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The rise in prevalence of mental and neurological disorders is causing a high
burden on society, however adequate interventions are not always available.
The brain—gut—-microbiota axis (BGMA) may provide a new angle for the
development of clinical modalities. Due to the intricate bi-directional signaling
between the brain and the gut, it may be helpful to look into interventions that
target the gut, such as probiotics. Therefore, this review aimed to investigate
the state of the art of probiotics and their potential as clinical modalities for
BGMA-associated indications by gaining insight into patents and clinical
trials that have been applied for and executed since 1999. A total of 565
patents and 390 clinical trials were found, focusing on probiotic applications
for 83 indications. Since the start of the 21st century, the highest numbers
of patents and clinical trials were related to primary neuropsychological,
affective (depression, anxiety) and cognitive disorders, neurodegenerative
and/or inflammatory brain disorders (Alzheimer's disease, Parkinson'’s disease,
amongst others), and gastrointestinal disorders (irritable bowel syndrome). The
locations where the most patents and clinical trials were registered included
China, the United States, and Iran. From 1999 to ~2013 a slight growth could
be seen in the numbers of patents and clinical trials, followed by an almost
exponential growth from ~2013 onwards. Overall, the developments of the
state of the art were in accordance with previous research, however it appeared
that clinical trials showed a slightly slower growth compared to patents, which
may have implications for the future implementation of probiotics as clinical
modalities for BGMA-associated indications.

KEYWORDS

probiotics, gut—brain, brain—gut—microbiota axis, mental disorders, neurological
disorders, gastrointestinal disorders, state of the art

01 frontiersin.org


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2022.1053958﻿&domain=pdf&date_stamp=2022-11-25
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1053958/full
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1053958/full
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1053958/full
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1053958/full
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2022.1053958
mailto:c.wiegers@vu.nl
https://doi.org/10.3389/fmicb.2022.1053958
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Wiegers et al.

Introduction

In our ageing population, neurodegenerative diseases such as
Alzheimer’s and Parkinson’s disease are becoming more prevalent
(Hou et al,, 2019) Inflammatory disorders of the gut are associated
with neuroinflammatory changes in the brain (Sanmarco et al.,
2021), earlier onset of dementia (Zhang et al., 2021) and infer an
increased risk of Parkinson’s disease (Villumsen et al., 2019). In
addition, the World Health Organization (WHO) has stated that
mental indications are the leading cause of disability and illness
among adolescents between 10 and 19years old (World Health
Organization, 2021a). The COVID-19 pandemic of the past few
years is another cause of concern, as its detrimental effects are not
limited to physical health, but also impact mental health. Due to
the high burden of mental and neurological disorders, adequate
therapies are needed. However, currently used treatment plans are
often not effective or not available at all (Thorpe et al., 2021). An
additional problem is the rising cost of (mental) health care (World
Health Organization, 2021b). Because of this, a global shift is
happening from treatment focused care to a more preventive
approach (Globe Newswire, 2020). Moreover, according to Larsen
and van de Burgwal (2021), it is important to focus on health not
only from the individual perspective but also from a microbiological
and environmental perspective. This means that regarding mental
and neurological disorders, it is valuable to include the microbiota
when researching possible clinical modalities.

A large body of evidence shows that the brain is inextricably
linked with the gut and the gut microbiota present therein. This is
referred to as the brain-gut-microbiota axis (BGMA) and
comprises various ways of communication between the gut
microbiota, the gut, and the brain, through neurological,
endocrine, and immune pathways (Liu and Zhu, 2018). The
BGMA is described as dynamic and bidirectional and signaling
occurs directly and indirectly between the central and enteric
nervous systems (Arneth, 2018; Morais et al., 2021). An example
of BGMA signaling includes the production of neurotransmitters
and metabolites such as serotonin, noradrenalin, and short-chain
fatty acids by the gut microbiota which can interact with the
immune system via blood circulation or direct signaling to the
brain via the enteric nervous system and the vagus nerve (Morais
etal, 2021). Additionally, the brain can influence the gut via the
hypothalamic-pituitary—adrenal (HPA) axis, which is activated by
stress and triggers the production of cortisol, in turn influencing
the permeability of the gut (Morais et al., 2021).

Based on this knowledge, it has been found that several mental
and neurological disorders are linked to the BGMA. For example,
autism spectrum disorder (ASD; Cryan and Dinan, 2012; Silva
et al., 2020), Parkinson’s disease (Sampson et al., 2016; Silva et al.,
2020), and anxiety states and (severity of) depressions (Bercik et al.,
2010; Chang et al., 2022; Géralczyk-Binkowska et al., 2022). Besides,
patients suffering from a functional bowel disorder are more likely
to simultaneously suffer from depression and/or anxieties (Martin
et al, 2018). Irritable bowel syndrome (IBS) has also been
characterized as a BGMA-associated disorder (Chong et al., 2019).
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Because of the clear link between the gut microbiota and the
brain, probiotics provide a plausible interventional modality for
psychiatric and neurological disorders (Hutchinson et al., 2020;
Palepu and Dandekar, 2022). Probiotics are defined as “live
microorganisms that, when administered in adequate amounts,
confer a health benefit on the host” (Hill et al., 2014, p. 507). Due to
promising results, probiotics in the context of mental and
neurological indications such as Alzheimer’s disease, ASD, anxiety,
and depression have gained more attention (Ansari et al., 2020).
Additionally, administration of various types of probiotics has
demonstrated to significantly decrease the severity of IBS symptoms
(Chong et al., 2019; Skrzydlo-Radomanska et al., 2021; van der Geest
etal,, 2022a,b). Recently, a 4-week administration with a multi-strain
probiotic showed changes in brain activity and connectivity (Edebol
Carlman et al,, 2022; Rode et al., 2022). The rise in popularity of
probiotics as clinical modalities for BGMA-related indications is
further emphasized by the large number of products that have
become available on the market. Moreover, the highly specific term
psychobiotics refers to probiotics (and prebiotics) that when
administered to the host, have beneficial effects on mental health by
interaction with the gut microbiome (Sarkar et al., 2016).

However, the state of the art regarding probiotic applications
for BGMA-associated disorders remains unknown. Therefore, the
aim of this review is to close this gap by investigating patents and
clinical trials since the start of the 21st century. Patents can
be used to indicate market trends and because they are valid for
20years, they give insight into long-term research developments
(Feddema and Claassen, 2018; Janse et al., 2020). Clinical trials are
part of a later stage in the research process and provide insight into
short-term trends and developments (Ramezanpour et al., 2015;
Janse et al., 2020). Together, patents and clinical trials provide a
comprehensive scope of the research landscape, which can be used
to estimate and describe the state of the art.

Materials and methods

This systematic review was designed to provide insight into
the state of the art of probiotics and their potential to treat, prevent
or alleviate symptoms of BGMA-related disorders. Firstly, a list of
relevant mental, neurological, and gastrointestinal indications was
formulated. Secondly, several patent and clinical trial databases
were queried according to methods used in previous research
(Ramezanpour et al., 2015; Janse et al., 2020; Neevel et al., 2020;
Wiegers et al., 2022). For a schematic overview of the workflow,
see Supplementary Figure 1.

Selection of BGMA-associated
indications

To demarcate the indications included in this study, a first

orientation in scientific literature was carried out. Based on
the 5th edition of the Diagnostic and Statistical Manual of
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Mental Disorders (DSM-5) of the American Psychiatric
Association (2013), MedlinePlus of the US National Library of
Medicine (2016, 2021), Duke University Health System (2022),
and several reviews (Umbrello and Esposito, 2016; Kim and
Shin, 2018; Suganya and Koo, 2020; Morais et al., 2021), a draft
list of mental and neurological indications was formulated.
The final product (Supplementary Table 1) consisted of a table
with all indications (n=137) that were investigated in
this review.

Data collection and selection

For each indication, search queries were formulated to be used
in 4 different databases: the European Patent Office (EPO)
Espacenet, the US NLM ClinicalTrials.gov (CT.gov), the European
Medicines Agency (EMA) EU Clinical Trials Registry (CTR.eu),
and the WHO International Clinical Trials Registry Platform
(ICTRP). The Espacenet database was selected as it provides
original documents of over 130 million patents, dating back as far
as 1782 (European Patent Office, 2022). The CT.gov database was
selected because it contains over 400,000 clinical trial records
from 220 countries (ClinicalTrials.gov, 2021). The CTR.eu
database contains all clinical trial records that have been entered
in the EU clinical trials database (EudraCT). Clinical trials from
this database are also included in the ICTRP, which contains data
from 17 different data providers covering over 200 countries
(World Health Organization, 2021c). Combining data from all
three clinical trial databases ensured a global scope where no
relevant clinical trials could have been left out.

Searches were specified to retrieve results regarding the
selected indication as a target of a probiotic intervention, which
was achieved through the inclusion of key words relating to
probiotics. An example of a final search query used in the 3 clinical
trial databases is as follows: (“ALS” OR “amyotrophic lateral
sclerosis”) AND (“Probiotic” OR “Probiotics” OR “Lactobacillus”
OR “Streptococcus” OR “Bifidobacterium” OR “Enterococcus” OR
“Escherichia” OR “E. coli” OR “Saccharomyces” OR “Lactic acid
bacterium”). Two keywords were dedicated to Escherichia coli, as
this is the species of Escherichia bacteria that is most commonly
used as a probiotic (Fijan, 2014). Wildcard operators (*) were not
used, as they negatively affected the accuracy of search results. For
the patent database, several International Patent Classification
(IPC) and Cooperative Patent Classification (CPC) codes relating
to probiotics were used instead of key words (Espacenet, 2019a).
The IPC and CPC systems have been developed to describe the
subject of a patent in great detail to allow for more targeted
searches without the need for different key words (Espacenet,
2019b). Search strings were optimized under guidance of experts
from the Netherlands Enterprise Agency (RVO; Table 1).

Once searches were completed for each indication in all four
included databases, patents and clinical trials were screened in
twofold to assess their relevance and suitability for this study. Several
concrete inclusion criteria were formulated to support this process:
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Studies published from 1999-01-01 to 2022-03-01.
« Studies containing a description of live probiotics only (no
killed microorganisms or derivatives thereof).

Studies relating to the treatment, prevention, or alleviation
of symptoms of mental, neurological, or gastrointestinal
disorders.

Studies in gastrointestinal disorders: being related to a
mental or neurological disorder.

Regarding patents: not solely describing a production
method or technology.

Regarding clinical trials: following an interventional
study design.

Preliminary searches showed little to no results regarding
probiotics and the brain dating back earlier than the 21st century.
This justified the time frame of 1999-2022, which was chosen to
cover the first decades of the 21st century as well as to compensate
for the 18-month application period during which patents are filed,
but not yet published. The criterium for clinical trials to follow an
interventional study design was set to only include randomized
controlled trials, which are considered the standard experimental
design for studying effectiveness of an intervention (Hariton and
Locascio, 2018). Additionally, a filter was used in Espacenet to
exclude veterinary patents, for example relating to animal fodder.

Data analysis

Patents and clinical trials that met all inclusion criteria were
screened for duplicates and analyzed in Microsoft Excel. Since the
goal was to create an overview of the state of the art, the focal
points of analysis were the indication types, publishing dates,

TABLE 1 Overview of included patent classification codes.

CPC/IPC code Description

espacenet

A61K2035/115
A61K35/741

“Probiotics”

“Probiotics (probiotic yeast,

e.g., Saccharomyces)”
A61K35/742 “Spore-forming bacteria, e.g.,
Bacillus coagulans, Bacillus
subtilis, Clostridium or
Lactobacillus sporogenes”
A61K35/744 “Lactic acid bacteria, e.g.,
Enterococci, Pediococci,
Lactococci, Streptococci or
Leuconostocs”
A61K35/745 “Bifidobacteria”
A61K35/747 “Lactobacilli, e.g., L.
acidophilus or L. brevis”
A23L33/135 “Bacteria or derivatives

thereof, e.g., Probiotics”
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locations, and applicant/sponsor types. Data on the indications
were readily stated in the respective patent documents and clinical
trial entries, and for both types of data the earliest priority or
registry dates were analyzed in a similar fashion. Columns
containing these dates were split in Excel to retrieve the year, and
filters were applied to count the number of documents that were
registered per year. Regarding locations, different methods were
used for patent and clinical trial data. For patents, each document
code listed either as the primary code or under “also published as”
was investigated, as these codes provide information on the
country or organization that the document was filed in. For
clinical trials, the country in which each trial was executed was
selected as the location. Applicant and sponsor types (academic,
industrial, governmental, individual or a collaboration between
two types) were manually analyzed and color coded based on the
provided applicant names, apart from some clinical trials where
the sponsor type was explicitly stated in the trial entry.

Results
Data inclusion

After applying the inclusion criteria to all retrieved patent and
clinical trial records, a total of 565 patents (Figure 1A) and 390
clinical trials (Figure 1B) were included for further analysis. Main
reasons for exclusion of both patents and clinical trials included
the descriptions of diseases/disorders that were decided to not
be included in this study, e.g., infectious diseases and cancer, as
well as interventions that did not include any form of

probiotic administration.

Brain—gut—microbiota axis-associated
indications

Out of the 137 indications that were included in the database
searches, 83 retrieved one or more patents or clinical trials. Regarding
the number of patents and clinical trials that were found for each
type of BGMA related indication, Figure 2A shows that the highest
percentage of patents were related to primary neuropsychological,
affective and cognitive disorders (38.7%) and neurodegenerative
and/or inflammatory brain disorders (31.5%). Clinical trials were
mainly related to gastrointestinal disorders (38.8%) followed by
primary neuropsychological, affective and cognitive disorders
(37.6%). For both patents and clinical trials, the lowest percentages
were related to sleep disorders (3.4 and 3.7%) and primary genetic
brain disorders (1.7 and 0.9%). Considering each indication
separately as shown in Figure 2B, the overall highest numbers of
both patents (n=171) and clinical trials (1 =124) were related to IBS
(irritable bowel syndrome). This was followed by depression (all
types; n=147 and n=>54 respectively), anxiety (n=107 and n=23
respectively) and Parkinson’s disease (1=105 and n=18 respectively).
Some indications showed a relatively high discrepancy between the
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number of patents and clinical trials, including Alzheimer’s disease
(n=124 and n=9 respectively), Huntington’s disease (n=59 and n=1
respectively) and ALS (amyotrophic lateral sclerosis; n=47 and n=1
respectively) whereas other indications showed more similar
numbers of patents and clinical trials, such as stress (n=47 and n=31
respectively), abdominal pain (n=22 and n=26 respectively) and
mood (n=21 and n=15 respectively).

Chronological and geographical trends

As shown in Figure 3A, the numbers of patents and clinical trials
per year showed a slight upward trend between 1999 and 2013, with
a steep increase from 2013 onwards. The trend of clinical trials
seemed to lag approximately 2 years behind that of patents, with the
first clinical trials starting in 2001 compared to the first patents being
applied for in 1999. Figure 3B shows the cumulative number of
patents per year for the mental, neurological and gastrointestinal
indication groups. The differences in growth gradually increased over
time, with neuropsychological, affective and cognitive disorders and
neurodegenerative and/or inflammatory brain disorders showing the
highest increase, followed by gastrointestinal disorders and
neurodevelopmental disorders. Lastly, the number of patents related
to primary genetic brain disorders and sleep related disorders
remained the lowest. Figure 3C shows similar trends for the
cumulative numbers of clinical trials per year for primary genetic
brain disorders, sleep related disorders, neurodevelopmental
disorders, and primary neuropsychological, affective and cognitive
disorders. However, compared with the cumulative number of
patents, clinical trials related to gastrointestinal and neurodegenerative
disorders showed a higher growth while the number of clinical trials
related to inflammatory brain disorders remained relatively low.

In Figure 4, maps are displayed to represent the number of patents
that are applied for (Figure 4A) and the number of clinical trials that
are executed (Figure 4B) in each country. Disregarding patents that
were applied for at regional patent organizations such as the World
Intellectual Property Organization (WIPO; n=300), Euopean Patent
Office (EPO; n=246), Eurasian Patent Organization (EAPO; n=31)
and African Regional Intellectual Property Organization (ARIPO;
n=1), the main countries for both patents and clinical trials included
the US (n=318 and n=42) and China (n=301 and n=40), with the
addition of Iran being the country where the highest number of
clinical trials were executed (1=58). Overall, Asia, North America and
Australia appear to be the main patent and clinical trial locations.

Applicant and sponsor characteristics

Finally, Figure 5 shows the proportion (%) of different
applicant or sponsor types that contributed to the patents and
clinical trials included in this study. The main patent applicant
types consisted of industry (59.3%) and academia (17.2%),
followed by collaborations between the two (7.6%) and individuals
(7.4%). For clinical trials, the main sponsors were academia
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FIGURE 1
Flowchart showing the inclusion of patents and clinical trials. (A) Inclusion process of patent documents. (B) Inclusion process of clinical trial
records.
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FIGURE 2
Primary neuropsychological, affective and cognitive disorders are the main focus of patents and clinical trials. (A) Percentage of patents and
clinical trials per indication category. (B) Number of patents and clinical trials per indication.

(64.1%) and industry (19.7%), followed by governmental trials were investigated, showing an overall increase in number
sponsors (7.2%). over the past ~20years with a focus on neuropsychological,
affective and cognitive disorders, neurodegenerative and/or
inflammatory disorders, and gastrointestinal disorders. The main

Discussion locations for patent applications were the US and China, and
clinical trials were mainly executed in Iran.

The current study provides an overview of the state of the art Considering the overall development of the field over time,

of probiotics as possible clinical intervention modalities for the numbers of patents and clinical trials begin to increase

BGMA related indications. In total, 565 patents and 390 clinical significantly around 2013. A simple search in PubMed using the
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» « »

keywords “probiotics,” “gut” and “brain” reveals that this trend also
applies to the number of scientific publications. Moreover, the
increase coincides with the publication of a popular review on this
topic (Cryan and Dinan, 2012), which may have contributed to
the high overall increase in research on BGMA-associated
disorders. More specifically, a distinction can be seen between the
different groups of indications included in this study, with
neuropsychological, affective and cognitive disorders,
neurodegenerative and/or inflammatory disorders, gastrointestinal
disorders and neurodevelopmental disorders showing more
growth compared to primary genetic brain disorders and sleep
related disorders. This is not surprising, as genetic brain disorders
are relatively rare and burdensome, requiring highly complex
research and treatments (Uhl and Grow, 2004).

Additionally, it was observed that the trend of the number
of clinical trials per year lagged approximately 2 years behind

that of patents. A similar trend was found in a previous study
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comparing patents and clinical trials (Wiegers et al., 2022). This
result could be expected, as clinical trials are a later step in the
research process than patents (van de Burgwal et al., 2018). To
clarify, patents are intended to protect new ideas and products
whereas clinical trials can be considered tools for further
development and testing of a product. This also relates to the
fact that the distribution of patents and clinical trials differed
between indications. For example, even though the total sum
of patents included in this study was higher than that of clinical
trials, it was found that compared to patents, a higher number
of clinical trials was related to indications such as cognition,
constipation, and abdominal pain. A possible explanation
could be that, for these indications in particular, it is easier to
measure certain variables through biomarkers in order to
demonstrate an effect of probiotics. According to van den
Nieuwboer et al. (2016), one of the main barriers in probiotics
research is the lack of biomarkers to properly assess and
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FIGURE 4
Main locations of patents and clinical trials are the United States, China, and Iran. (A) Number of patents per country or organization. (B) Number
of clinical trials per country.

demonstrate the efficacy of probiotics as clinical intervention contributing factor is the differentiation between probiotic
modalities. research and industry. According to Damari et al. (2021), a

Regarding the locations of probiotic research, both patents negative growth of the probiotic market was observed in Iran
and clinical trials were predominantly applied for or carried out between 2009 and 2014. In contrast to China, one of the
in North America and Asia. While patents and clinical trials countries with the highest numbers of patents and clinical trials,
show a similar pattern regarding overall global distribution, one as well as an expected market growth of 9.8% in the years
large difference is that many clinical trials were located in Iran. following 2020 (Globe Newswire, 2020), it may be possible that
Further investigation of this phenomenon showed that it is in the lack of patents applied for in Iran is caused by a lack of
accordance with previous research, stating that probiotic market interest. A closer look at the clinical trial data that were
research on the BGMA is growing exponentially in Iran and collected reveals that all clinical trials executed in Iran were
China (Dronkers et al., 2020). However, this does not explain sponsored by academia, which is in accordance with the finding
the complete lack of patents applied for in Iran. A possible that patents were mainly applied for by the industry and clinical
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Main applicant/sponsor types are industrial and academic. Bars
indicate the percentages of all clinical trials and patents
sponsored or applied by each different type of entity.

trials were mainly sponsored or executed by academia. This is a
likely outcome because patent applications can be costly and
time consuming, and therefore are usually done with the
expectations of profits in the long run (van de Burgwal et al.,
2018). Clinical trials on the other hand are usually executed to
test the safety and efficacy of a product on a shorter term, with
a higher focus on acquiring scientific knowledge instead of
profits (Janse et al., 2020).

Comparing the findings of this study with previous
research on the potential of probiotics as clinical intervention
modalities for infectious diseases (Wiegers et al., 2022),
similarities were found regarding the locations of patents and
clinical trials, as well as the applicant and sponsor types. The
development of the fields over time appeared to differ slightly,
with patents and clinical trials focused on infectious diseases
showing a more gradual growth since the start of the 21st
century, while patents and clinical trials focused on BGMA
related indications showed a more exponential growth starting
around 2013. A possible explanation for this may be the fact
that infectious diseases have been considered an important
public health issue for longer than mental and neurological
indications, together with the BGMA being a relatively new
concept in its entirety.

When interpreting the results of this review, some
limitations need to be considered. Firstly, this review was
focused on BGMA-associated indications. The term BGMA
is relatively new, and there are no criteria set to determine
whether a condition is considered BGMA related or not.
Therefore, as many brain disorders as possible were included
in order to minimize the risk of missing important results.
For digestive tract disorders, only results that were related to
any type of brain indications were included. Secondly, the
clinical trial records included in this study were selected
based on their focus and setup, regardless of status. This may
cause bias, as some of the clinical trials may not have been
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completed at the time of analysis. However, with the aim of
providing insight into the total research landscape in mind,
this was considered preferable over the inclusion of only
clinical trials with published results. Thirdly, the trends of
the numbers of patents and clinical trials during the years
2020 to 2022 may lack accuracy due to the COVID-19
pandemic as well as the 18-month patent application process.
Still, the broad scope of this review together with the
thorough analysis of patents and clinical trials have resulted
in a useful overview of the development of the research field.

To conclude, the state of the art of probiotics as clinical
intervention modality is showing an increasing interest from the
industry as reflected by the number of registered patents, as well as
from academia, reflected by registration of clinical trials. The
increasing societal and personal burden of mental and neurological
disorders can be considered a call to action. Future research should
elucidate which types of probiotics have the highest potential to
lower this burden in a cost-effective manner. Finally, the inextricable
link between the brain, gut and microbiota demonstrates the
importance of a more holistic approach to the treatment of not only
infectious diseases, but also non-communicable diseases of mental,
neurological and gastrointestinal nature.
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