

source of biogenic amines is metabolic activity of the resident gut microbiota through 

amino acid decarboxylases. Although biogenic amines are crucial for maintaining many 

biological functions, in excess they may lead to many toxic effects (Wojciech et al., 2020). 

Common biogenic amines of interest include monoamines (e.g., histamine, tyramine), 

diamines (e.g., cadaverine, putrescine), and polyamines (e.g., spermidine, spermine). 

Histamine and tyramine are of greatest concern due to potential toxicities. The potential 

for additional biogenic amine production by administered probiotic strains can be addressed 
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by determining the presence of genes encoding biogenic amine production using WGS, 

or via targeted PCR amplification. Phenotypic confirmation of biogenic amine production 

by bacterial species can be analyzed using a decarboxylase screening medium and high-

performance liquid chromatography (Bover-Cid and Holzapfel, 1999).

3.6. Mucin degradation

Mucin is a protein that is the core structural element of mucus, which comprises a crucial 

component of mucosal surfaces throughout the digestive tract. Among other roles, mucins 

provide a barrier that protects the host epithelium from microbial and chemical invasion 

(Grondin et al., 2020). There are over 40 bacterial genes identified that are related to the 

metabolism of mucin (Tailford et al., 2015). WGS can be used to identify bacterial genes 

related to mucin degradation and its activity can be analyzed in vitro by evaluating the 

ability of bacterial strains to grow in liquid or on agar plates containing mucin as the sole 

carbon source.

A certain level of mucus degradation by gut microbiota occurs as many bacteria use it as a 

carbon source. For example, Akkermansia muciniphila feeds on mucins, converting them in 

to short-chain fatty acids (SCFAs). These SCFAs are a critical energy source for cells lining 

the gastrointestinal tract. A change in the physiological balance caused by a shift in mucin 

degrading bacteria is thought by some to lead to disease and infection in humans (EFSA, 

2020a; EFSA, 2020b), however this trait is reported to be very tightly regulated within gut 

microbes and influenced by the availability of dietary polysaccharides (Flint et al., 2012). 

Mucin degradation capability is a part of a comprehensive safety analysis for probiotics, 

as the determination of risk associated with this trait requires a systems biology approach 

and a deeper understanding of the mechanisms of probiotic beneficial relationships with the 

host. Thus, an understanding of the number of mucin-degrading genes contained within a 

probiotic species genome is part of a holistic review of the safety of a probiotic strain, as 

mucin degradation potential in isolation should not be seen as a virulence characteristic.

D(−)-Lactate production.—D(−)-lactate production by probiotics is suggested to be 

a risk factor for the development of acidosis. D(−)-lactic acid is produced by some 

probiotic species, particularly Lactobacillaceae species. Common species that are known 

to produce D-lactic acid include L. acidophilus, L. gasseri, L. delbrueckii subsp. bulgaricus, 

L. fermentum, L. lactis, L. brevis, L. helveticus, L. plantarum and L. reuteri (Quigley et 

al., 2018). Probiotic strains should be tested for their ability to produce D(−)-lactic acid. 

Although acidosis can result from D(−)-lactic acid production in the gut, there have been 

no reported cases of healthy individuals with elevated D(−)-lactic acid levels, and no link 

of acidosis to the ingestion of D(−)-lactic acid producing bacteria as probiotics (Connolly et 

al., 2005). In most individuals, production of D-lactate is limited under normal conditions 

(Pohanka, 2020). Furthermore, it should be noted that the documented cases of D(−)-lactic 

acidosis have been limited to infants whose intestinal tract has been significantly surgically 

altered, most often linked with short bowel syndrome and the direct feeding of D-lactate, 

not from administration of D-lactic acid producing bacteria (Satoh et al., 1982; Munakata et 

al., 2009). Impairment of metabolism and excretion factors associated with liver disease and 
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chronic renal failure, respectively, are also believed to be risk factors for developing acidosis 

(Fabian et al., 2017).

4. Animal toxicity and human clinical studies

4.1. Animal toxicity studies

When a history of use cannot be established for a particular probiotic strain, then most 

authoritative guidance documents suggest the need to do additional safety studies, including 

in animals. However, there is little specific guidance on the design and conduct of animal 

toxicity studies. Unlike chemicals, a prescriptive non-clinical toxicology testing paradigm 

would not be relevant to probiotics due to their unique nature and may provide limited 

information regardless (Sanders et al., 2010; Ishibashi and Yamazaki, 2001). Thus, specific 

requirements for testing of probiotics should be carefully considered on a case-by-case basis.

If animal toxicology studies are deemed necessary to establish safety for a particular 

probiotic strain the following questions must be addressed:

• What animal model is best suited for extrapolating adverse findings to human 

clinical relevance?

• What duration of dosing in the animal model is necessary to support use of the 

probiotics in humans?

• What study endpoints are relevant to the safety assessment of a probiotic?

It seems reasonable that some degree of animal testing may be necessary for certain 

probiotic strains. For example, when a sufficient history of use cannot be established for 

a particular probiotic strain/species, or certainly in the case of “novel” or next-generation 

probiotic species, then some animal toxicity assessment may be necessary prior to human 

clinical studies. Even when candidate probiotic strains are human commensal microbes, they 

are “not-self” and cannot be considered harmless.

Recently, Rousseau et al. (2020) provided an overview of in vitro, ex vivo and in vivo 
non-clinical models that they believed were relevant for conducting microbiome research 

on various products, including probiotics. Although these models may hold promise for 

microbiome research purposes, the majority are not ready for use in assessing standard 

toxicology endpoints.

The pig (and minipig) model has received particular interest due to many anatomic, 

physiological, and metabolic similarities with humans (Ziegler et al., 2016). The microbiota 

within the pig small and large intestine are close to the gastrointestinal microbiota of humans 

(Crespo-Piazuelo et al., 2018). However, rodents are the most widely used animal models for 

the conduct of toxicity studies, including studies with probiotics. The intestines of mice have 

anatomical, histological, and physiological similarities with human intestines, and they share 

90% or more genetic homology with humans (Monaco et al., 2015). The rat gastrointestinal 

tract also shares anatomical and physiological similarities with humans and has an advantage 

of size over the mouse which facilitates evaluation of various study parameters (e.g., allows 
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greater volume of blood collection). Between the two rodent models, rats have a more 

similar microbiota to humans than mice (Nagpal et al., 2018).

There are notable differences between rodents and humans that may be particularly relevant 

to studies with probiotics. The mucus growth rate is higher in the human colon than in 

rodent colons, and the diet is clearly different between rodents (herbivores) and humans 

(omnivores). In the end, no animal model will fully represent humans; however, when 

toxicity studies are deemed necessary for a probiotic, it seems prudent to rely on standard 

rodent models (i.e., rats or mice). Overall, rodents provide the advantage of tremendous 

historical data on toxicity findings that are known to be rodent-specific with no human 

correlate (i.e., lack clinical relevance).

Once an appropriate rodent model has been chosen, the next logical question is related 

to the duration of dosing that is adequate to support further testing of safety in human 

clinical trials. Interestingly, a review of traditional oral repeated dose animal toxicity studies 

with probiotics, and published in the scientific literature, reveals no findings of any adverse 

effects regardless of duration (Pradhan et al., 2020). This includes acute (single dose), 

repeated dose (e.g., 14–28 days), sub-chronic (e.g., 28–90 days), and in at least one 

case, chronic (12+ months) studies conducted at very high doses of the probiotic under 

investigation (Isa et al., 2016 and references therein). For example, Endres et al. (2009) 

dosed a proprietary preparation of B. coagulans to rats for 90 days with no observed toxicity 

up to 1.36 × 1011 CFU/kg. The resulting safety factor based on anticipated human use level 

of this probiotic preparation was as much as 95,200 times. Isa et al. (2016) report on a 

12-month study conducted in rats with Clostridium butyricum MIYAIR588® (CBM588®) 

at 5000 mg/kg in diet with no observed toxicity. The same is true for a sub-chronic rodent 

study of a probiotic product, HOWARU® Restore, equivalent to 2.64 × 1012 CFU/kg, 1.72 × 

1012 CFU/kg for L. acidophilus NCFM, 3.35 × 1012 CFU/kg for L. paracasei Lpc-37, 4.05 × 

1012 CFU/kg for B. lactis BI-04 and 3.07 × 1012 CFU/kg for B. lactic BI-07 strains studied 

at 5000 mg/kg with no toxicity demonstrated (Morovic et al., 2017).

Based on the studies mentioned above, when the same probiotic strain was tested across 

study durations, from acute/repeated dose (e.g., from 1 to 28 days) to sub-chronic or chronic 

(3 months–1 year) there were no findings of toxicity with increased chronicity of exposure. 

The apparent low order of toxicity observed with probiotics when tested in traditional 

animal toxicity studies raises the question of whether shorter-term animal studies, such as 

14 or 28-days, might not provide enough assurance of safety to proceed to human safety 

and tolerability studies. Such an approach is used for the testing of industrial chemicals 

to meet the European Union REACH legislation (Registration, Evaluation, Authorisation 

and Restriction of Chemicals), where it has been proposed that when a chemical has a low 

toxicity profile in repeated dose studies there is little added value to conducting 90-day 

repeated dose studies (Taylor et al., 2014).

The question on duration of dosing in toxicity studies is also connected to the consideration 

of what toxicity endpoints are relevant to assess probiotic safety. Safety endpoints unique 

to in vivo administration of live microorganisms should include translocation and infectivity 

potential in healthy animals. Translocation involves the passage of live microbes from 
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the gastrointestinal tract to other sites within the body, and is assessed in lymph nodes, 

spleen, liver, bloodstream, or other tissues where the aforementioned organs are collected at 

necropsy, homogenized and plated for enumeration (Liong, 2008). Confirmation of bacterial 

colonies may be assessed via genetic methods. Translocation of microbes to other organs of 

the body is of concern as it could cause infection in the host (e.g., bacteremia or septicemia). 

Although the exact mechanism(s) for microbes to translocate is unknown, it is related to a 

defective intestinal barrier, immunosuppression, or gut prematurity. Translocation as a result 

of a compromised gut barrier has been studied in diseased rodent models (e.g., induced 

colitis); however, these models may be of little value in understanding translocation potential 

as opportunistic pathogenicity in healthy humans.

Similar to the conduct of other in vivo studies as part of the safety program, healthy animals 

are more relevant for studying translocation potential of probiotics (Lahtinen et al., 2009). 

A number of in vivo studies to assess the translocation potential of various probiotic strains 

have been conducted in health mice or rats; all of which have been 4 weeks in duration 

(Zhou et al., 2000; Kabeir et al., 2008; Tompkins et al., 2008). Thus, it seems reasonable 

to assume that translocation and infectivity could be observed within the timeframe of a 

repeated dose toxicity study.

Another important safety consideration with probiotic strains is whether they have the ability 

to produce primary or secondary metabolites within the gastrointestinal tract that could pose 

toxicity to the host. Information about the production of known toxic metabolites associated 

with a particular microbial strain may be gathered from WGS analysis and/or through a 

literature search of the species or related species (EFSA, 2018). To date, there is no way of 

knowing the full spectrum of potential metabolites produced by a microbial strain; however, 

the potential toxic effects of any microbial metabolic products upon the host would also be 

assessed in an in vivo animal study.

Other toxicity endpoints that have, on occasion, been explored using both in vitro and in 
vivo models are genotoxicity or developmental and reproductive toxic effects of probiotic 

strains. From a genotoxicity standpoint, concern may be more relevant related to ingredients 

used in the processing and manufacturing of the probiotic, and any impurities subsequently 

generated. This concern may be alleviated by a careful assessment of processing ingredients 

and impurities. Some assurance of a lack of reproductive effects could be obtained 

from repeated-dose toxicity studies which includes an assessment of reproductive organs. 

However, similar to findings from repeated dose oral toxicity studies at high dose levels, 

no probiotic strain tested in standard (OECD-compliant) genotoxicity or developmental and 

reproductive studies have been reported to have any toxic effects (Chiu et al., 2013; Isa et al., 

2016). Thus, the routine assessment of these endpoints seems unnecessary.

In summary, some level of animal toxicity assessment may be necessary in certain cases 

prior to human clinical studies with a particular probiotic strain, primarily those with 

little history of safe use in foods. However, based on what has become a substantial 

dataset of repeated dose toxicity studies including sub-chronic and chronic studies with 

high doses of probiotics resulting in no negative findings, it seems reasonable to consider 

alternative testing paradigms. Shorter-term studies, such as repeated dose studies could 
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provide sufficient assurance of safety to move to clinical studies in healthy humans. These 

first-in-human studies should be appropriately designed to collect safety endpoint data. A 

summary of the basic safety parameters that should be covered for any probiotic under 

consideration, along with suggestions for additional safety data that may be warranted on a 

case-by-case basis is provided in Box 1.

4.2. Human clinical studies

Given the underlying attribute within the definition of a probiotic strain of conferring a 

health benefit, clinical trials are routinely generated on probiotics to appropriately build 

substantiation, as this is required for products that bear any claim of health benefit. Within 

these clinical trials, the safety of probiotics is inconsistently reported in published clinical 

studies, which may be due in part to the lack of consensus on what safety endpoints should 

be assessed in clinical evaluations. One published review has noted that the majority of 

published clinical studies have not adequately assessed the safety of probiotics (Hempel 

et al., 2011) An exhaustive review of 622 probiotic clinical studies conducted in 2011 

by the Agency for Healthcare Research and Quality (AHRQ) has found no evidence of 

increased risk for probiotics, but the report concluded that the available literature was “not 

well equipped to answer questions on the safety of probiotics in intervention studies with 

confidence.” The majority of human clinical probiotic studies available in the literature were 

not designed as safety and tolerability studies and many fail to adequately report adverse 

events. Safety parameters are usually not reported in efficacy studies and conclusions on 

safety are not well defined.

Here we discuss the role and design of human studies to assess probiotic safety (Shane et 

al., 2010). Human studies should be conducted in a manner to minimize bias and increase 

confidence in outcomes as well as ensure the rights, safety and well-being of study subjects. 

Therefore, including randomization, blinding, a placebo or other appropriate control and 

other good clinical practices are important considerations (US FDA, 2016a).

If sufficient history of safe use is known for oral consumption of a specific probiotic species, 

and the strain of interest has been properly identified to the strain level, its genome properly 

sequenced, annotated and shown to not contain genes of concern, and intended use of the 

probiotic falls within an exposure considered to be safe, phase 1 safety studies are likely not 

needed for use by generally healthy humans. The EFSA Qualified Presumption of Safety 

approach follows this same basic premise (EFSA, 2020a; EFSA, 2020b). A phase 1 clinical 

study should not be considered essential to establish safety for those strains with a history 

of safe use. But in the event that a clinical study for safety is conducted, it should be 

properly designed to assess safety where the dose and duration are specified; and adverse 

events (AEs) are appropriately monitored. Rather than a phase 1 safety study, harms may 

reasonably be monitored in the conduct of a well-designed efficacy trial.

All human studies should be designed, conducted and reported in a manner consistent with 

well-developed principles such as Good Clinical Practices (GCPs), which are applicable 

broadly, not just to probiotics. Many useful guidelines have been published, including a 

checklist of items that should be considered during the planning of a human trial (SPIRIT) 

(Chan et al., 2013), Good Clinical Practices (United States Food and Drug Administration, 
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2022a), accurate and standardized approaches to reporting harms (CONSORT) (Ioannidis 

et al., 2004), and a list of components for a properly reported clinical trial (CONSORT). 

Recently, a checklist designed specifically for human studies focused on microbiome 

endpoints was proposed and may be a more relevant checklist for probiotic studies. Too 

often, human probiotic trials are inadequately conducted or reported, and they include 

deficiencies in trial registration, outcomes (primary and secondary) statements, compliance 

measure, treatment allocation and randomization methods, blinding, defining and reporting 

adverse events, sample size calculations, data analysis plans, and disclosure of roles of 

sponsors and investigators in study design or data access. These errors make it difficult to 

draw conclusions regarding safety from published studies.

Measurement of participant compliance is an important factor, which in the case of orally 

administered probiotics may be assessed through fecal recovery of the probiotic strain. 

This will also provide insight into persistence of the probiotic being administered, a useful 

component of a probiotic safety assessment.

Adverse event (AE) reporting is a critical component of human clinical trials. The first 

step to proper reporting of AEs is clarity of how, in the context of the study, they will 

be defined and collected. For studies in healthy populations, in addition to vital signs, 

investigators should track symptoms such as loose stools, diarrhea (≥3 loose stools per day 

for 2 consecutive days), constipation, fever, flatulence, lack of appetite, pain, rash, vomiting, 

cough, earache, nasal congestion, runny nose, and sore throat. These should be graded as 

mild, moderate, severe and life threatening. An all-too-frequent mistake made in reporting of 

AEs is failure to fully report all AEs. Recording an AE and making a determination on its 

causal relationship to the intervention are two separate actions. Any AE must be recorded; 

causally attributing the event to the intervention is an important, but subsequent step.

A comprehensive guide for reporting harms was developed under the aegis of CONSORT 

(Ioannidis et al., 2004). This review nicely summarized common poor practices in reporting 

harms. Further, they advise that in general, it is preferable to report harms and benefits in the 

same manuscript; this enables comparison of risks to harms. Although the balance of risks 

and harms is often not invoked from a regulatory perspective for foods or supplements, there 

is value for clinicians and scientists active in this area of research to understand how they 

compare.

Errors and incompleteness in reporting AEs are unfortunately quite common. In today’s 

publishing environment, biases against using journal space for AE reports cannot be 

defended. Authors are strongly encouraged to submit detailed AE reports with all human 

trials and journals should make this information available as supplementary information, 

if not in the primary paper. Further, AEs should not be reported in the aggregate, but as 

comparisons between control and placebo group. To the extent that AEs occur infrequently, 

formal statistical analysis may not be possible or appropriate. Serious AEs, in general 

defined as adverse events that may threaten life or function of the study subject or 

may require medical or surgical intervention, must be tracked and reported to regulatory 

authorities.

Roe et al. Page 16

Regul Toxicol Pharmacol. Author manuscript; available in PMC 2023 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



5. Safety considerations for processing and manufacture

To ensure that dietary supplements such as probiotics are safe for human consumption, 

it is mandatory for them to be produced in facilities that comply with appropriate Good 

Manufacturing Practices (GMP), and this is recognized globally (FDA, 2010; FDA, 2022b; 

Health Canada, 2015; Regulation EC, 2004). Even though a probiotic may pass release 

testing, other risks may be present in addition to release criteria. Complying with appropriate 

GMP regulations provides assurance that operations and systems are traceable, that facilities 

and equipment are of proper design, materials are appropriate for the manufactured product, 

and that monitoring, and controls of manufacturing processes in place are commensurate 

to risk. Ultimately, systems should be in place to assure safety, quality, identity, purity and 

potency of the products produced and released by the manufacturer (FDA, 2010; FDA, 

2022b).

A risk management system should be in place to monitor chemical, allergenic, physical, 

biological/microbiological contaminants during the process. By integrating a hazard analysis 

to GMPs, the facility is better equipped to identify operational pre-requisites as well as 

critical control points, defined as the stages of the process where the hazards must be 

controlled to ensure safety and quality of the products. As such, critical control points are 

identified, limits established and monitored accordingly, and corrective/preventive actions 

are developed when needed. An effective system will integrate these complementary 

requirements through good recordkeeping (Accessed June 2021Standard Global Services,).

Purity considerations are also an important aspect of probiotic process and manufacturing. 

Chemical contaminants such as pesticides, residual solvents, heavy metals, polycyclic 

aromatic hydrocarbons, allergens, and microbial contaminants could find their way in the 

supply chain via the raw materials used in the dietary supplements production. An efficient 

surveillance plan according to the source and risk of the raw materials, in-process and end 

products must be in place to monitor, control and address the presence of such contaminants 

to provide safe products to the consumers.

Qualifying raw materials and establishing their specifications are required by GMPs (FDA, 

2010; FDA 2022b; Health Canada, 2015). Any new raw material requires an adequate 

evaluation. Analysis, such as identification, physical properties, assays and contaminants 

should be part of the evaluation. These elements, therefore, are integrated to a vendor 

qualification program to ensure consistency and safety of raw materials.

Many ingredients are involved in the production process of probiotic products. These 

include media culture ingredients, composed of nitrogen sources, proteins, sugars, vitamins 

and minerals, to obtain optimal probiotic growth, the cryoprotectant agents to protect the 

strains during the freeze-drying process, and additives to standardize the blends to the 

required concentration. All raw materials must go through the evaluation process and quality 

control analysis prior to use to ensure that the final product is safe for human consumption 

and meets safety, quality, identity, purity and potency (SQIPP) as mentioned in the previous 

section. Furthermore, additional steps and in-process checks are conducted throughout the 

process to ensure product safety, for example, sterilization or pasteurization of the media 
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culture prior to inoculation to reduce any possible bioburden and testing for microbial 

contaminants and hygiene criteria. As most probiotic manufacturers have optimized the 

growth media components to ensure complete utilization during fermentation, it is rare that 

media components would be carried over following centrifugation of the probiotic cell mass. 

Removal of the spent fermentation media via centrifugation allows a physical removal of the 

fermentation media, however, if the manufacturing process does not involve centrifugation 

to remove the media, these components must be accounted for in the safety considerations 

and labeling of the probiotic product.

As per GMPs, the required overage to assure the guaranteed concentration at the end of 

the shelf life of the product is determined by the stability of the product, its recommended 

storage temperature and final packaging (FDA, 2010; FDA, 2022; Health Canada, 2015). 

Real-time stability studies must be conducted on the finished product in its final packaging 

and storage requirements to confirm if the overages are sufficient for the intended storage 

period (EMA, 1996; EMA, 2003; USP, Accessed June 2021). When assessing the safety 

of probiotics, it is important to take into consideration not just the labeled daily serving 

of probiotic, but one should account for the overage as well. Although probiotics at high 

concentrations have not revealed safety concerns actual exposure to the probiotic should be 

recorded (Alisi et al., 2014; Guandalini et al., 2010; Mack, 2011; EMA, 1996).

To ensure consumer safety, the presence of major food allergens, must be declared on 

the product label (Health Canada, 2020; FDA, 2006). If the supplier fails to declare the 

presence of a priority food allergen, the supplier may be subjected to a product recall and 

sanctions (Health Canada,2020; United States Food and Drug Administration, 2006). The 

most frequent allergens found in probiotics, due to their popularity as ingredients used in 

the production process, are milk, soy and gluten. In order to safely claim an allergen free 

product, the supplier must have an efficient allergen management program in place and 

demonstrate that the product does not contain any of the priority allergens as determined by 

the local regulations. Only then, a product can be labeled allergen-free; the same principle 

applies for dairy, soy and gluten-free products.

6. Discussion and conclusions

By 2026, the global probiotics market is projected to reach 91.1 billion USD 

(MarketsandMarkets, 2021). Probiotics are the focus of a great deal of scientific research 

in both healthy individuals, where a number of beneficial effects have been demonstrated, as 

well as in subjects with underlying health conditions. However, it is unreasonable to argue 

that probiotics have substantial biological activity impacting human physiology to result in 

health benefits without acknowledging that those same mechanisms have the potential to 

impact human physiology in a negative manner. Therefore, safety of probiotics should not be 

concluded without convincing evidence.

Establishing probiotic safety is a challenge due in part to a lack of harmonized requirements 

among regulatory bodies, making it unclear what requirements need to be fulfilled and a 

lack of scientific consensus about the need for certain studies, such as animal testing in 

the safety assessment process. The existing patchwork of safety requirements from different 
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regions globally requires manufacturers to develop a clear understanding of where their 

product will be sold so they can address the safety requirements specific to that country. 

Compilation of country-specific lists of genera, species and/or strains approved by the 

appropriate country’s regulatory authority and any qualifications necessary to establish 

safety may be useful to companies. Proactively including all globally known regulatory 

requirements in a manufacturer’s safety testing regime is an assured way to establish safety 

globally. For strategic regulatory planning, it is important to identify target countries and 

highlight a few of the requirements in countries with known or anticipated regulatory 

landscape for future strategic planning in establishing safety.

Countries with modern regulatory structures often include requirements in line with 

advanced technology, relying more on whole genome sequencing mining and relying less 

on animal testing (Health Canada, 2019; EFSA, 2018; Agencia Nacional de Vigilancia 

Sanitaria, 2018). Yet, many countries do not provide any regulatory landscape specific to 

probiotics, and lump this ingredient type in with all others to be used in foods and food 

supplements. This approach is lacking, however, as the expectation is often that probiotic 

safety be established using the same means as other ingredients, which are not always 

appropriate or sufficient for probiotics (Sanders et al., 2010).

From a toxicology perspective, live microorganisms represent unique challenges that are 

quite different from chemicals. A safety consideration of a probiotic strain must begin 

with taxonomic and strain identification, the latter which is dependent on WGS. This 

genomic information is crucial for genotypic characterization, which when combined with 

phenotypic activity can be very powerful to understand relevancy of various pathogenicity 

genes associated with adhesion, colonization and invasion.

Once confirmation of the probiotic is complete, an initial tier assessment considers whether 

there is a significant history of safe use of the strain in question. If a history of safe use 

of the strain can be established at the same or lower anticipated exposure level, then no 

additional safety testing of the bacterial strain itself is likely needed. If there are limitations 

on the history of safe use of the strain and/or the species exists on the EFSA QPS list 

for example, then some limited testing may be necessary. This should include a search 

of phylogenomic databases using the WGS to determine presence of various antibiotic 

resistance, virulence and toxin genes and phenotypic testing for antibiotic resistance should 

be conducted according to standard antibiotic screens.

When a history of safe use does not exist and the microbial species is not on any established 

list (e.g., QPS), then more extensive testing may be required including animal and/or 

human clinical studies. A summary of the safety testing paradigm described previously, 

and principles presented in this manuscript is presented in Fig. 2.

Similar testing paradigms to what is summarized in Fig. 2 have been proposed and published 

by others (Pariza et al., 2015; Brodmann et al., 2017; EFSA, 2017; Saarela, 2019; Pradhan et 

al., 2020; Rouanet et al., 2020). However, what has been less defined and where additional 

guidance is needed is to what extent traditional animal toxicity studies are relevant for 

assessing the safety of probiotics. Repeated dose toxicity studies with probiotic strains have 
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typically been conducted in rodent species. As mentioned previously, a review of traditional 

oral repeated dose animal toxicity studies with probiotics available in the scientific literature, 

reveals no findings of any adverse effects regardless of dose and duration (Pradhan et al., 

2020). The extensive list of studies provided in Pradhan et al. includes examples of acute, 

repeated dose, sub-chronic, and in at least one case, a chronic study of 12 months in 

duration. All of these toxicity studies were conducted at very high doses of the probiotic 

under investigation. When the same probiotic strain was tested across study durations there 

were no findings of toxicity with increased chronicity of exposure. The apparent low order 

of toxicity observed with probiotics tested to date in traditional animal toxicity studies leads 

us to suggest that shorter-term animal studies provide enough assurance of safety to proceed 

to human safety and tolerability studies.

The question of duration of dosing in toxicity studies is also connected to the consideration 

of what toxicity endpoints are relevant to assess for probiotic safety. An important 

safety endpoint that is unique to in vivo administration of live microorganisms is that of 

translocation. Translocation involves the passage of live microbes from the gastrointestinal 

tract to other sites within the body, and is typically assessed in lymph nodes, spleen, 

liver, bloodstream, or other tissues (Liong, 2008). A number of in vivo studies to assess 

translocation potential of various probiotic strains have been conducted in either mice or 

rats; all of which have been 4 weeks in duration (Zhou et al., 2000; Kabeir et al., 2008; 

Tompkins et al., 2008). When healthy animals are used, there have not been findings of 

translocation or infectivity in strains tested to date. Thus, it seems reasonable to assume 

that translocation and infectivity could be observed within the timeframe of a repeated dose 

toxicity study.

Furthermore, the long history of safe consumption of live microbes throughout human 

history argues against the lurking dangers from genetic transfer of dangerous genes from 

probiotics into commensal microbiota, perilous immune system activation, or threats of 

sepsis. Negative effects from currently consumed ‘traditional’ probiotics of course have been 

reported, but these are rare, especially in the context of wide exposure. No intervention is 

100% safe, and taken in context, these reports are not alarming.

In addition to the potential toxicity considerations for the microorganism itself, a number of 

other factors related to final product must be taken under consideration. These include the 

ingredients used in the production and processing of probiotics and any carryover impurities 

(e. g., allergens associated with soy and milk) as well as delivery forms for finished 

products, cryoprotectants, and other inactive ingredients. Although dietary supplements 

are meant for healthy populations, many manufacturers use cautionary labeling to address 

potential exposure in certain sensitive populations. Lastly, soft chew product forms are 

extremely popular and because of their potential attractiveness to children should be 

considered for child-resistant packaging to prevent accidental exposure.

In this paper we highlight the basic safety information needed for any probiotic strain 

prior to release into the marketplace. We also include additional safety information that 

may be needed on a case-by-case basis depending on the probiotic under consideration 

(Box 1 and Fig. 2). The combination of advanced technologies such as WGS which 
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includes genomic-scale analytical resources and tools that target horizontally acquired 

loci, mobilization structures, and associated content within respective genomes with highly 

curated databases (Table 2) may provide more relevant safety information resulting in less 

reliance on traditional animal testing. This approach appears to be gaining support from 

some regulatory authoritative bodies (Health Canada, EFSA, ANVISA); however, global 

harmonization of these modern technologies and approaches is still needed.
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Box 1

Essential Parameters of a Comprehensive Safety 

Assessment for a Probiotic.
Basic Safety Information - all probiotics

• Genomic Analysis - whole genome 
sequencing

– Strain identification

– Identification of any virulence 
factors, hemolytic activity, 
toxin production

– Genotypic assessment of 
antimicrobial resistance genes

• Antibiotic resistance testing - 
Minimum Inhibitory Concentration (MIC) 
determination and assessment of potential 
transferable antimicrobial resistance genes

• History of safe use (Genus, species, and 
strain levels)

Additional Safety Information - case-by-case 
basis

• D(−)-lactate production

• Mucin degradation

• Animal toxicity studies

– Repeated dose 
studies (length of 
study may vary)

• Human clinical studies tracking 
safety endpoints

• Biogenic amine production
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Fig. 1. 
Phenotypic and Genotypic analysis of antimicrobial resistance genes for consideration of 

strain safety.

Roe et al. Page 31

Regul Toxicol Pharmacol. Author manuscript; available in PMC 2023 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
A proposed testing tier to guide data needs and studies for assessing probiotic safety.
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