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Abstract
Shifts in gut microbiome composition and metabolic disorders are associated with one

another. Clinical studies and experimental data suggest a causal relationship, making
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the gut microbiome an attractive therapeutic goal. Diet, intake of probiotics or prebi-
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otics and faecal microbiome transplantation (FMT) are methods to alter a person's
microbiome composition. Although FMT may allow establishing a proof of concept to
use microbiome modulation to treat metabolic disorders, studies show mixed results
regarding the effects on metabolic parameters as well as on the composition of the

microbiome. This review summarizes the current knowledge on diet, probiotics, prebi-
Funding information

Austrian Science Fund, Grant/Award
Number: KLI741

otics and FMT to treat metabolic diseases, focusing on studies that also report altera-
tions in microbiome composition. Furthermore, clinical trial results on the effects of
common drugs used to treat metabolic diseases are synopsized to highlight the bidi-
rectional relationship between the microbiome and metabolic diseases. In conclusion,
there is clear evidence that microbiome modulation has the potential to influence
metabolic diseases; however, it is not possible to distinguish which intervention is the
most successful. In addition, a clear commitment from all stakeholders is necessary to
move forward in the direction of developing targeted interventions for microbiome

modulation.

KEYWORDS
diet, faecal microbiota transplantation, metabolic syndrome, microbiome, obesity, prebiotic,
probiotic

1 | INTRODUCTION

known for almost 20 years.? Obesity and its relation to shifts in the

microbiome composition were among the first described associa-

Obesity and the metabolic syndrome (MetS) are on the rise in
many parts of the world. They lead to a considerable burden of
disease due to complications, such as cardiovascular disorders,
cancer, dementia or fertility disorders as well as being associated
with socio-economic disadvantages.! Associations between the

gut microbiome composition and metabolic diseases have been

tions when culture-independent techniques to study the complex
ecosystem of the gut microbiome were developed.3 Starting from
a description of shifts in microbiome composition on the phylum
level, a large body of literature has evolved that describes the bi-
directional interaction between the gut microbiome and human

metabolism.*
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In human subject research, an association between the gut mi-
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crobiome composition and obesity has widely been demonstrated.
A causal relationship was first suggested by showing that a rela-
tive decrease in Bacteroides is associated with obesity, whereas
a diet leading to weight loss leads to an increase in Bacteroides.’
Data from in vitro systems and animal models suggest that diet or
drugs (e.g. antibiotics) alter the microbiome and that this dysbio-
sis is mechanistically involved in disrupting molecular metabolism
as well as signalling through bacterial metabolites (e.g. bile acids).
This impacts energy intake and leads to metabolic disorders. For
example, diets high in fat and glucose lead to increased gut per-
meability, translocation of bacterial products, low-grade inflamma-
tory response and insulin resistance.®” Bile acids are bidirectionally
interacting with the microbiome—the microbiome influences bile
acid composition and bile acids shape the microbiome. In obesity,
altering bile acid composition via a reduction of microbial diversity
through an antibiotic leads to increased insulin resistance.? Altered
microbiome composition, leading to altered bile acid metabolism
and signalling might also contribute to fibrogenesis, liver injury and
tumorigenesis in non-alcoholic fatty liver disease.” Host genetics
also play a role since immune control of the microbiome is ben-
eficial to microbial populations that constrain lipid metabolism to
prevent metabolic syndrome.'® However, these findings cannot be
readily translated to treat or prevent human obesity yet, in part
due to limitations in the experimental systems, thereby preventing

the establishment of clear causality. Much of the current findings

in the research of obesity and microbiome remain at the level of
associations.

In this scoping review, we aimed to summarize the clinical evi-
dence on the potential of diet, prebiotics, probiotics, faecal micro-
biome transplantation and selected drugs to treat and/or prevent
metabolic disorders via microbiome modulation (Figure 1).

2 | METHODS

A literature search was performed by all authors primarily in Pubmed
between August and December 2022 using the key words ‘gut micro-
biome’, ‘microbiota’, ‘obesity’, ‘overweight’, ‘metabolic syndrome’, ‘di-
abetes’, ‘probiotic’, ‘prebiotic’, ‘synbiotic’, ‘galacto-oligosaccharides’,
‘fructo-oligosaccharides’, ‘inulin’, ‘postbiotic’, ‘fecal microbiota trans-
plantation’, ‘diet’, ‘metformin’, ‘statin’ and ‘GLP-1 agonist’ in various
combinations. Reference lists from the retrieved publications were
also screened for additional relevant content. Only studies reporting

clinical trials were considered for the review.

2.1 | Therole of diet

Changes in the diet can alter energy balance, provide various nu-
trients and modulate the gut microbiome, which can have different

effects on the development of diseases, including obesity and MetS.

FECAL MICROBIOTA
TRANSPLANTATION

PROBIOTICS

- Single-strain probiotics
- Multi-strain probiotics

PREBIOTICS
- Galacto-oligosaccharides [ » /"’
- Fructo-oligosaccharides [/ /
= Inulin 14

- Oligofructose
- Resistant starches

DIETARY
INTERVENTIONS

- Whole grain diet
o
b - Dairy products
H ::1 - Dietary polyphenols
'Y A - Specialized diets (e.g., Mediterranean)

DRUGS

6 i - Metformin
- Statins

- GLP-1 antagonists

MICROBIOME MODULATION INTERVENTIONS IN METABOLIC DISEASES

FIGURE 1 Ourreview summarizes the effect of diet, prebiotics, probiotics, fecal microbiome transplantation and drugs on the gut

microbiome in metabolic diseases.
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More than a decade ago, this was proven by Vijay-Kumar et al.,*?

who provided evidence for the direct relationship between changes
in the composition of the gut microbiota of mice and the develop-
ment of the MetS. The role of certain diets or food ingredients on
MetS in humans and the human gut microbiome remains unclear;
thus, it is necessary to study it in more detail. The included studies

with their clinical endpoints are summarized in Table 1 and Figure 2.

2.2 | Whole-grain diet

A whole grain is any grain that contains the endosperm, germ and
bran, as opposed to refined grains that retain only the endosperm.
Whole-grain products are metabolized into short-chain fatty acids,?

1314 immune

which are involved in glucose and lipid metabolism,
homeostasis'® and intestinal permeability.}® As part of an overall
healthy diet, consuming whole grains is associated with a lower risk
of several diseases, including type 2 diabetes and cardiovascular dis-
eases.’> |nsufficient consumption of whole grains has been listed
as a contributing factor to a higher risk of disability-adjusted life
years in worldwide studies.’® Moreover, the consumption of whole-
grain products, nuts and seeds may have the greatest health ben-
efits of all the dietary factors studied, including fruit and vegetable
consumption.*’

A randomized, controlled cross-over clinical trial, which aimed
to investigate the effects of a whole-grain diet on insulin sensitivity,
metabolic health and its impact on the gut microbiome compared
with refined grain, did not show any significant effect of a whole-
grain diet on glucose homeostasis and did not induce major changes
inthediversity orrichness of the gutmicrobiome.zoAnaIysing distinct
species, the abundance of four distinct strains of Faecalibacterium
prausnitzii and one strain of Prevotella copri increased after adhering
to a whole-grain diet and decreased in a refined-grain diet, whereas
Bacteroides thetaiotaomicron showed opposite tendencies. However,
the whole-grain diet showed a positive impact on overall metabolic
health as body weight and serum inflammatory markers were re-
duced in the study group.?°

Another randomized, double-blind, controlled crossover clinical
study similarly aimed to determine how a whole-grain diet affects
glucose tolerance and insulin resistance, compared with a refined
grain diet. As opposed to the previously described study, these
parameters improved with adherence to the whole-grain diet, sug-
gesting its potential positive effects on diabetes.?* However, this
study was conducted merely on 14 moderately obese adults at risk
for diabetes, not including patients with clinically confirmed MetS.
Moreover, in this study, the authors did not analyse the diet's im-
pact on the changes in gut microbiome composition. Although the
intervention time in both studies was 8 weeks, the differences in the
results could be due to the chosen diet strategies.?!

Barley beta-glucans, which form highly viscous solutions in the
gut, thus extending the transit time of nutrients through the gut,
may modify gut microbiota composition and improve overall met-
abolic health in MetS patients.?>?% It has been shown that a diet

M

enriched with barley beta-glucans improved markers of MetS, as
cholesterol levels were reduced in the test group. The analysis of
gut microbiota composition, however, showed that bacterial diver-
sity and richness both decreased after the dietary intervention with
barley beta-glucans.22 Loss of diversity is usually related to gastroin-
testinal or liver diseases.?* However, greater gut microbial richness
or diversity is not an absolute sign of a healthy gut, as could be ob-

25,26

served in several diseases; thus, further studies on the impact of

barley beta-glucans on MetS are needed.

2.3 | Eggs

Eggs, being an essential component of the human diet, play an im-
portant role in human health. Egg yolks are known to contain highly
available forms of antioxidants, such as choline or lutein carotenoids
and zeaxanthin, which can protect against the development of meta-
bolic diseases. This protection is thought to be due to an increased
mRNA expression of antioxidant enzymes and a decreased effi-
ciency of pro-inflammatory cytokines.?” Interestingly, many studies
show that the consumption of egg yolks rich in cholesterol does not
increase the risk for cardiovascular diseases.?®° The effects of eggs
on the gut microbiome remain largely unknown.

The effect of two sources of choline—whole eggs and a choline
supplement (choline bitartrate)—on plasma lipids, glucose, insulin re-
sistance and inflammatory biomarkers were evaluated. Anincrease in
plasma choline in individuals with MetS, who consumed either three
eggs per day or a choline supplement was observed. Interestingly,
decreased inflammation was detected only after egg intake, which
could be due to the antioxidants present in eggs.31 A similar study
aimed to further explore the effects of choline provided by eggs or
choline supplements on the gut microbiota in subjects with MetS.
However, although blood plasma values of choline were increased,
diet intervention had no significant effects on microbiome diversity
parameters or relative taxa abundances, possibly due to the short
intervention period.*? Longer intervention times could be needed to
obtain significant changes in the gut microbiome. Similarly, no rele-
vant changes in the taxonomic composition of the gut microbiome
were reported after a 2-week intervention period with two eggs per

day.33

2.4 | Dairy products

Dairy products are known as a source of multiple essential vitamins,
minerals and high-quality protein. In addition, additional health ben-
efits can be obtained after milk fermentation. Fermented dairy prod-
ucts are among the most effective sources of probiotics.3* Kefir is a
fermented milk product, which has a very specific combination of
bacteria and yeasts, present in grains.35 Lactobacillus, Lactococcus,
Streptococcus leuconostoc and acetic acid bacteria are the most com-
mon bacteria, and Saccharomyces, Kluyveromyces and Candida are
commonly found yeasts in kefir grains.36 Knowing the benefits of
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IMPACT OF THE DIET ON PATIENTS WITH METABOLIC SYNDROME

:e'\

N

DAIRY DIETARY PROTEIN
WHOLE GRAIN MEDITERRANEAN LOW SATURATED
PRODUCTS POLYPHENOLS DIET FAT DIET RESTRICTION DIET
| | | | | | |
METABOLIC CHANGES

1 Body weight 4 Inflammatory markers  Inflammatary markers 1 MetS markers 1 Blood pressure L Serum triglycerides 4 Lipid levels
4 Inflammatory markers 1 Plasma choline L Insulin resistance 4 Body weight L Insulin resistance 4 Cholersterol 4 Blood glucose
4 Insulin resistance 4 Liver fat T Anti-inflammatory compounds & Low-density lipoproteins 4 Blood pressure
1 cholesterol T Improved anthropometrical 1 Improved lipid profile L Glucose intolerance 4 Insulin resistance

measurements { Lipopolysaccharides 4 Body weight

CHANGES OF GUT MICROBIOME COMPOSITION

1 5 5 #2ii = Nosi changes L Firmicutes L Bacteroides L Christenseneltaceae 4 Bacteroides/Prevoteliaratio  — No significant changes
L Prevotelta copri L Pseudobuyrivibrio 1 Enterococcus L Oxalobacter 1 Akkermansia municiphila
L Bacteroides thetaiotaomicron 4 Dialister T Prevotelia L Clostridiales familly X1t T Faecalibacterium prausnitzii
1 Bifidobacerium L Lachnospiraceae 1 Bif it d i UCGo09
1 Akkermansia municiphila 1 Actinobacteria 1 Lactobacitlus spp. l Terrisporobacter

T Erysipelotrichaceae 1 Blautia coccoides/ ¥ Clostridiales

T Ruminococcus Eubacterium rectale gr. 1 Lachnospiraceae

1 Phascolactobacterium 1 Eggerthella lenta 1 Ruminococcaceae UCG002

1 Lactoccocus T Lachnoclostridium

T Strepococcus T Prevotelaceae

1 Butyricimonas

FIGURE 2 Summary of the impact of diet on patients with metabolic disease focussing on changes in gut microbiome composition.

kefir to overall health, it was aimed to study its potential effect on gut
microbiota in MetS patients. Knowing the benefits of kefir to overall
health, it was the aim of a clinical trial to study its potential effect on
gut microbiota in MetS patients: The consumption of 180 mL of kefir
per day in MetS patients resulted in a significant increase in the rela-
tive abundance of Actinobacteria. A strong positive correlation with
systolic and a weak positive correlation with diastolic blood pressure
and Actinobacteria abundance was observed compared with the con-
sumption of unfermented milk in the control group.®’

The benefits of fermented dairy products on changes in in-
sulin resistance were investigated in a randomized, parallel and
controlled clinical study where MetS patients with fatty liver dis-
ease consumed 220g per day of yogurt or unfermented milk (in
the control group). Yogurt had higher effects at ameliorating in-
sulin resistance than unfermented milk and decreased the abun-
dances of Firmicutes phylum, the Clostridiales order and Blautia
and Eubacterium ventriosum group genera.38 Yogurt also decreased
the Erysipelotrichaceae family and the Ruminococcus genus, which
are genera associated with increased liver fat and increased
Phascolarctobacterium genus but decreased Pseudobutyrivibrio and
Dialister genera, which are associated with lipid metabolism, liver
injury and insulin resistance.38-40 Bryndza is a traditional Eastern
European cheese made from sheep milk, which is rich in butyric
acid. The consumption of Bryndza, as part of a weight loss pro-
gram, did not advance weight loss, BMI reduction or changes in
the body composition. However, it increased the abundance
of Lactococcus, Streptococcus, Phascolarctobacterium and
Butyricimonas in the gut microbiome, while decreasing taxa from
the Lachnospiraceae family, which include many potent butyrate
producers.*!

2.5 | Dietary polyphenols

Polyphenols are naturally found in various plant parts, such as
leaves, stems and flowers.*2 According to a recent study, the aver-
age polyphenol intake for the general population was estimated
to be 0.9 g perday, and the main sources were not only fruits and
vegetables but also beverages, such as coffee, tea and red wine.*®
The concern about the impact of the consumption of red wine
on the gut microbiome composition is increasing. Significant in-
creases in the abundance of Enterococcus, Prevotella, Bacteroides,
Bifidobacterium, Bacteroides uniformis, Eggerthella lenta and the
Blautia coccoides-Eubacterium rectale group were observed, indi-
cating potential positive effects of polyphenols in red wine that
must be weighed against the well-known negative effects of al-
cohol on the liver and metabolic health.** In a small randomized,
crossover-controlled intervention study, red wine consumption
was associated with a greater reduction in body weight and a sig-
nificant decrease in Bacteroides as well as a significant increase in
protectors of the gut mucosal barrier, such as Bifidobacterium spp.

and Lactobacillus spp.*’

2.6 | Specialized diets

The Mediterranean diet (MedDiet) includes a high consumption
of fruits, vegetables, whole-grain foods, fish, nuts and olive oil. In
addition, it is characterized by a low intake of red wine, meat and
dairy products.46 MedDiet is rich in food primarily containing un-
saturated fatty acids.?’ It is proved that this diet has positive effects
on lipid profile, glycemic control and blood pressure,*® as it provides
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anti-inflammatory compounds.*’ MedDiet can be used as a potential

LEY~8 Metabolism _

therapy for MetS to prevent excess adiposity and related inflamma-
tory responses associated with obesity‘50 The effects of MedDiet on
insulin resistance and gut microbiome composition were studied in
a crossover randomized clinical trial in MetS patients; MedDiet was
associated with changes in the plasma metabolome that were asso-
ciated with improvements of insulin resistance and correlated with
the uncultured genus of Lachnospiraceae, Ruminococcaceae UCG002,
Lachnoclostridium, and some genera from the Prevotellaceae family.
Moreover, negative correlations with changes in phosphoethanola-
mine and taurine were found for these bacteria.>!

While more research is needed to fully understand the mech-
anisms underlying MedDiet's impact on improving gut microbiome
health, it is considered that the previously described polyphenols
and other bioactive compounds found in red wine can have a positive
impact. Red wine consumption was significantly associated with an
increase in the relative abundance of Bacteroides, Ruminococcaceae,
Roseburia and Prevotella. Interestingly, Parasutterella was the most
prominent genus for differentiating the gut microbiota of the par-
ticipants who consumed red wine.>? A previous study showed that
Parasutterella supports interspecies metabolic interactions within
the healthy gut ecosystem.”® A recent review investigated the po-
tential benefits of theaflavins, found in red wine, on metabolic syn-
drome, with a focus on the gut microbiome. It was discussed that
theaflavins have the potential to positively impact the gut microbi-
ota by increasing the abundance of beneficial gut bacteria such as
Lachnoclostridium and Biﬁdobacterium.54

A diet rich in proteins was shown to have a negative impact on
health and is associated with increased mortality.>® In a random-
ized clinical trial, patients with MetS received caloric restriction or
isocaloric dietary protein restriction; both interventions resulted in
positive metabolic outcomes such as weight loss, improved insulin
sensitivity, blood glucose, lipid and blood pressure without any sig-
nificant changes in the microbiome, suggesting that dietary meta-
bolic health may only be indirectly related to the microbiome.’®
While a protein-rich diet was thought to have negative health ef-
fects, studies have shown that it can be beneficial in terms of body
composition and metabolism. Several studies have investigated the
potential impact of plant-based protein consumption on reducing
cardio-metabolic risk factors. A systematic review and meta-analysis
of 112 trials conducted on adults with and without hyperlipidemia
found that plant protein intake as a substitute for animal protein
resulted in reduced markers (low-density lipoprotein cholesterol,
non-high-density lipoprotein cholesterol and apolipoprotein B) of

cardiovascular disease.””

2.7 | Probiotics

‘Probiotics’ is a collective term for living organisms (usually bacteria
or fungi) that can exert health benefits on the host if consumed in

sufficient amounts.®® In fermented foods, probiotic bacteria have

been a part of human nutrition for a long time but have been ne-
glected in Western-style diets, which are associated with the cur-
rent obesity epidemic.61 Meta-analyses show that supplementation
with probiotics has been successfully used to improve classical traits
of T2D, such as fasting plasma glucose, insulin concentration, insulin
resistance, glycated haemoglobin (HbA1c)®2%* and improved lipid
parameters.®> Furthermore, a slight improvement in body weight,
BMI and fat percentage following a probiotic intervention has been
observed in obese and overweight people.66 Accordingly, probi-
otics might be a valuable asset in the treatment of obesity, MetS
and diabetes, but the available data are heterogenous in regard to
study design, products, duration of intervention and outcome and
is, therefore, inconclusive. Furthermore, the working mechanisms
behind the observed effects and the involvement of the microbi-
ome and microbiome modulation are still not understood. Table 2
summarizes the current body of literature focusing on probiotic
microbiome modulation to ameliorate obesity, MetS or type 2 dia-
betes. Probiotics have been tested as single-strain or multi-strain/
multi-species formulations, sometimes with a prebiotic substance,

resulting in a so-called synbiotic.

2.8 | Single-strain probiotics

Lactobacillus casei Shirota (LcS) is commonly available as a single-
strain probiotic milk drink. This milk drink given to obese children
for 24 weeks as part of a diet and exercise therapy improved weight
loss and increased HDL and acetic acid levels compared with an un-
treated control group. The intervention increased Bifidobacteria and
L.casei counts in the gut microbiome of the treated children.®” These
effects stand in direct contrast to the effects of LcS on Japanese
adults with T2D. Although Lactobacillus abundance including L.reu-
teri increased in the microbiome, Bifidobacteria and HDL increased
only in the control group. While patients treated with LcS showed
a decreased count of bacteria in the bloodstream, organic acids de-
creased in the gut and hs-CRP increased.®® The increase in hs-CRP
was also previously reported in a European cohort of MetS patients
following a 12-week LcS intervention, while neither changes in gut
permeability or serum bile acids nor changes in the microbiome
other than an increase in Parabacteroides were observed.®%”°
Lactobacillus reuteri V3401 in a single-strain product reduced
IL-6, sVCAM and insulin levels in newly diagnosed MetS patients
after 12weeks of intervention, while it increasing the abundance
of Verrucomicrobia/Akkermansia muciniphila.”? L.reuteri ADR-1
decreased HbAlc and heat-killed L.reuteri ADR-3 decreased blood
pressure, mean arterial pressure and IL-1b and increased the abun-
dance of Bifidobacteria in treatment-naive T2D patients. Both
groups showed an enrichment of the microbiome with the ingested
probiotic but no other effects on the microbiome.”? Lactobacillus
plantarum K50, a probiotic isolated from Kimchi, decreased total
cholesterol and triglyceride levels in obese adults after a 12-week

intervention but had no effect on body weight or composition. The
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intervention increased the L. plantarum, the genus Enterococcus and
Enterococcus hirae abundance, a potentially beneficial bacterium”®
and decreased the abundance of Actinobacteria.”* L.plantarum
HACO1 reduced 2-h postprandial glucose (2h-PPG) and HbA1c levels
in prediabetic adults without modulating the microbiome.”” L.plan-
tarum Dad-13 led to a decrease in body weight and BMI in obese
adults, while decreasing Firmicutes and increasing Bacteroidetes in
the microbiome.”® An intervention with L.salivarius Ls-33 in obese
adolescents showed no effect on metabolic parameters nor on the
microbiome.”’

Bifidobacterium lactis UBBLa-70 decreased serum lipids in
obese women on a low-caloric diet, while this probiotic in combina-
tion with fructooligosaccharides (FOS) had a modulating effect on
the metabolome but no effect on the lipid profile. Neither interven-
tion had a measurable effect on weight, BMI or the microbiome.”®
Bifidobacterium animalis subsp. lactis 420 in combination with a
prebiotic modulated the microbiome of overweight adults, a circum-
stance, which was mainly driven by the prebiotic component while
the probiotic without prebiotic showed only minimal effects on the
microbiome composition and function.”” An intervention with either
B.adolescentis IVS-1 or B. animalis BB-12 with or without galactool-
igosaccharides increased the abundance of the probiotic strains as
well as the parent taxa in the microbiome to various degrees but
had no effect on the gut permeability of overweight adults in a short
term 3-week intervention.®° In combination with a very low-caloric
ketogenic weight loss program, a single-strain synbiotic containing
B.animalis subsp. lactis was more effective in regards to weight
loss and reduction of gamma gutamyl transferase than a multi-
strain synbiotic given in succession with the single-strain synbiotic
or a placebo. This intervention was associated with higher levels of
Porphyromonadaceae, Christensenellaceae, Parabacteroides and

Lachnospira.®?

2.9 | Multi-strain/multi-species probiotics

A probiotic containing B.longum BB536 and L.rhamnosus HNOO1
in combination with a Mediterranean diet reduced waist cir-
cumference, waist-to-hip ratio and insulin levels, while increas-
ing alpha diversity, Eubacterium, L-Ruminococcus and decreasing
Bacteroides and Butyricicoccus in the microbiome compared with
a Mediterranean diet alone in obese female breast cancer survi-
vors.®2 The combination of two B.breve strains (BRO3 and B632)
also reduced waist circumference, the BMI standard deviation
score, fasting insulin and ALT in obese children and adolescents in
a weight loss program, while the changes in the microbiome were
similar to the placebo group.83 L.curvatus HY7601 in combination
with L.plantarum KY1032 improved body weight and composition
and increased adiponectin levels in otherwise healthy overweight
and obese adults. The probiotic and the placebo group underwent
changes in the microbiome, including an increase in A.muciniphila

and a decrease of F. prausnitzii in the probiotic group.84

M

VSL#3, one of the most researched probiotic consortia, in-
creased body weight and adiposity in Latino adolescents with-

85 and increased liver fat

out exerting changes on the microbiome
content, indicating that the choice of probiotic strains is crucial.8
A similar consortium also containing Streptococcus thermophilus,
Lactobacillus spp. and Bifidobacteria spp. (for details see Table 2)
increased HDL levels and probiotic bacteria in the microbiome
of overweight women taking Bofutsushosan, a Japanese Kampo
against obesity, but did not further influence metabolic parame-
ters or the overall microbiome composition compared with women
treated with Bofutsushosan alone.®” A Streptococcus/Lactobacilli/
Bifidobacteria consortium with Saccharomyces boulardii DBVPG
6763 showed no effect on metabolic parameters compared with
placebo; microbiome changes were reported for both groups.®®
Microbiome changes in both groups were also observed in obese
women treated with a Lactobacilli/Bifidobacteria consortium or
placebo.®? Another Lactobacilli/Bifidobacteria combination mod-
estly decreased HbA1c, fasting insulin and HOMA-IR, while increas-
ing Lactobacillus and Bifidobacterium counts in the microbiome
(no further analysis was performed).”® Postmenopausal women
showed improvements in lipopolysaccharides (or lipopolysaccharide
levels), waist circumference, fat mass, subcutaneous fat, uric acid,
total cholesterol, triglycerides, low-density lipoprotein cholesterol,
glucose, insulin and HOMA-IR after a 12-week intervention with a
Lactobacilli/Bifidobacteria/Lactococci formulation, although the
modulation of the microbiome structure and function was mini-
mal. %72 The same probiotic combined with FOS and GOS decreased
hip circumference and lipoprotein (a) and improved quality of life,
also with minimal impact on the microbiome structure of obese
type 2 diabetic patients.”® A synbiotic consortium with consider-
able overlap in probiotic strains used in’*?® combined with FOS,
improved zonulin levels and decreased proteolytic bacteria in the
microbiome while increasing total bacterial count in overweight
adults.”* A Lactobacilli-Bifidobacteria-GOS combination in addition
to a weight loss program reduced HbA1c levels in obese adults, while
altering several taxa of the microbiome (for details see Table 2).7°
Conversely, a combination of LcS and B. breve YIT 12272 (BbrY) with
GOS increased HbA1c and fasting glucose in patients with type 2
diabetes while modulating the microbiome, especially taxa taxonom-
ically related to the ingested probiotic strains.”® Bacteroides fragilis
to E.coli ratio increased and Firmicutes to Bacteroidetes ratio de-
creased in prediabetic patients after a 24-week intervention with a
Lactobacilli/Bifidobacteria/inulin-formulation.”

Inthe currently largest clinical trial testing a probiotic consortium
in newly diagnosed type 2 diabetes patients, neither a metabolic nor
a microbiome modulating effect of a standalone probiotic interven-
tion was observed.”® In a secondary analysis, a synergistic effect of
the multi-species probiotic and berberin on postprandial choles-
terols and other lipidomic parameters was found.”” Unfortunately,
the trial included a study-specific 7-day run-in period with antibiot-
ics, which influenced the microbiome composition, which is of ques-

tionable clinical usability considering the antibiotic-resistance crisis.

85UB017 SUOLILLIOD BAIFER1D) 3|l dde au Aq paueAob a8 S3o e WO ‘88N JO S3NJ o AXe1q 17 8UIIUO AB] 1/ UO (SUORIPUOD-PL-SWLS}W0D A8 | 1M Ale1q 1 [oulUO//StY) SUORIPUOD PUe swie L 83 88S *[202/c0/82] uo Ariqiiauliuo Ao 1M AiseAIN SNIUNIA AQ 9EF"ZWIPS/200T OT/I0p/Woo A3 im Areiq el juo//sdny Wwody papeojumod ‘T *¥20 ‘8268662



23989238, 2024, 1, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/edm2.436 by Vilnius University, Wiley Online Library on [28/03/2024]. See the Terms and Conditions (https:/onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

HORVATH ET AL.

logy, Diabetes
ism

ino
bol

10 of 32 Endocr
00092 | WILEY-5hoer

pajiodal JoN

pajiodal JoN

sdnou3 yjoq
ul Je|iwis SJUIA3
9SJDAPE ‘SJUIAD
9SI9APE 919A9S ON
uoljedlpaw
Apnis ay3 03 uone|al
JUeA3|aJ OU pue
sdnou3 usamiaq
EERIEYETNTTS)
juediyiudis ou
‘pajlodal syuand
9sJaApe pliw AlUQ

$129}40 9sJ9ApE
Aue oYM ‘a4es

pajiodals JoN

pajiodas JoN

pajiodas JoN

pajiodas JoN

SJIUDAD 3SIDAPY

uol}Isodwo? ||eJaA0
AU Ul Ylys Juedlyiusis
OU ‘palan0ndal dijoiqoldd

| se1aploiaroeg
1 sanoiwS

awiolqoudiw [edaey ul d8ueyd oN

Laouy
SN22020423U3,/5N22020493U3
‘winipjup|d -7 1 bLIIILGOUIIDY

| wnusoeqopuig
pue 11a3n2.-7 :dnoud g-yqv
| 123n24+7 :dnoud 1-34Qv

1 ejiydiupnuw
BISUBLLIDY\//EIGODIWOINLIDA

| saploJayoeqeled

1 e||a30Aa.d | wnjuawiaj ]
pue ‘snj|ioeqo3oe] [0}
193sn|2 wniqodoly
‘wniialoeqo |o13u0)
| dnoa8qns wnida) ) ay3
pue dnous sap102203°)
‘SJUNOD [IasspE ] pue
1193n3. 7] ‘125D "] pue
sn||12eqo3oeT :$21301qo.d

1 1250 7 pue elIz3RqOPYIE

awolqo.diw }nsay

pajiodal jou
sadueyd d1jogejaw
‘v4DS Ut a8ueyd oN

1 1INg pue 3y81am Apog

19TVaH PUe ©dd-Uz

1 S|9AS| 9plIadA|3L
pue |0J3)s3]0YD [e30]

19171

pue aunssaud |el1ae

ueaw ‘aunssaid poojq
21103sAs :dnous g-yaqv
197VqH :dnoJs 1-4av

ISELE]]
ulnsul pue INVIAS ‘9-I1

SpIoe 3|iq wnJas
“Jalieq 3nS U0 10943 ON

| OHD-L pPue d¥d

-sY ‘Hd |edsey 1 poojq

ul e1I930€( JO JUNOD
|e303 pue spide dluesiQ

1 proe
oiede pue 1aH T YSIIMm

J1joqelaw 3 nsay

|els3 pajsodal
Ajsnoinaud jo
sisAjeue 20y 3504

pa3e1s 10N

JuswaAoIdwl Hdd-Yz

ssew
1e) Apoq ,s123lgns
oy u1 a8ueyd Auy

Je3ns poojq ul adueyd

sjuauodwod
S319|A Suinoadw|

(0g0z£82T *AIN)
|eld3 snoiaaud Jo
sisAjeue 20y-3s0d

S3unod
poo|q |el1a32eq pue
sa)el UoI132333p
‘e301qoIdIw 1N
uononpal
Je3ns poojq pue
elwapidigadAy
‘sS0| JYS19M

jutodpus Asewnd

0ga2e|d :|043u0D (N4D,;0T)
802SAS DDV €€-ST SNUDAIDS ] :21301q0id
0gade|d |0J3u0D)
(N42,0T %) £T-p0Q Winipjupjd-]

0gade|d :|0J3u0D) TOJVH Wwnipjupjd-]

0(32¢|d :|043U0D (N4D (0T Xt)
06> wnJpupjd snjj1opgo3opT :31301Goid

ogadeld ‘¢

(N42 ;0T XT) €-4AV Han24°7 paj|iy-3eay g
(N42,0T X¥) T-4AV HaIN24"T 31| T
:sdnouo

ogade|d
{043u0) (N4D 0T X§) TOVEA Ma3nal ]

Uo[3uUaAIDIU|
ou :|0Jju0) (S27) BIOUIYS 195DI SN|j10DG0IIDT

[[JLVEVNEL V]
OU :|0J3U0D) |IW PAIUBWIDS-BIOIIYS
uleJ3s [asp2 snjj19pgo3opT 21301q0dd

dnou3 |oJ3u0d oN (N4D
o10T X ¥) (S27) BI04IYS 12502 $nj[12Dq030DT]

UOIJUAIRIU|

SY99MZT  SIUDISI|OpE 9530 TG
sjuaned

D EENY AN 1YyS1amIano 09

sy9amg  synpe dn3aqelpald Ot
W/340e-52
1O Xapul ssew

$}99MZT  Apog e yiim sjnpe 18
nacl
SAlBU JUBWIIEDI)

D EEIY 74 ym ajdoad 4/
SN YHM
pasouselp Ajmau

SHPIMZT sjuanjed ynpe g
SWOJpUAS
J1jogelaw

XM T Yum s3oafqns gz
sa39qelp g

s}29M9T  adA3 yum sjuaijed o/
Adeiayy
951019X3 pue 3aIp

S¥9aM1{yg U0 UaIp[IYd 9590 2T

uoneing sjuedpiysed jo

Jaquinuy/uonejndod

£T90ZOTOLDN (72£0TS€T

:dIINd) €TOC ‘|8 32 uasieT]

UYOUBVZ-VNI
,120T "2 12 nheyey

2595000103 ¢,T20Z I8 32 ‘YO

16500010
4,220 “[e 39 uyos

TLTHLTTOLON
2,020 ‘e 32 YaisH

£95CL6TOLON

1,6T0T ‘[ 32 Z3UBWI(-0LIOUS|

¥¥8Z8TTOLON
(G T0Z ‘(€39 Janeq|pess

9%Z8T0000NIWN
2oL TOT '[E 30 03ES

856900000NINN
,0LT0T |E 12 ejeseN

Apms

's9}aqelp pue GI3|A ‘A}SDJO Ul S103e[NPOW SWolqoJdiu se sojolqoad Sui3sal saipnis [ediuld) z 374dV.L



23989238, 2024, 1, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/edm2.436 by Vilnius University, Wiley Online Library on [28/03/2024]. See the Terms and Conditions (https:/onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

11 of 32

-WILEY

iabetes

gy’ D

Endocrinolo
& Metabolism

HORVATH €T AL.

Open Access

(senuijuo))

1 sn22021D1IAINg
pue saploiajoeg |
SN220J0UlWNY-T pue

pajiodals JoN wnuajoeqny | Ajsiaaip eyd)y

190pz0

:0gade|d | eaidsouyoe]
‘saploJajoeqeled
‘aeade||auadlsyd)
‘aeadepeuowolAydoid
1Zo1301quAs-ogade|d

| J330eqUIOPQ puUE
eIpIa|ing ‘saploJajoeqeled
‘aeade||aualsyd)
‘aeadepeuowolAydold

pajiodal JoN :Z21301qUAS-T2130I1qUAS

| eusyoeqounoy
pue eli=30eqopyig ‘1
wnpajaegqouyde ;509 1

309449 eLNGasoY SO+ T-SAl
apis payJodal exe} paje|aJ pue suel}s
Jewiuiw ypm a1301qo.d ul 3seaunul ;509

pa3ela|0) [|oMm Ajjesauan) INOYM pue Y3IM $21301q04d

dnoug s1joiqouad ayy
ul sa8ueyd [ewiuiw ‘dnous
J1301quAs pue onjoigaud ayy

pajiodal JoN ul paAJasqo Ajulew sadueyd

sajljoqelaw
pue SWoIqoIdIW USaMIS]
suolje|a.Jod ‘pariodal jou

pajiodas joN swolqosdiw In3 ul saduey)

SJUDAD BSIBAPY

2WOIqo.IIW }NS3Y

1 s|aAs| ulnsut

pue oljed diy-03-3siem

92UaJaJWNID ISIEAN

ISELE]]
199 | ss0] 3ysom
:Z21101quAs-0qade|d

1 |043)59|0Yd
-1aH :dnoi8 z1-99
1 |049359|0Y2-1aH
:S0O+¢1-99
Ajjigeswaad
1n8 ur a8ueyd oN

pajiodal JoN

sso|

JYSIaM U S9OUIRHIP

ON 1 spidi| wnuas
:dnou8 o1301qoud

1vvod

pue auldn3|os!

‘ajeay) | aulueje pue
91eAnUAd :dnou3 21301quUAS

J1joqelaw 3 nsay

Jespun

ej01qoJoiw
N3 JO AJISIDAIP
pue uonisodwo)

Ajjigeswuad 1n9

Apnis goidsIvN
Jo sisAjeue ooyisod

SSO| JYSIDM

julodpus Asewnd

131p UBBUEB.IDPIIA T
s21301qo.Jd +331p UBaUBLIS}PIIN ‘T

:sdnoug

(N4D (0T XT) TOONH snsouweyJ -] pue
(N4D 40T X ) 9599 wn3uo| °g :d13olqoid

24q1 o110iga.d pue

s130e| *dsgns sijewlue wnLajdeqoplig

:Z 2101quAS 2.q1y d1olgald pue 153

wn8uo| wniajeqoplig ‘Snsouweys

"7 ‘si3oe| winkisjoeqopiig 1T d30IqUAS

oqade|d +331p J110[BI-MO| SYIUOW Z

pue ogade|d+191p 21uUs3019)
2110]e2-MO| AJBA syjuow Z :dnous ‘g

Z 21301qUAS +1391p 2110[B2-MO|

syjuow g pue ogade|d+3alp d1uagolay
2110[e2 MO| AJSA syjuow g :dnouo) 'z

Z 21301qUAS +331p J110[BD-MO| YIuow g

pue T 21301qUAS +331p 21u93019)
2110]e2-MO| AJaA syuow Z :dnous '

0gade|d |0J3u0D)

[EUIAIA 30 86°9

INOYHM 10 YlM ZT-g9 Slewiue ‘g 1o
T-SAl SI3USS3|0pE *g :S1301q01d pUe -UAS

0gade|d ¥

(82T) 9sonxapAjod BN @35S3UT "€
(N42;07) (0Z¥9) 0¥

s130e| *dsgns sijewiue wniiajdeqopiig ‘g
(N42;07) (0Z¥4) w.0ZP S112€|
‘dsqns sijewiue wns1deqopiig+(3zT)

9soJixapAjod el n @9ss937°T

:sdnouo

0qa2e|d :|0J3U0D) dPlIEYIDESOSI|003oNY

pue oZ-e7gdn Sie| Wnideqopiig

1S20IGUAS 0/-8T788N S1Ye
wn932EqOpPHIg $1301q0Id

UOIJUAIRIU|

SIOAIAINS J3dUed

EENY:] 15e2.q 9|ewsa) &
wweuadoud sso|
y31om e uajua
LW/30e<

SH29M9T ING YHm s3inpy
sjnpe

EENYS 1yS1amiaqo 1T
synpe

D EEI 4 1YS19MIBA0 HET
131p 2110|e2-MO|
Buunp Ajsaqo

SN99MQ UM USWOM }Npe TG

uoneing sjuedpiysed jo

Jaqunuy/uonejndod

UdAIS JoU Jaquinu
uonensisay (z59reTTe
‘AlNd) 0Z0T '[e 33 1uLia||ad

TOS0ESE0LON
(99¥862T€ :AlINd)
6T0T ‘| 12 0s1day-za44a13nD)

0TZSSETOLON
(S¥75662 “AlNd)
8T0T '€ 39 329quin.y

T698L6T0LON
(0565250€ :AliNd)
610C ‘|8 32 p4aqqiH

7S8S0SCOLON
(855595€€ ‘AlNd)
1202 ‘|8 12 Asanou)

Apms

(penuiuod) z 379VL



23989238, 2024, 1, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/edm2.436 by Vilnius University, Wiley Online Library on [28/03/2024]. See the Terms and Conditions (https:/onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

HORVATH ET AL.

logy, Diabetes
ism

ino
bol

12 of 32 Endocr
202 | \WILEY- 5o

pajiodal JoN

uoluaAIRUL
2y} SulNp sudAd
95SI9APE 3I9A3S ON

pajiodal JoN

Apnis ay3 jo
Jded Aue ul pajsodau
9J9M SJUSAS 9SI9APE ON

SJIUDAD 3SIDAPY

| eus1oeq

aAlleSaU Welo | snsouwey

] puesijoe| ‘g ‘analiq ‘g

19940 ON

1 Ajisi1anlp eyd)y :sdnoug

y1oq 1 aeaoeplo.aloeg
| seaoe||ay14a883 pue
‘9B928149)2E]01I0D)
‘aeade||910Aa.1d
‘9B22EPEUOWOU|3S
dnoug ogadeld 1 1udod

D|[230A3.d pue lizpusnpad

wn1i2320q1[p220
‘sualoejouae e||asul||od
1 9eade||930A3Id pue
‘9B92BPEUOWOUD|DS
‘oeadeuldso|(19sQ |
ejiydiupnuw 'y pue
wn3uo| °g ‘sijusdsajope
g | aeadeIsuewI Y
pue aeadelveqoplyig

:dnoug sanjoiqold

dnou3
Is saduey)d

ogaoe|d 03 ueji

awolqodiw }nsay

sadueyd Jayjo ou | 1aH

(%) Anisodipe yun3
pue (%) Ansodipe
|B303} Ul seseaJdu|

| unoauodipy
1 unnda 1 ease ey
|eJ92SIA T ssew Apoq
ueaT 1 ssew jey Apog

1 92UBJaJWINID ISIBAA

1 1I\g pue 1ysiam Apog

117V ‘1 unnsuy
sunsey ‘1 sAsiNg
1 92UBIJWINDUID ISIEAA

J1j0qelaw 3 nsay

Ajljiqeswuad
1n8 pue ySiam
ul 9duaJaIa

sauowoy ng
J0/pue e301qoJdIw N9

duasajwnau diy

pue 25uaJajWNdUI

3slem ‘|Ng
Wy31am Apog

wsljogejaw
asoon|3 ul
Juswanosdw|

jutodpus Asewnd

suolesig- e

sonjolqo.ad+(S | g) uesoysnsinjog ‘T
'sdnoJo (N4D ,0T X§) (d9T0ZZT DLOM)
dA3.q WinlI}eqopIIg PUe (dg00zeT
D1O3) wn3uo| wnkia}oeqopiig
(dg¥06TT D.LOM) SI30e|
wnue3eqopllg (d9202eT DLOM)
snsouwey.J snj|12eqo3de (d9906TT
D103) snjiydopioe snjjpeqojoe]
(d828.0T DLOM) wn.ejueld
SN||12eq032e7 (d90/8TT DLOM)

s9|1Iydowayl sn2202031dauis :$213010.1d
0gade|d :|0Jjuo0) (snies|ng
*dsqns 11}29n.qap shjj1oeqo3oe]
pue jaspap.pd snjj1opGo3anT
‘wnJejueld snjjioeqoloe ‘snjiydopioe
sn||1oeqo3oe ‘sipueul “dsgns wnsuo|
wni1a30eqOplIg ‘wnduo) "dsgns
wnsuo| wniiajdeqoplyig ‘OAaiq
wnuadeqoplIg ‘snjiydowsayy

SN220203da1315) E#TSA :S21301qo.d

0Qgade|d :[0J3u0) (SN4D
60T XS) ZEOTAN wnipjupjd 7 (sN4D
40T XG) TO9LAH Sn3pAInd 7 :d1301q0.d

0Gade|d :|043u0D (N4 ,0T XT)
(904¥7C INSQ) 2€99 2r24q°g pue
(70991 INSQA) £0¥d 2A24q wnlia3opgopljig

UOIJUBAIRIU|

/84 5z<

S129M8  IING YHM S3Jewd; 0§

sjuadsajope

S3299M 9T oulje 9saqo 4T

sjuaned
1yS1amJIano pue
95900 Ayjjeay

S)oaMZT 9SIMIaYI0 T/

Juswiealy

$s0| JySiam
AJejaip Suunp
Sjuadsajope pue

s3oamg uaJp|Iyd 3s3qo TOT

sjuediysed jo
laquinu/uonendod

uoneinqg

98€0000.L0X (06¥TT1 7T
‘AINd) €TOT [e 39 337

S8ESTTE0LON
(SOTE6Y6T :AlNd)
810€ "[e 39 sauor

LITLO00LDM (¥T2SPLSE
‘dIINd) 220z 18 312 O

99¥19CE0LON
(e9z6zre *AlNd)
T20C '|e 32 o}|oS

Apms

(ponupuod) z 3719VL



23989238, 2024, 1, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/edm2.436 by Vilnius University, Wiley Online Library on [28/03/2024]. See the Terms and Conditions (https:/onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

13 of 32

-WILEY

iabetes

gy’ D

Endocrinolo
& Metabolism

HORVATH €T AL.

Open Access

(senunuo))

uoljuaAIUI
ay3 03 anp AlXIun
‘(3]pungued pue
Aduajodwi [enxas)
dnou8 onjoiqoud
ay3 Ul paAJasqo
9J9M SIUDAD
pajdadxaun omy
9[1ym saduequnisip

J113ses Jouln

pajiodas JoN

sdnoJ3
usaMiaq swoldwAs
19 Ul 92U3Ja44Ip ou
‘SJUDAD DSIDAPE
snowas ou ‘dnoud
ogaoe|d ay3 ul
uol131294u] 30e4}
AJeurin suo
‘dnous8 onjoiqoud
ul suol3da4ul

quii] J2MO] p|iw JN0H

SJIUDAD 3SIDAPY

1 3unod

el1a)oeqoplyig pue snjjioeqoloe]

| eisuewiayy

pue ela1oeqoajo.Idewwes
1 snounJjoiseuy pue
saploJajoeg ‘e[|asul]|oD

1 B1G0J2IWOdNIISA pue
$9)aplo.ajoeg :[0J3uo)

1 wnuajoeqosn pue
s9|eploJajoeg 4a3deqropQ
‘e||210A2.4d Telia1doeqosn4
pue saploJajoeg |
wnajoeqiuale)

pue aeade||aJa1ss! |
‘9ea2e220201daJ3sojdad
‘ealo( ‘@eadelpliIso|d
1932€q1214N] ‘B||9sul||0D

| sa3no1wi4 :s21301q01d

T

SUBDLINJNSOP 0LIIA0YINSSQ
| elyyiomspem ejiydojig pue
oeap.Iaw saplolajdeqeled
‘uoJtdlwoejolelayl pue
QelsIaAes ‘lipjoSauly ‘sioaey
saplo.aloeg :0qade|d

1 113ne|d Jo3oeujiuoae|4
‘11dod pjjajonaid |
1Aemayiey wnipliyso|
‘eliydiunnu ejsuewIaXy
‘gyd wnuialoeq
sa|eploJajoeq ‘9edded

saploialoeg ‘palanodal

SWOIqo.LdIW }NS3Y

T ¥I-VYINOH

pue ulnsul Burise} OTVqH

pajiodal joN

sJ9jowesed

1|oge3aw uj sagueyd oN

J1j0qelaw 3 nsay

0gade|d :|0J3u0) (Yoes
N4 ,;0T) SI3UBJUI WNLISYOERGOPHIG
pue wnguo| wniia)deqoplyig
‘wnpiiq wnkeideqopliig
‘s130€| sn|[1DeqO}0ET 195D azl
sn|[1opqo3opT ‘snjiydopioe snjj1oeqode ]  SHIIMZT ynm syuaiied 9g1

€08¢SLT01ON
(£698869¢ :AINd)

JTVaH 910 '[e 3° ‘Iznoai4

0g92€]d :|0J3U0D (N4 ;0T XT)

-1 $1390] WnlI23o0GoplIg pue 90-a4

wnpiyiq wniiz3pqopyig ‘sz-1151490]

$N220203907 ‘TT-D7 195D SN|[19D032DT
“$T-V1 Snjiydopiop snjjongo3on]

|es3 pajiodal
Ajsnoiaaud jo
sisAjeue 20y 3504

996t-£ETT-TTTIN
(66005ZT€ :AINd)
6T0T '[e 39 S9W0D

UswWoMm 2saqo

EEINE] 10 JYS19MUIBA0 09

0G328|d :|043u0D (N4 ,0T X Gt)

€9/9 9dAGQ !pip|nog sa2Awioivyaops

pue (N42,0T X05¥) TZ-3S snjiydowayy

$Nn220203d2.43S (N4D ,0T X £)

90-qg wnpijiq wniia3opqopljlg

‘(N42,0T X 8) L0-19 $1320] “dsqs sijpwiup

wnpiz300qopiig (N42 ,0T XS°Z)

€0-94 2A24q wn}ia3o0qopijig

(N42 40T X8T) 9€-37 4assvs

snj(120Go3o07 (N4 ,0T X€) ¥9-91

snoLIDEING snj|120qo3207 (N4 ,0T X 9)
GTT-d7 wnupjupd snjj1o0gqo3ooT

WAzl Ales
pue sajaqelpaid
Yam synpe 09

8T/8LETO0ETITINY LDV
(5200992€ :AliNd)

2s00n|3 ewse|d Suiyseq SHoaMZT 0202 '|e 32 soldejed

julodpus Asewld UolUdAJRIU|  uonelng sjuediiyied jo Apnmis

Jaquinu/uoiieindod

(penunuod) z 3719VL



23989238, 2024, 1, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/edm2.436 by Vilnius University, Wiley Online Library on [28/03/2024]. See the Terms and Conditions (https:/onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

HORVATH ET AL.

logy, Diabetes
ism

ino
bol

14 of 32 Endocr
Mor2 | WILEY- 5o

1 e14930€(q 2134|09304d
| elia10eq |B10] pUE

pajiodal JoN

(uoisuaziadAy
|eliayle Jo
Juswadeuew Joy
uoljezijeyidsoy
‘sijlayses pajeldosse
140]Ad 43108qO0DII9H
anowny [eaqaJad
‘uoljouny [euad
paJredwi pue
Juswadeuew ured
Joj uonjezijeyidsoy
‘sij1u9ua04)ses
SAISEAUI
‘ain|le) yueay
pajesuadwodap
1j0d Ateljig)
UOIJUdAIRIUI BY) O}
pajejaJ 10U SJUIAD
9SI9APE SNOLIAS /.

awolqoJoiw
ul 93ueyd ou ‘(ules3s
21301q0.d) SIA31q ] Ul seaJdu|

awl} JaA0

uol3duNy pue saduepunqge
|ea3oeq ‘AjisuaAlp eydje
:padueydun dnous s13oiqoud
9s0p-y31y ul paseatdsp

pajJiodaus JoN Ajuejiwissip sipun)-Aeag

SJUDAS 3SIBAPY 3WoIqo.LdIW }NS3Y

1 ulInuoz uodNpal
ssew Apoq ul a3ueyd oN

1(9€48) 3411 4o Ayjend

1(vd1)

(e) urazoadodi| pue
9ouaJajwnauid diH
wsijogeiaw 9soon|3

ul 98ueyd Juediyiusis oN

(S60¥7T66C

‘AlNd) d1-YINOH
‘ulnsul 9s0on|3
1@7 ‘sapadA|SLy
‘loda3sa|oyd |e303
‘p1oe 1IN ‘Jey
snoeaueInNdgns ‘ssew
€4 ‘92U JWNDUID
Isiem ‘sq ul
Juswanosdwi

pajiodau Ajsnoinald

J1jogelaw 3 nsay

0022¢|d :|03U0) (W QTT UlNu| ‘W94
(SO4) sepiey22e503110039N14 (0T X T'T)
(T£9E OZIN) 6T SI39B| SN2202032€e7

(50T X6°0) (5£9€ OZIN) ¥TM SniieAljes
sn|in2eqo1oe (,0T X T'T) (€£9€

OZIN) TZM wnuejueld snjjideqoioe]
(g0TX6°0) (2£9€ OZIN) OZM 1osedeed
SN||19eq032€| ‘(;0T XZ°T) (7£29€ OZIN)
ZZM snjiydopioe snjj1oeqoloe

‘(50T %X8C) (¢88€ OZIN) ZSM/(089€

paiels AjJes|d 0N OZIN)TSM SI30€| wnliaideqopyig :s21301quUAS

wsljogejaw asoon|

(S607166C :AlINd)
|e1s3 pajsodal
Ajsnoiaaud jo

sisA|eue 20y 3s0d

julodpus Asewnd

0gadp|d
:1043U0)) (SOH) 9d Sap1ILYI2IDSOBI|0
-039Nn.14 pup (SO9) TTd SaplIbYI2DS08Ij0
-0320|p9 +(N4D ;0T X §°'T) 6IM
$1390] "2 pUe 8GM S1320] 37 ‘YTM
SNLIDAIIDS *T ‘C9M SIA21G *T ‘9GM 125D
“1°LEM snjiydopiov 7 ‘ZGM s139v] °g
‘TSM S132D] °g ‘€M Wnpliq °g :s21101quUAS
ogade|d :|o13u0d Aep Jad (N4D) sHun
Bulwioy Auojod 60T X Gz :dnoud 3s9y ¢
Aep Jad (N1D)
spun Sulwioy Auojod QTOT X T :dnous8 3s93 T
8G/M S110€| SN2202030€7
pue gT A SI32€| SN2202030€7
“FTM SNLDAIIDS SNj[12DG03OD[IBIT
‘9GM [25D2 SN||19DqIasPI13ODT
‘E9M SIA3I( SN[|12B]OIDE|IADT
‘LEM snjiydopioe sn|j1oeqoloe
‘TSM siide| wnuayoeqopiilg ‘TSM
SI30€| WN1J9}2eqO ‘CTM
wnpljiq wnlisjoeqopiylg :d1301qod

UOIUBAIR}U|

uaAI8
J0U Jaquinu uoljes}sigay

W/3NST=ING (86192€€E:AING)

SY9aMZT  Y}m suosiad 3npe 09 ‘020z '|e 32 Aouer
(Ansaqo+qzl) 8S569¥COLON (2T96TL1E

S}2ampz  sjuaijed Aysaqelp i ‘AIINd) 6T0C ‘|e 13 YieaioH
C9TO0TE0LON
uswom sssqo (90T09€5€ :AliNd)

SHoaMZT |esnedouaw)sod 9G 220 | 12 jAzolewzoe)

uoneing sjuediiyied jo Apnmis

Jaquinu/uoiieindod
(penuiuod) z 379VL



23989238, 2024, 1, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/edm2.436 by Vilnius University, Wiley Online Library on [28/03/2024]. See the Terms and Conditions (https:/onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

15 of 32

(senuijuo))

-WILEY

betes

1a

gy’ D

Endocrinolo
& Metabolism

3uiiwon pue
|003S }40S ‘@duUd|n3e|4
‘eaoyJlelp papnjoul
dnoug o1301quAs
ul swojdwAs
|eurysajulollsed
‘SIUIAD

9J9APE 919A3S ON

pajiodal JoN

SJIUDAD 3SIDAPY

HORVATH €T AL.

1 aeadeqo|Souo|n pue
e119)28qOSN4 ‘9eadeplo.Ialdeg
| aeaoe|jauo||IdaA
pue aeadeLa1deqoplyig
1 ejolvloeqOSN4 pue
£119)08q033}0.1d ‘ej0pl0.Ia)doeg
| eyoualoeqoundy
1 eisuewIy
| snjjioeqiasesijoe] pue
SN||12eq032€T ‘SN2202030€7
‘e||930A3.d ‘wniiajdeqopliig
1S}99M {7 J91J€ SD1101qAUS
1 aead
pue aeadep|oJajoeg
| seadenaloeqopiylg
1 Ajisianip eydje
1 ejoplolaloeg
‘| ej011930BqQ0UIDY
Isnjjioeqojoejisown]
pue snjj1oeqiasesijoe]
‘snj||1oeqoloe
‘wnusloeqopiig
1S}99MZ T J91Je S21301qAUS

uLe

1 virapbydspBajy
pup 42300qI21in| ‘D|[212UpIDD
‘D|[230A21d ‘2D22DI2020UILINY

| spuowidLAINg
pup ‘sn220204do)
‘WnN1I2320qo.1apuDoUaS0IPAH
‘sN22020.423U3 ‘WNNIDGO||Y
‘sn|[1opqo3op7 ‘vjjaISpioMpT
‘apadpiidsouyon]
1930DqIA21qOUDYIIN
‘D||2y142557 ‘wniiajopgng
‘D||218412quasiq ‘Dj|a4azzA|
‘D[24233nS ‘wintiz300q0pHig
‘snaso20uiwiny
‘abJabydsiaua
pue ‘pli23o0Gosn4
‘p102DY210AINT ‘DI1I21IDGOUDAD

awolqo.diw }nsay

1 seamzT Joyje

pIoe 2130.| SY2aM 7T

J934e a8ueyd ou ‘|

SHPIMZT J91je OTVIH
pue as02n|38 poojq Suijse

1oTVaH

J1joqelaw 3 nsay

(9-11) 9-upjnaj3ul
JO [9A3] 3Y3 ul 98ueyd

ejoiqoJolw
1n3 ur saduey)

jutodpus Asewnd

UOIJUSAID}UI OU
}lo13u0) SO 3G/ pue (N4D80T X €)
(Adag) Z£ZTT LIA 2A24q wniiajopgoplig
(N42g0T X €) (27 ‘e3041YS UlRA}S) 6206
LIA 125D204Dd SN|[19DqI35D2139D7 :SI130IqUAS

suoje wwesdoud sso| 1YSIDAA 2

21101quAs + wwea3oud sso| YSISpA T
:sdnoun (SO9) aplieydoesodijooloeled
-sues} 8G°G+(N4D 60T XST) 0T-AgvN
wnpyiq wnieoeqopylg pue ‘yI-|gavn
wn3uoj wnuajoeqopliig ‘zT-e|gvn
si3oe| wnieldeqopylg ‘1-sad

snjiydopioe snj|j1oeqo1e :$2130I1qUAS

UOIJUAIRIU|

£LS0CE0000NINN

sjuaired (T0££9S€E€ :AlNd)

SYM 7 INQZ1 95290 88 120C '|e 32 ‘emezeue)
wuweJsdoud

$S0| Jysiom 0TSEZTEOLON (6¥72CS6TE
SHPIMZT 3uiyueys syuaijed oz :AlINd) 020T ‘| 32 A938195
uoneing sjuedpiysed jo Apnis

laquinu/uonendod
(penupuod) z 374dVL



23989238, 2024, 1, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/edm2.436 by Vilnius University, Wiley Online Library on [28/03/2024]. See the Terms and Conditions (https:/onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

HORVATH ET AL.

logy, Diabetes
ism

ino
bol

16 of 32 Endocr
89092 | WILEY- 5o

| seuowdlIAING

pue wn11912eq032.4e|0dSeyd

‘sSN220203d3.43S ‘SN2202030e7

| aeaded20201da.3s pue
eqojoeT 1 aeadelisouyode]

pajiodaijoN  sdle

auoje dnou3 sonoiqoud pue
2u149gJaq Ul $S3| ‘Judwiealy
ygg+goid ul Ajuo

punoj aJam awoiqoidiw

pajiodal jJoN N8 2y} ul sa8ueyd 3soN

sanoiqoad

40 Ajjuspuadapul ‘suLiaqgiaq

Aq paonpoJjul swoiqoidiw
Y3 ul sadueyd 1So|p|

sdnoJ3
3UlI9qJaq Ul SJUSAS
9SJIApE |eul}SalUI0IISED)

1

aAIssaidal sa3aplola)oeg 0}
S93NdIWI4 | Ol3ed [j02°F 0}
si|1SeJ} saploJajoeg :$21301q04d

sdnoJi8 usamjaq
SJUDAD 3SJIDAPE
SNOIISS Ul 92UDIBH4IP ON

SJUDAS 3SIBAPY SWoIqo.LdIW }NS3Y

sdnou3

U99M}3q S20UIDIP ON

‘auo|e saijolqoud

pue auLagJaq Jo
1094J9 OU JO $53|
‘sayjoqelaw dwopidi|
pue 17 ‘|o4a3s3]0Yd
|eipueadisod uo

5109449 213S1349UAS

sJ93oweled
J1j0ge3aw Jayjo pue
JTVqH padnpaJ auoje
sa13o1qoud jou Inq
saljolqold +auliaglaq

pue auiqJag

pajiodal JoN

J1jogelaw 3 nsay

suo|e wweJsdoud sso| Jysiom 'g
95992+ wwetdoid sso| Jydiem '

paje)s Ajies|d JoN :sdnou9 (30g) 59aYd eZpuUAIg D1301qOId

ogade|d ‘¥

auuaqueg s

saljolqoid ‘¢

soijoiqold+auliaqlag T
:sdnouo
8Gt -1 IWDNDISSED sn||12eqo3oeT
pue £0%9 "ON DDINDD wnjuswiay
sN||12eqo32e7 :8SZT 'ON DDNDD
wnuejue|d sn||1oeqo3oe] ‘909 "ON
DDOWDD shjedsiid sn||1Deqo1de] ‘€09
‘ON DDINDDSNLIBAI[ES SN||1DB]03DET]

‘L v-1 WDND snsouweyl
sn||ioeqoyae ‘50T 'ON DDWDD
sndoj - Apnis 119sse3 sn2202032e7 ‘2019 "ON DDNDD
JLOWTYd dus 9A34q WnL2)2eqOPHIIg L0TC ON

woJj sisAjeue 20y-1sod  DDINDD wn3uo| wniiaideqopiilg :21301qoid

awolqosoiw
pue ejwapidi|
|eipueadisod uo

oqadeld 'y

auuaglag g

saniolqold ‘¢

sopjolqouad +auliaqglag ‘T
:sdnoug
8GY -1 WOND!95ED sn|j1oeqo3oeT
pue Z0%9 "ON DDINDD WnjusuLdy
sN||12eq0o32eT :gGZT 'ON DDNDD
wnJejue|d snj|1DeQOI2ET ‘9019 'ON
DDINDD snjedsiid sn||1Deqo3deT ‘e0y9
‘ON DJOINDDsNLIEALES sNjj1oeqO3oET
‘L v-1 IWDND snsouwey.
sn||12eqo3aeT ‘gS/Z0T 'ON DDWDD
11955e8 SN220203287 ‘Z0%9 "ON DDINDD
9A31q wni1a3deqopylg ‘Z0TZ 'ON

uigqojSowsaey pa1edA|D  DDINDD WNSuUo| WNLIIdRqOPIIg :21301q0id

oqade|d :|0J3u0D)

saljolqoud +ulnul :$31301qUAS (Yyoea
N42,0T X§'T) ‘wn3uoj wnualdeqoplig
pue ‘wnpiiq 'g ‘sijoe| wnilisideqopyig

Jeappun ‘snjiydopioe sn|j10eqo3oET :$21301q0.dd

julodpus Asewnd UOIUSAIRLU|

wwea3doud sso|

sAepOg  IYSIom Ul uswom zzZ
sjuened Azl
pasouselp Ajmau

SHIMZT ‘anteu-3nip g9g
sjusned azL

S}9aMgT  pasoudelp AjMau 401
sajaqelpad

EYEELS 74 yum sjuaned 0z

uopeing sjuedpied jo

Jaquinu/uoiieindod

UaAIS JoU Jaquinu

uo11e3sISaY 6907907 E
‘dINd ‘TZ0T ‘1839 dlH

192T98Z0LDN
(c06€T6VE:AINd)
120T “|e 30 Suep

Apn3s 31ONFYd
192T98Z01DN
(0zT¥720Ee :aliNd)

020z ‘|e 32 Sueyz

uaAI8 Jaquinu

ou ‘Aogs|eldyediuld je
paJa1si8a. (26E£ST9ZE
‘dINd) 020C ‘|e 1o uelesse)|

Apmis

(penunuod) z 3719VL


http://clinicaltrials.gov

HORVATH €T AL.

Endocrinology, Diabetes 17 of 32
o WILEY-Z

2.10 | Prebiotics

Prebiotics are defined as ‘substrates that are selectively utilized by
host microorganisms conferring a health benefit’'°® Since the rec-
ognition of their beneficial physiological effect over two decades
ago, the interest in prebiotics has grown markedly. Currently, the
best-known prebiotics are fructo-oligosaccharides, inulin, oligo-
fructose, galacto-oligosaccharides and resistant starch, wich for
example demonstrated the promotion of growth of Bifidobacteria
and Lactobacilli.’! Since the gut microbiome in people with exces-
sive weight shows a reduction in diversity of bacteria in general and
specifically a reduction of the abundance of Bifidobacteria, using
prebiotics to restore gut microbiome ecology and function has been
considered an attractive therapeutic option/method.'°? Inulin, re-
sistant starches or fructo-oligosaccharide-enriched inulin may have
beneficial effects on components of MetS.'°? Supplementation of
trans-galactooligosaccharides (GOS) improved insulin and lipid me-
tabolism, increased the abundance of Bifidobacteria and decreased
Gram-negative bacteria such as Bacteroides spp., Desulfovibrio spp.
and the C.histolyticum group.’® Alpha-galacto-oligosaccharides
led to a dose-dependent decrease of appetite and food intake.104
Supplementation of GOS selectively increased the abundance of
Bifidobacterium species, but did not lead to significant changes in
peripheral insulin sensitivity, energy and substrate metabolism in
prediabetic patients.’®® Inulin-type fructan supplementation de-
creased fat mass slightly, but did not significantly change BMI, lipid
or glucose homeostasis.' Inulin also favourably influenced microbi-
ome composition.’?”1%8 While in adults no convincing effect on body
weight could be observed, in obese children inulin and dietary fibre
together with increased exercise showed a significant decrease in
weight and body fat.}%? Resistant starch type 4 (RS4) supplementa-
tion positively affected lipid metabolism, potentially by modulating
bile acid metabolism and microbiome composition, but not glucose
metabolism. %12 The addition of polyphenolic food components
increased butyrate-producing gut bacteria and influenced the com-
position of the microbiome; however, the effects were largely de-
pendent on the concomitant medication of patients.'*®%> Taken
together, prebiotics seem to modify gut microbiome composition
but the effects on metabolic syndrome markers and body weight are
rare. It is still unknown, which factors, such as timing, dose, treat-
ment duration, type of the intervention and combination with other,
well-proven, interventions influence the effectiveness. The included

clinical studies are summarized in Table 3.

2.11 | Faecal microbiota transplantation for
metabolic diseases

FMT, the transfer of faecal matter from one individual to another
with the aim to improve/restore the composition of the gut micro-
biome and thereby treat a disease, has gained much attention in the
scientific field and in the general public. As a method that in principle
dates back to China in the fourth century, its modern application

& Metabolism T

took off in 2013. Until now the only routine application is the treat-
ment of recurrent Clostridioides difficile infections. Additionally,
many non-infectious diseases have been extensively studied.!'® The
first indication of efficacy for FMT in human metabolic diseases was
published in 2012, where in a pilot study in the Netherlands insulin
resistance was improved in nine male adults with metabolic syn-
drome who received FMT from a lean donor, whereas no changes
were observed in nine controls who received an autologous FMT.®
A potential effect on body weight was first suspected by a ‘compli-
cation’ of FMT for Clostridioides difficile, where an initially normal-
weight patient received an FMT from an obese donor and gained
weight after FMT.* While consecutive studies did not report such
effects,'?C the opposite strategy—increasing body weight of cachec-
tic cancer patients through FMT from obese donors—also failed.!?*
Nevertheless, BMI in the normal range has been included into the
strict selection criteria for stool donors.*22

After these initial proof of concept trials, a number of clinical tri-
als have been conducted, where researchers aimed to improve me-
tabolism and reduce weight by FMT in obesity, metabolic syndrome,
non-alcoholic fatty liver disease and type 2 diabetes. However, espe-
cially in adequately powered, randomized, placebo-controlled trials,
mixed results with regards to improvement in metabolic parameters
were reported. While most studies demonstrated changes in micro-
biome composition, clear effects on clinically important endpoints,
such as body weight or insulin resistance are missing. The included
trials with their clinical endpoints are summarized in Table 4. It is
notable, that the method of FMT may play a role in its effectiveness.
Oral capsules, which would be the preferred route of administration
for both safety and logistical reasons, so far did not show substantial
improvements in metabolic parameters, except when administered
together with low fermentable fibres.!?>"126 From a mechanistic
point of view it is still not clear what the ‘effective agent’ in FMT is.
For the treatment of Clostridioides difficile infections, sterile filtrated
faecal preparations were similarly effective as conventional faecal
preparations containing living microorganisms. This indicates that
bacterial components, metabolites, or bacteriophages may mediate
the effects of FMT. The results of a pilot study suggests that FMT
treatment, in absence of previous antibiotic treatment, significantly
changes the bacteriophage community of the recipients. However,
changing the bacteriophage community in this trial was not suffi-
cient to present a clinical improvement in all the individuals.*?’
Another study reported an influence of FMT on plasma metabolites
related to lipid metabolism and DNA methylation status; however, a
clear-cut pathophysiological explanation for a potential mechanism
to influence glucose metabolism could not be identified.'?®

Recent studies also explored how the selection of the donor
could impact on the effect of FMT. A vegan diet is associated with
reduced trimethylamine-N-oxide (TMAO) production and there-
fore lower cardiovascular risk; however, the FMT from vegan
donors did not decrease TMAO production in patients with met-
abolic syndrome, which indicates that despite existing evidence
of compositional changes that resemble the microbiome of the
donor, the functional capacity is not easily transferred.'?’ FMT
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related changes in the gut microbiome, a seminal study including
784 human gut metagenomes showed that metformin therapy in-
creases Escherichia and lowers Intestinibacter species abundance,143
as has also been shown by other studies.’****’ The increase in
Escherichia may explain some of the side-effects of metformin in-
cluding an increase in virulence factors and gas metabolism genes.!*®
Furthermore, the functional profile of the microbiome showed an
increased potential for the production of butyrate and propionate,
which has beneficial effects on glucose and energy‘143 An increase
in the production of short-chain fatty acids was also described
by other authors/studies.’*>1%” Moreover, mucin-degrading and
butyrate-producing Akkermansia muciniphila and Bifidobacterium ad-
olescentis were described to be increased through metformin.14148
Another study by Sun et al, 2018 showed the decreased abundance
of Bacteroides fragilis, which is a bile acid metabolizing bacterium,
in the group of metformin treated diabetic patients, and a promi-
nent increase in glycoursodeoxycholic acid levels.**’ The link to
bile acid metabolism was strengthened by the finding of increased
Blautia species abundance associated with metformin treatment,
with Blautia species being involved in bile acid metabolism,°%%5!
and by the finding of significantly increased levels of total, primary,
secondary and unconjugated plasma bile acids, which significantly
correlated with lower HbA1c levels.’>? Generally several studies re-
ported an association between metformin mediated changes of gut
microbiome composition and the function and effects of metformin
on glycemic control.}*%'% An association between adverse effects
of metformin and microbiome composition was also reported.“‘"’154
Therefore, metformin seems to influence microbiome composition
and function, which might explain both adverse and beneficial ef-
fects of metformin treatment. Furthermore, tolerance and response
to metformin were also associated with gut microbiome composi-
tion. Thus, patients with a higher abundance of Megamonas rupel-
lensis and Phascolarctobacterium spp., a higher activity of the amino
acid biosynthesis pathways and a lower activity of sugar degradation
pathways before the start of a metformin therapy, were more toler-
ant to a subsequent metformin therapy.'>> Maintenance of optimal
glycemic control with metformin therapy in type 2 diabetes mellitus
patients was associated with reduced alpha diversity and a peculiar
signature of microbiome composition and functional pathways.156
Response to metformin was associated with a higher abundance of
Enterococcus faecium, Lactococcus lactis, Odoribacter and Dialister be-
fore the start of metformin treatment in patients with type 2 diabe-
tes mellitus.?>*

Statins are known to have broad effects not only in regards to
metabolic syndrome but also beyond.157 Huetal.,2021 reported that
statin use in acute coronary syndrome shifts gut microbiome com-
position and function to a ‘healthier’ one, through, for example, a de-
crease in Parabacteroides merdae and an increase in Bifidobacterium
longum subsp. longum, Anaerostipes hadrus and Ruminococcus
obeum in the gut microbiome, which correlated with fatty acid and
isoprenoid-related pathways and promoted statin-related beneficial
metabolic effects.*® However, some studies showed conflicting re-
sults, for example, regarding the effect on Bacteroides abundance

& Metabolism T

in patients treated with statins with some reports of increased
Bacteroides'® and some reports of decreased Bacteroides,'¢°
which might be attributed to, for example, different statin types pre-
dominantly used for treatment.?® Some studies show that there is
no statin associated microbiome change,'®* while others describe a
whole range of altered bacterial taxa, also indicating the importance
of standardization of microbiome sequencing and data analysis.'%?
Similar to metformin, statin treatment efficacy was linked to micro-
biome composition. Rosuvastatin was associated with differences in
gut microbiome composition in patients with hyperlipidemia, with
Lactobacillaceae and Bifidobacteriaceae being more abundant in pa-
tients with more pronounced effects of rosuvastatin.**>%* Another
study connected more successful statin treatment to a higher abun-
dance of Akkermansia muciniphila and Lactobacillus and a lower abun-
dance of Holdemanella and Facecallibacterium.*>? A better response
to atorvastatin was associated with a higher relative abundance of
Lactobacillus, Eubacterium, Faecalibacterium and Bifidobacterium, but
a lower relative abundance of Clostridium.*¢®

Glucagon-like peptide-1 agonists are another group of drugs cur-
rently used in therapy of metabolic diseases. However, the data on
its associations with the gut microbiome composition are so far rel-
atively scarce. Interestingly, when comparing effects of metformin
and GLP-1 agonists on the gut microbiome, GLP-1 agonists seem to
have a stronger effect on increasing Akkermansia abundance than
metformin.}®® However, another study reported no effects of the
GLP-1 agonist liraglutide on the composition of the gut microbiome,
despite its metabolic effects. The reason for contrasting results
could be that Wang et al. 2018 did not account for the differences
in pre-treatment microbiome composition in patient groups in their
analysis. The GLP-1 agonist liraglutide was also shown to increase
faecal abundance of deoxycholic bile acid.'®” Diabetic patients who
responded better to GLP-1 agonist (liraglutide or dulaglutide) treat-
ment were characterized by a specific microbiome signature, includ-
ing an increased abundance of Bacteroides dorei, Lachnoclostridium
sp., Roseburia inulinivorans, Butyricicoccus sp. and a decreased abun-
dance of P.copri, Bacteroidales, Ruminoccoccaceae, Eubacterium co-
prostanoligenes sp., Dialister succinatiphilus, Alistipes obesi, Mitsuokella
spp., Butyricimonas virosa, Moryella sp. and Lactobacillus mucosae
compared with non—responders.168 This suggests that the composi-
tion of the gut microbiome influences the efficacy of the treatment
with GLP-1 agonists. Contrasting and scarce findings on GLP-1 ag-
onist interaction with the gut microbiome urge further investiga-
tion of this topic. More details of the studies about the influence of
the above described drugs on the gut microbiome are presented in
Table 5.

3 | SUMMARY

Diet influences both metabolic diseases and the microbiome and
changing dietary habits is a safe intervention. Clinical studies pro-
vide evidence that various dietary interventions, such as increases

in whole-grain or fermented foods, the Mediterranean diet or even
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the consumption of red wine improve some biomarkers of metabolic
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syndrome and change the composition of the gut microbiome. This
gives hope to the hypothesis that the appropriate diet can influence
the composition of the gut microbiome, and these changes can re-
duce the risk of the disease. However, the perfect diet has not been
found yet—most likely, there will be no ‘one size fits all’ diet. The
available literature on the use of probiotics in obese, MetS or diabe-
tes patients is highly diverse in study designs, products, endpoints,
microbiome analysis techniques and duration and dosage of inter-
ventions and therefore cannot support a sound conclusion of the
efficacy of probiotics in obesity and related diseases. Prebiotics as a
well-defined form of dietary intervention, showed beneficial clinical
effects for GOS, inulin and resistant starch on biomarkers of meta-
bolic syndrome and in some cases these findings were associated
with changes in the composition and function of the gut microbiome.
FMT has so far not been able to show convincing clinical effects and
the use of FMT as a strategy to treat obesity and metabolic diseases
would also be limited by the fact that FMT is a resource-intensive
treatment that also contains some procedural risks. Changes in
the composition of the gut microbiome that are associated with
the intake of medications used to treat metabolic syndrome such
as metformin, statins and GLP-1 agonists and that can explain and
modulate therapeutic and adverse effects of these drugs underpin
the feasibility of managing the metabolic diseases with approaches

targeting the microbiome.

4 | LIMITATIONS

The heterogeneity of metabolic diseases and the complexity of
the gut microbiome make it extremely difficult to deliver targeted
microbiome modulation. A major shortcoming is for example the
ubiquitous use of the umbrella term ‘probiotics’ which suggests a
uniform intervention but includes vastly different bacterial species
with potentially widely deviating functions. Although technically
all discussed interventions are probiotics, there is no true replica-
tion and therefore validation of results. Similar patient cohorts have
been treated with different products and vice versa, products used
more than once have been trialled in different patient cohorts. This
also limits the conclusion that can be drawn with regard to the in-
volvement of microbiome modulation in the effects of probiotics.
Some studies report clinical effects without microbiome modula-
tion or microbiome modulation without resulting clinical effects.
Furthermore, the techniques for microbiome analysis used in the
discussed trials range from plating and counting over targeted qPCR
to 16S sequencing, which massively influences the expectable res-
olution of results. Further research with evidence-based formula-
tions in adequately powered high-quality randomized control trials
is needed to improve the available data and support a sound con-
clusion on probiotics in obesity related diseases. Especially studies
on prebiotics suffer from a small sample size as well as short and
heterogeneous interventions, which limit the general applicability of
these results in clinical practice.

5 | FUTURE DIRECTIONS

To fulfil the promise of microbially derived therapies aimed at restor-
ing metabolic health in humans, major efforts in translational science
are needed to dissect the interaction of environmental influences
on host-microbe interplay. FMT clearly helped to understand the
relationship between the gut microbiome and metabolic disorders
and facilitated the notion that microbiome modulation can be an ef-
fective therapeutic strategy. However, unless developments such as
encapsulated FMT are proven to be successful, the domain of FMT
will be experimental rather than therapeutic. Furthermore, the fact
that certain gut microbiome signatures in patients with metabolic
syndrome are associated with the responce to these drugs highlights
the urgent need for developing personalized gut microbiome target-
ing strategies not only to independently treat metabolic syndrome
but also to ensure the efficacy of the currently used standard thera-
pies via, for example, combination therapy. However, there are still
a lot of unanswered questions regarding gut microbiome interac-
tions with metabolic syndrome therapies, which need to be further
investigated, including understanding the reasons for conflicting
findings, the effects of combination therapies, and the influence of
confounding variables on the results. The low predictability of the
intervention warrants further research towards a better translation
or transformation into clinical practice. Further efforts are neces-
sary to improve a timely and personalized diagnosis of the individual
dysbiosis in obesity and to augment and retain the effect of a diet by
influencing the microbiome in a personalized but also ‘affordable’ mi-
crobiome modulation strategy. A clear commitment in research from
all stakeholders (politics, funding bodies, health industry, research-
ers and the society) is necessary to move forward into the direction
of developing live microbial agents, next-generation probiotics and
targeted dietary interventions to let the current hype develop into a

realistic hope for patients with metabolic syndrome.
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