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Accumulating evidence suggests an important role of gut microbiota in physiological processes of host meta
bolism as well as cardiometabolic disease. Recent advances in metagenomic and metabolomic research have led
to discoveries of novel pathways in which intestinal microbial metabolism of dietary nutrients is linked to
metabolic profiles and cardiovascular disease risk. A number of metaorganismal circuits have been identified by
microbiota transplantation studies and experimental models using germ-free rodents. Many of these pathways
involve gut microbiota-related bioactive metabolites that impact host metabolism, in particular lipid and glucose
homeostasis, partly via specific host receptors.
In this review, we summarize the current knowledge of how the gut microbiome can impact cardiometabolic
phenotypes and provide an overview of recent advances of gut microbiome research.
Finally, the potential of modulating intestinal microbiota composition and/or targeting microbiota-related
pathways for novel preventive and therapeutic strategies in cardiometabolic and cardiovascular diseases will
be discussed.

1. Introduction
The majority of microorganisms living with the human body –
generally called the human microbiome – inhabit the gut and are known
as the gut microbiome. Within the large intestine, up to 1011-1012 cells/
ml can be found [1], so that the estimated quantity of microbes exceeds
the number of all nucleated human cells by approximately 10-fold [2,3].
The genome of the gut microbiota comprises 100-fold more genes than
the human genome [4,5]. This extraordinary genetic richness provides a
multitude of metabolic features, such as synthesis of vitamins, fermen
tation of indigestible dietary fibres to short-chain fatty acids (SCFAs) and
bile acid metabolism [6–10]. The gut provides the microbiota with
stable environmental conditions (e.g. temperature, pH, and nutrients),
and the microbiota in turn serve their host with metabolites, which exert
a multitude of effects on host physiology in the gut and in gut distant
organs [11,12]. Up to half of the metabolites within the systemic cir
culation are thought to represent microbially derived metabolites [13,
14].
Over the last decade, the gut microbiota has become an important

focus of cardiovascular research, since growing evidence indicates that
intestinal bacteria contribute to metabolic pathways that are essential
for preserving cardiovascular health. In particular, participation in
nutrient breakdown and the metabolism of endogenous compounds
secreted into the gut is highly associated with the production of bioac
tive microbially derived metabolites that can have both, a beneficial or a
deleterious impact on cardiovascular health [15].
Growing evidence suggests that the gut microbiota is not only
involved in the pathogenesis and maintenance but also in the alleviation
and rehabilitation of cardiometabolic diseases (CMDs), particularly
dyslipidaemia, hyperglycaemia, obesity and hypertension [16–21].
Thus, the gut microbial profile and function may considerably impact
the risk of atherosclerotic cardiovascular disease (ASCVD) development,
since it was shown that patients with ASCVD differ significantly in their
gut microbial composition from healthy controls [22–24].
Hypercholesterolemia is a well-established ASCVD risk factor and
elevated levels of the low-density lipoprotein cholesterol (LDL-C) are
closely related to the development of atherosclerotic plaque lesions [25,
26]. Therefore, modulating plasma LDL-C levels is crucial for prevention
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of ASCVD and is mainly achieved by altered nutrient intake and
cholesterol lowering compounds, in particular statins, which represent
the first line therapeutic regimen for treatment of dyslipidaemia ac
cording to current guidelines [27]. Another major cardiovascular risk
factor is type II diabetes mellitus (T2DM) and ASCVD is the leading cause
of death in patients with T2DM [28]. Micro- and macrovascular damage
are well known complications of long-term elevated fasting blood
glucose and patients suffering from T2DM have a considerably higher
risk to develop ASCVD compared to non-diabetic individuals [29]. Since
elevated fasting blood glucose resulting from impaired pancreatic
beta-cell function and peripheral insulin resistance is the underlying
cause of diabetes associated complications, the antidiabetogenic com
pound metformin is currently used as a standard care for T2DM patients
for achieving reduced fasting blood glucose [30].
However, beside drug-treatments, shifts in dietary regimen are
highly recommended for targeting CMD. Dietary recommendations are
used to adjust the energy intake to energy expenditure. However,
modulation of the gut microbiota by an altered nutrient supply, is
increasingly considered to contribute to alleviating CMD. Therefore, it is
conceivable, that altered nutrients as well as oral drug supplementation
would either generate a beneficial intestinal microbiota composition or
interrupt a detrimental one, given that the gut microbiota is highly
adaptive to changing environmental conditions. Both cases would result
in a modified microbial metabolic profile impacting host’s metabolism
and phenotype.
The aim of this review is to provide an overview of the current
knowledge about how the gut microbiota shapes the host’s metabolic
phenotype and is involved in the pathogenesis of CMDs and how mod
ulation of gut microbial activity may contribute to therapeutic effects of
cardiometabolic drugs. Moreover, we will discuss the potential of tar
geting gut microbial pathways for preventive and therapeutic purposes
in the management of CMDs.

shown that ClpB, as an alpha-MSH antigen-mimic, may directly activate
anorexigenic hypothalamic POMC neurons, resulting in altered
long-term food intake [32]. The authors concluded that the gut micro
biota, especially E. coli and its related proteins, may take an inductive
role in inducing satiety and meal termination [32], possibly account to
the aforementioned smaller food consumption in CONV-R mice.
On the other hand, it was reported, that GF mice are more sensitive to
the satiety inducing hormone leptin, due to alleviated suppression of
intracellular leptin signalling by suppressor of cytokine signalling 3
(SOCS3), which occurs in CONV-R mice [33]. Furthermore, it was shown
that administration of a high-fat diet (HFD) in rodents results in hypo
thalamic inflammation, may contributing to leptin resistance [34,35].
Thus, a dysbiotic gut microbiota composition based on a HFD may ag
gravates leptin resistance and fat accumulation in CONV-R mice.
Moreover, it is believed that the gut microbiota can increase hosts
energy harvest from consumed nutrients, mainly by fermenting indi
gestible dietary fibres into SCFAs which further serve as an energy
resource for the host [36]. It is assumed that the fermentation of dietary
fibres into SCFAs contributes up to 10% of the energy intake in people
living in the western civilization [37]. Since GF mice lack microbial
generated SCFAs, this may also contribute to increased energy harvest
from nutrients in CONV-R mice ultimately lowering the necessity for
food ingestion to cover the energy demand.
A link between the gut microbiota and energy storage was further
supported by studies demonstrating altered microbiota composition in
obese mouse phenotypes with dysregulated energy storage [38].
Furthermore, it is considered that the contributory role of the gut
microbiota to obesity may depend on the presence or absence of specific
bacterial phyla and species [39].
The physiologic gut microbiota is characterized by the abundance of
the bacterial phyla Bacteroidetes, Firmicutes, Proteobacteria, Actino
bacteria, Fusobacteria, Verrucomicrobia and Cyanobacteria [40], with the
phyla Firmicutes and Bacteroidetes contributing to more than 90% of the
bacterial colonization [4,40].
Experiments in mice prone to an obese phenotype due to mutations
in the leptin gene (ob/ob mice) revealed that obesity is accompanied by
a remarkable shift in the Firmicutes to Bacteroidetes ratio, with an in
crease in Firmicutes and a reduction in Bacteroidetes of up to 50% [38].
Since the mice were fed a chow diet the observed changes in the gut
microbial composition were primarily ascribed to the development of an
obese phenotype [38]. Likewise, a recent study conducted by our group
reproduced the alterations in the Firmicutes to Bacteroidetes ratio in obese
C57Bl/6 mice fed a HFD [41]. Subsequently, 16S ribosomal RNA anal
ysis from faecal samples of 12 obese human individuals illustrated a
similar microbial composition in the gut, marked by an increased ratio
of Firmicutes to Bacteroidetes, which was reported to be reversed upon
weight loss [42].
These findings are in line with results from a recent systematic re
view investigating the gut microbiota composition in obese individuals,
also reporting an increased Firmicutes to Bacteroidetes ratio compared to
lean controls within the majority of the enrolled studies [43]. Notably,
this simplified ratio was not observed in some human studies [43–45]
thus may limit the relevance of this ratio in the clinical setting. Possible
confounding factors including techniques regarding gut microbiota
analysis and DNA extraction, ethnicity of study population, dietary
patterns and gender may contribute to the conflicting results [43].
Of note, also genera and species belonging to other bacterial phyla
are linked to the development of the body weight phenotype and the
concomitant metabolism. Therefore, it was shown that the abundance of
Akkermansia muciniphila, a member of the Verrucomicrobia, negatively
correlated with incidence of obesity in humans and mice [43,46,47].
Recently, a study conducted in humans revealed that daily oral
administration of Akkermansia muciniphila resulted in improved insulin
sensitivity, reduced plasma total cholesterol and a slight reduction in
body weight [48].
Addressing the observation of an altered gut microbiota composition

2. Impact of the gut microbiota on body weight phenotype
development
Emerging data suggests that the gut microbiota takes an important
role in hosts energy metabolism and therefore represents a crucial factor
for maintaining a lean or developing an obese phenotype with impaired
metabolic status. Since accumulation of body weight depends on a
negative energy harvest to expenditure ratio, microbial influence on
pathways regarding energy metabolism is highly of interest.
It was reported that conventionally raised mice (CONV-R) with an
intact intestinal microbiome gain more body fat than their germ-free
(GF) counterparts when fed the same diet [31]. Consistently, coloniza
tion of GF mice with the caecal contents of CONV-R mice assimilated
body fat to levels comparable with CONV-R mice [31]. Importantly, the
heightened body fat of CONV-R mice was not due to differences in food
intake, with CONV-R mice even consuming less food [31], indicating
that the gut microbiota interferes with pathways involved in energy
storage. The investigators also provided a mechanistic link between the
gut microbiota and energy storage in adipocytes via regulation of the
expression of the fasting induced adipocyte factor, also known as the
angiopoietin-like 4 protein (ANGPTL4) [31]. It was shown that micro
bial suppression of the expression of gut derived ANGPTL4, which is a
circulating lipoprotein lipase (LPL) inhibitor, led to increased LPL ac
tivity and enhanced lipid storage in adipocytes [31].
It was further shown that the gut microbiota not only increases the
ability of energy storage, but also influences neuro-humoral related
pathways regarding the sensation of satiety ultimately affecting dietary
patterns. A study conducted in rodents revealed that local accumulation
of the microbial derived caseinolytic protease B (ClpB), due to nutrient
induced growth of Escherichia coli, was associated with an elevated
release of gut satiety hormones (glucagon-like peptide-1 (GLP-1), pro
tein YY (PYY)) from enteroendocrine L-cells, influencing short-term
appetite control as suggested by the authors [32]. Further, it was
2
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within an obese phenotype, it has been demonstrated that an obese
phenotype is transmissible with its associated gut microbiota in mice
[49,50], pointing to a causal role for the intestinal microbiota in shaping
the host phenotype and, consequently, the host metabolome. It was
further shown that the intestinal microbiota not only contributes to an
obese phenotype but also may prevent the host from gaining weight
[21]. Transplantation of faecal microbial contents from human twins
discordant for obesity into cohoused mice revealed a diet-dependent
invasion of the lean microbiota into the obese microbiota with further
protection from weight gain [21]. Invasion of the lean microbiota was
correlated with enrichment of Bacteroidetes (specifically Bacteroidales) in
the obese microbial community, accompanied by improvements in mi
crobial metabolism (e.g., fermentation of SCFAs and altered bile acid
metabolism) [21].
Diet-dependent microbial invasion illustrates that the gut microbial
community can undergo dynamic changes in its composition, since an
alteration of environmental factors, such as a shift in nutrient supply,
generates a survival advantage for some bacteria to the detriment of
others [21]. It is known that the gut microbiota is highly adaptive to
changing nutrient supply, and the growth of bacteria whose metabolism
fit best to the newly formed conditions is accompanied by an altered
metabolic profile of the intestinal bacteria [51,52]. Therefore, the gut
microbiota modulates host physiology by processing nutrients, while the
diet shapes the gut microbial community, favouring microbes most
suitable for utilizing dietary nutrients [53,54].

whether this metabolic feature plays a relevant role in eliminating di
etary cholesterol under the prevailing conditions in the human gut.
Another interaction between dietary cholesterol and intestinal
microbiota with a possible impact on cholesterol absorption is provided
by the microbial modulation of cholesterol into coprostanol. A few
bacterial strains express a cholesterol reductase enzyme [10,62,67],
which reduces cholesterol into coprostanol, a compound that exhibits
lower intestinal absorption and therefore increased elimination through
the faeces [10]. However, in vitro studies reported reduced efficiency of
the cholesterol reductase enzyme in the presence of bile acids in the
medium [62]. Additionally, in vivo studies in rodents reported conflict
ing results with either an increased or an unaltered coprostanol:
cholesterol ratio in faeces after treatment with probiotics capable of
cholesterol reduction [68–70], leaving it questionable whether this
pathway reduces intestinal cholesterol absorption.
More promising results may emerge from microbial modulation of
the expression of the Niemann-Pick-C1-like 1 (NPC1L1) protein, which
is the major transporter for intestinal cholesterol uptake [61,71]. Cell
culture-based experiments with Caco2 enterocytes treated with pro
biotic bacteria have shown reduced expression of NPC1L1 accompanied
by reduced cholesterol absorption [72,73]. The authors suggested that
the probiotic bacteria secreted a sort of heat-stable soluble effector
molecule, which possibly impacted NPC1L1 expression via liver X re
ceptor signalling [73]. Moreover, in vivo studies in rodents reported
reduced intestinal expression of NPC1L1 in hypercholesterolaemic ani
mals after treatment with specific probiotics (Lactobacillus acidophilus,
Lactobacillus plantarum, and Bifidobacterium animalis) [72,74].
Recently, inhibition of NPC1L1 expression was linked to the pro
duction of the microbially derived SCFAs. Growing evidence indicates
that SCFAs (mainly acetate, propionate, and butyrate), originating from
microbial fermentation of indigestible dietary fibres, influence choles
terol metabolism. Whereas acetate and butyrate serve as precursors for
cholesterol biosynthesis [75], propionate was reported to inhibit the
rate-limiting enzyme of cholesterol biosynthesis, HMG-CoA reductase
(HMGCR) [76].
In a translational study, we recently linked the SCFA propionate to
the regulation of intestinal cholesterol absorption by modulating ileal
NPC1L1 expression in an immune-dependent manner [16]. We demon
strated that oral supplementation with propionate for 4 weeks signifi
cantly lowered plasma LDL-C levels in ApoE− /− mice fed a HFD, which
was accompanied by a markedly reduced ileal expression of NPC1L1
[16]. Furthermore, our data also suggested an immune-dependent
regulation of NPC1L1 expression, since the intestinal concentration of
regulatory T cells and their major cytokine interleukin 10 (IL-10) were
substantially increased after propionate treatment [16]. In vitro analysis
of intestinal organoids of murine origin incubated with IL-10 displayed a
dose-dependent inhibition of NPC1L1 expression [16]. Conclusively, our
findings showed that propionate lowers intestinal NPC1L1 expression
via an immune-dependent pathway leading to decreased plasma
cholesterol levels and ultimately alleviating atherosclerotic plaque
development [16]. Notably, the modulatory effect of propionate on the
intestinal immune system and the differentiation of T cells has also been
shown in the context of chronic inflammatory diseases [77,78]. Of note,
it was also shown that SCFAs (e.g. butyrate) are capable of improving the
gut barrier by inducing the expression of tight junction proteins and
increasing mucus production, subsequently lowering the translocation
of pathogen associated molecular patterns (e.g. lipopolysaccharides
(LPS)) from intestinal microbes into circulation, which is associated with
low grade systemic inflammation [79–82]. Since low grade inflamma
tion induced by increased gut permeability has been found in patients
suffering from cardiometabolic diseases (obesity, T2DM), atheroscle
rosis and heart failure [83,84], a strengthened gut barrier may
contribute to preserved cardiovascular health. Furthermore, it is known
that SCFAs attenuate the inflammatory response of immune cells acti
vated by LPS [85–87], may add to the beneficial effects of SCFAs on
cardiovascular health, since atherosclerosis is an inflammation driven

3. Gut microbiota and cholesterol metabolism
Although cholesterol represents an essential molecule for human
metabolism and participates in numerous physiological processes,
reducing plasma LDL-C levels is an important part of ASCVD prevention
[27]. Data arising from in vitro and in vivo studies suggest that the gut
microbiota has the ability to modify plasma cholesterol levels in both
directions. Studies performed in Chinese Erhualian pigs indicated that
the gut microbiota accounts for 5.9% of the variation in total cholesterol
(TC) levels and 2.8% of the variation in LDL-C levels [55]. Consistently,
although to a lesser extent, the results from human studies have indi
cated that the intestinal microbiota accounts for 1.5% of the variation in
TC and 0.7% in LDL-C levels [56].
Studies analysing the blood lipids in secondary GF mice revealed
increased levels of plasma cholesterol compared to their CONV-R
counterparts when fed the same diet [41,57,58], indicating microbial
participation in cholesterol metabolism in different compartments of the
host’s body. Of note, some studies failed to link the presence of the gut
microbiota with lowered systemic cholesterol on a HFD and identified
the dysbiotic microbiota, shaped by the HFD, as an independent risk
factor for ASCVD in mice [59,60]. Since the studies differ in the design it
is likely that the given diet, genetic background of mice and duration
contribute to the varying outcomes on the effect of the gut microbiota on
plasma cholesterol levels upon a HFD.
Systemic cholesterol derives from endogenous biosynthesis and the
diet [61], with the latter contributing a substantial portion considering
the cholesterol ratio in Western-type diets. Thus, it stands to reason that
interactions between the intestinal microbiota and dietary cholesterol
subsequently impact host plasma cholesterol levels.
It is known that specific bacterial strains (e.g., Lactobacillus and
Bifidobacterium) can utilize cholesterol for incorporation into their cell
membranes, thereby improving their resilience against cell lysis [62].
Incorporation of dietary cholesterol could lower luminal concentrations
available for intestinal absorption, which may affect plasma cholesterol
levels. However, cholesterol incorporation into bacterial cell mem
branes depends on bacterial growth, which is restricted by bile salts to a
certain level [62,63]. Notably, in vivo studies in rodents, pigs and
humans analysing the effect of supplementation with probiotic bacteria
capable of cholesterol incorporation on the plasma cholesterol levels
have displayed conflicting results [64–66]. Therefore, it is doubtful
3
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disease.
Importantly, it can be assumed that the cholesterol-lowering effect of
propionate is transferrable to humans, since a randomized controlled
trial with patients receiving either placebo or propionate for 8 weeks
displayed lower LDL-C levels in the treatment group [16]. Furthermore,
a long-term study in obese patients supplemented with either propionate
coupled with inulin or solely inulin reported decreased TC levels after 24
weeks in both groups [88]. A specific reduction in plasma LDL-C levels
exclusively occurred with the supplementation of inulin-propionate,
suggesting a beneficial role of propionate on LDL-C levels independent
from the dietary fibre inulin [88].
While researchers have only begun to understand the mechanistic
link between fibre ingestion and the production of SCFAs and their
cholesterol-lowering properties, a recommendation for a high con
sumption of dietary fibres for the purpose of LDL-C lowering has already
been included in the European Society of Cardiology-guidelines (2019)
for the management of dyslipidaemias [27].
Further evidence indicates that the gut microbiota not only affects
body cholesterol homeostasis by modulating intestinal cholesterol ab
sorption but also interferes with cholesterol excretion via bile acid
metabolism. Bile acid synthesis represents the major eliminating
pathway for cholesterol and occurs through cytochrome p450 enzymes
in the liver, particularly cholesterol 7-α monooxygenase (CYP7A1) [89].
CYP7A1 is regulated by negative feedback control mainly by the intes
tinal and hepatic farnesoid X receptor (FXR), which is activated by
reabsorbed bile acids and therefore able to constantly adjust the de novo
bile acid synthesis to the current demand [89].
Widely distributed enzymes among gut bacteria are bile salt hydro
lases (BSHs), which execute the transformation of secreted primary
conjugated bile acids into secondary unconjugated bile acids [90,91].
Unconjugated bile acids are less efficiently reabsorbed in the intestine
and are less effective at emulsifying dietary lipids and lipid-soluble vi
tamins into micelles [92]. Therefore, deconjugation of bile acids may
increase the demand for de novo synthesis due to decreased intestinal
reabsorption. Combined with the decreased absorption of dietary lipids
on account of the less efficient generation of micelles, this may ulti
mately result in enhanced cholesterol elimination and decreased plasma
cholesterol levels.
In contrast, it was also reported that a microbial composition linked
to decreased BSH activity results in an increased intestinal abundance of
tauro- or glycine conjugated bile acids in mice (e.g., TβMCA and
GUDCA), which are capable of antagonizing intestinal FXR [93,94].
Activation of intestinal FXR results in the release of the murine hormone
fibroblast growth factor 15 (Fgf15) and the human analogue fibroblast
growth factor 19 (Fgf19), which inhibit de novo bile acid synthesis by
repressing CYP7A1 expression by binding to the fibroblast growth factor
receptor 4 on hepatocytes [95,96]. A study conducted in C57Bl/6 mice
treated with theabrownin (TB), a compound in Chinese Pu-erh tea,
showed significantly decreased intestinal BSH activity as a result of TB
treatment
with
subsequent
elevated
primary
tauroor
glycine-conjugated bile acids and reduced ileal expression levels of FXR
and Fgf15 [97]. This was accompanied by elevated hepatic bile synthetic
genes (e.g., CYP7B1, CYP27A1, and CYP7A1) and therefore an increased
bile acid pool and increased faecal bile acid loss, ultimately leading to
reduced hepatic and plasma cholesterol levels [97]. Since treatment
with TB reduced the abundance of bacterial species enriched with BSH
enzymes [97], reshaping the gut microbiota to a composition with
depleted BSH activity may function as a therapeutic target to alleviate
increased cholesterol levels in plasma.
Reviewing bile acid related pathways with implications on choles
terol metabolism it should be noted that mice and humans differ
significantly not only in their mostly abundant bile acids but also in
expression of bile acid synthesizing proteins [98,99]. Therefore, it needs
be considered that data from rodent studies are not always transferable
to the humans. In this respect, it is known that humans do not express
the Cyp2c70 - enzyme, which forms the muricholic acid (MCA) [98], a

potent FXR antagonist as mentioned above. Investigating the differences
in bile acid metabolism led to the creation of Cyp2c70− /− mice with a
humanized primary bile acid pool [99]. Interestingly, Cyp2c70− /− mice
also displayed a significantly impaired intestinal cholesterol and fatty
acid absorption in contrast to their wild type conspecifics, preventing
the mice from excessive hepatic fat accumulation [99]. The authors
concluded that the more hydrophobic bile acid pool in Cyp2c70− /− mice
not only disrupts intestinal fatty acid and cholesterol absorption but also
modified
gut
microbiota
composition,
favoring
Bacter
oidales_S24-7_group and Erysipelotrichaceae [99], which have been asso
ciated with improvements in diet induced obesity and, thus, correlate
with fecal fat excretion [100]. Therefore, it is conceivable that the
human bile acid pool differently interferes with intestinal cholesterol
metabolism as compared to mice, still resulting in improved cholesterol
metabolism. Nevertheless, the primary bile acid pool of humans and
mice in fact overlap to some extent, as demonstrated by studies exam
ining the FXR antagonist UDCA [101].
Recently, a study suggested that the gut microbiota also participates
in bile acid reabsorption by modulating the expression of the apical
sodium-bile acid transporter (ASBT) [102], which is the main intestinal
bile acid reuptake transporter. Expression of ASBT is normally restricted
to the terminal ileum due to microbial stimulation of the transcription
factor Gata4, which suppresses ASBT expression in other parts of the
small intestine [102]. It was observed that antibiotic treatment in
C57Bl/6 mice led to enhanced ASBT expression in more proximal parts
of the small intestine, promoting increased bile acid reabsorption [102].
Increased reabsorption of bile acids resulting in less de novo synthesis
may account for the increased plasma cholesterol levels observed in GF
mice.
Investigating the effect of dietary lipids on the gut microbiota and
subsequently on cardiovascular health, it is noteworthy that some di
etary lipids (e.g. phytosterols, carotenoids, fat soluble vitamins (FSV))
were reported to reverse gut microbiota dysbiosis induced by a HFD
[103,104]. It was shown that non-polar lipids like phytosterols yield the
ability to attenuate an increased Firmicutes to Bacteroidetes ratio upon a
HFD while increasing gut microbiota diversity [105]. Furthermore, re
striction in FSV (e.g. vitamin D) was linked to lowered microbial di
versity in addition to an increased Firmicutes to Bacteroidetes ratio [106],
while supplementation of FSV modified the gut microecosystem
favouring health promoting microbes [107]. Moreover, it was reported
that carotenoids, which can be found in red fruits and vegetables or
green leafy vegetables, exert anti-obese effect [107,108], by additionally
increasing microbial diversity [109]. A high abundance of phytosterols,
FSV and carotenoids naturally occurs in Mediterranean diet models
[110], which are already the guideline-recommended diet for patients
with dyslipidaemia [27].
4. Implications of the gut microbiota for effects of statin therapy
Recent findings imply that the intestinal microbial community not
only exerts an influence on cholesterol metabolism itself but also con
tributes to therapeutic effects of statin therapy. Statins are the most
prescribed drugs for lowering plasma LDL-C levels and represent a firstline treatment for the prevention of ASCVD based on hyper
cholesterolaemia [27]. The prevailing view on the mode of action of
statins is the inhibition of hepatic HMGCR [111], causing upregulation
of hepatic LDL-receptor (LDL-R) with subsequent lowering of plasma
LDL-C levels [112]. However, there is substantial interindividual vari
ation in the LDL-C-lowering effects of statin therapy [113]. The causality
behind the interindividual variation remains a matter of current inves
tigation, but growing evidence links the therapeutic effect of statins to
an interaction with the gut microbiota.
A study conducted by our group revealed that the cholesterollowering effects of atorvastatin in C57Bl/6 mice fed a HFD were
significantly attenuated in GF mice with increased TC and LDL-C levels
compared to their CONV-R littermates [41]. Additionally, we observed
4
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an inverse regulation of the mRNA expression of major
cholesterol-regulating genes in the liver and small intestine between
CONV-R and GF mice upon atorvastatin treatment [41]. The
cholesterol-lowering effects of atorvastatin in CONV-R mice were
accompanied by increased expression of hepatic sterol element binding
protein-2 (SREBP2) and LDL-R plus reduced expression of NPC1L1 in the
small intestine [41]. Since the mRNA expression patterns of SREBP2,
LDL-R and NPC1L1 were reversed in GF mice despite atorvastatin
treatment,
the
gut microbiota
may
contribute
to the
atorvastatin-dependent regulation of gene expression with subsequent
effects on cholesterol metabolism [41]. Altered gene expression of
cholesterol-regulating genes in C57Bl/6 mice was further negatively
correlated with the caecal abundance of Lactobacillus species following
simvastatin treatment in another study [114].
Moreover, the hepatic lipid content appeared to be reduced in
atorvastatin-treated CONV-R mice, while the hepatic lipid content in GF
mice was only slightly reduced following atorvastatin treatment [41].
Interestingly, supplementation with inulin-propionate ester also resul
ted in a reduced hepatic fat content in obese patients meeting the criteria
for non-alcoholic fatty liver disease [88], indicating that microbially
derived metabolites may contribute to the atorvastatin-mediated
reduction in liver fat content. The observed shifts in microbial compo
sition after atorvastatin treatment of HFD-fed mice, characterized by an
alleviated Firmicutes to Bacteroidetes ratio towards the initial state in the
control group, may contribute to this instance [41]. It was further re
ported that atorvastatin treatment in rats fed a HFD not only attenuated
the Firmicutes to Bacteroidetes ratio but also increased the overall bac
terial diversity [115]. Since the gut microbiota of patients suffering from
obesity or metabolic syndrome is marked by reduced bacterial diversity
[39,116], increased bacterial diversity is generally believed to
contribute to metabolic improvements.
Further analysis of the gut microbial composition after statin therapy
concluded that statins alleviate intestinal dysbiosis, leading to a more
anti-inflammatory microbial metabolic profile. Mice on a HFD receiving
rosuvastatin exhibited significantly elevated levels of the antiinflammatory compound TGFβ-1 combined with decreased expression
of IL-1β [117]. Moreover, a statin-mediated downregulation was also
observed for the inflammatory cytokines IL-6 and TNF-α in C57Bl/6
mice [118]. Similarly, hypercholesterolaemic patients receiving pra
vastatin exhibited significantly elevated levels of TGFβ-1 combined with
a decrease in IL-1β [119], which is associated with insulin resistance and
hyperlipidaemia [120]. A recent study revealed that the prevalence of a
specific dysbiotic gut microbiota composition correlating with increased
body mass index (BMI) was decreased and no longer associated with BMI
in patients treated with statins [121]. Subsequently, due to the lowered
prevalence of dysbiotic microbiota, lower levels of systemic inflamma
tion markers (e.g., high-sensitivity CRP) were observed in statin-treated
subjects independent of their BMI [121]. Since systemic inflammation is
a driving force in the pathogenesis of ASCVD, anti-inflammatory actions
mediated by a shift in the gut microbiota may contribute to the pre
ventive potential of statins for ASCVD in addition to the
cholesterol-lowering effect.

authors found significant changes in other metabolites such as γ-ami
nobutyric acid (GABA) following an increased abundance of Lactoba
cillus spp. after fecal microbial transplant [18]. Interestingly GABA was
associated with improved glucose homeostasis in rodents previously
[122]. However, improvements in glucose homeostasis and microbial
composition were lacking in long term, presumably due to a combina
tion of host immunological factors and lifestyle-adherence, as suggested
by the authors [18].
Consistently with the correlation between elevated fecal SCFA levels
and improved glucose homeostasis, a study reported that a dietary
regimen enriched in fibre, which serves as a precursor for microbial
SCFA production, for patients with newly diagnosed T2DM is superior to
the usual dietary recommendations in achieving adequate glycaemic
control (HbA1c < 7%) [19]. Patients treated with the high-fibre diet
additionally exhibited a greater reduction in body weight, which is a
major therapeutic target for T2DM patients, since obesity is a known risk
factor for T2DM [19]. Moreover, the study demonstrated a causal rela
tionship between the altered gut microbial community and the
high-fibre diet treatment, as well as improvements in glucose meta
bolism, since metabolic improvements were transferrable to GF mice by
a microbial transplant [19]. The authors suggested that the enrichment
in SCFA production in the high-fibre-supplemented microbiota may
modify the gut environment (reduced pH, stronger selection pressure) to
make it capable of inhibiting the growth of deleterious bacteria [19].
Further evidence on the participation of the gut microbiota in
achieving adequate glycaemic control arises from studies investigating
the shift in the microbiota after gastric surgery. Gastric surgery pro
cedures such as Roux-en-Y-gastric bypass (RYGB) or vertical sleeve
gastrectomy (VSG) are not only associated with postoperative shifts in
gut microbiota composition but also with improved metabolism mainly
represented as weight reduction and improved glucose metabolism
[123]. Interestingly, it was observed that improvements in glucose
metabolism occur prior to a reduction in body weight [124], indicating
weight-independent mechanisms ameliorating glycaemic control. In
addition, postoperative metabolic improvements following RYGB in
mice were shown to be transmissible to their GF counterparts by a faecal
microbial transplant [125]. Therefore, an altered gut microbial
composition and function may contribute to the improved metabolic
status following gastric surgery.
It was further shown that mice receiving either the RYGB procedure
or the microbial transplant from RYGB-operated mice had relatively
increased levels of propionate as a consequence of the shifts in the mi
crobial community [125]. Of note, propionate is a ligand with high af
finity for free fatty acid receptor 3 (FFAR3), and activation of FFAR3 has
been associated with increased sympathetic tone and elevated energy
expenditure [126]. Consistently, it was assumed that weight loss after
gastric surgery was due to mechanisms independent of food intake re
striction, since RYGB did not alter food intake in mice [125].
The SCFA propionate, which serves as a bioactive ligand for free fatty
acid receptors, was also linked to the regulation of gut hormone secre
tion, particularly the secretion of GLP-1. GLP-1 is a peptide hormone
produced by tissue-specific posttranscriptional processing of the pro
glucagon gene by prohormone convertases (PCs) [127]. In the gut, the
proglucagon gene is mainly expressed in enteroendocrine L-cells and is
processed by PC1/3, resulting in the release of the hormone peptides
oxyntomodulin, glicentin, intervening peptide, glucagon-like peptide-2
and GLP-1 [127]. GLP-1 is further stored within the L-cells, which are
distributed among the epithelial layer of the gut with the highest density
in the terminal ileum and colon [127]. Coincidentally, the colon har
bours high amounts of SCFAs [128], since the colonic microbiota fer
ments undigested dietary fibre from the small intestine [129]. GLP-1 is
typically secreted in response to food intake and augments insulin
secretion from pancreatic β-cells – the so-called incretin effect [130].
Several factors have been suggested to contribute to the magnitude of
GLP-1 secretion, and numerous studies suggest a microbial contribution
to GLP-1 secretion via the production of SCFAs [127,130].

5. Gut microbiota and glucose metabolism
Growing evidence from numerous studies over the past decade in
dicates that the gut microbiota plays a critical role in the development or
prevention of insulin resistance and T2DM.
As shown by Dr. Max Nieuwdorp and his colleagues, intestinal mi
crobial transplants from lean donors to patients suffering from metabolic
syndrome and impaired glucose tolerance were associated with im
provements in insulin sensitivity following shifts in the composition of
the gut microbiota [17,18]. Further, patients receiving intestinal mi
crobial transplants from lean donors showed markedly increased fecal
levels of either butyrate or acetate after 6 weeks, correlating with im
provements in peripheral insulin sensitivity [17,18]. In addition, the
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Hence, Sprague–Dawley rats fed a diet enriched in fibre leading to
increased caecal levels of SCFAs exhibited elevated proglucagon mRNA
expression in the ileum and colon [131]. Consistently, the increased
mRNA expression of proglucagon was accompanied by increased levels
of GLP-1, insulin and C-peptide in plasma 30 min after an oral glucose
load [131]. More recent studies also showed that elevated caecal pro
pionate production is associated with improvements in body composi
tion and glycaemic control in mice [21,125]. Furthermore, in vitro
stimulation of murine primary L-cells and in vivo intracolonic infusions
of propionate in rodents revealed that propionate can increase GLP-1
secretion [129]. Data from the same study further indicate that propi
onate mediates GLP-1 release from L-cells via stimulation of free fatty
acid receptor 2 (FFAR2), since intracolonic infusions in FFAR2− /− mice
with propionate failed to increase GLP-1 secretion [129]. Acute sup
plementation of propionate coupled with inulin in overweight subjects
was also associated with increased postprandial GLP-1 levels [88],
suggesting similar mechanisms driving GLP-1 secretion in humans.
More evidence for SCFA-mediated intestinal GLP-1 release is pro
vided by a study in which a single duodenal infusion of the bacterium
Anaerobutyricum soehngenii in patients meeting the criteria for metabolic
syndrome significantly increased postprandial GLP-1 plasma levels,
since one of the main metabolites of the bacterium is the SCFA butyrate
[132]. Butyrate-dependent stimulation of GLP-1 secretion from L-cells
by binding to FFAR2 in vitro has been shown before [133] and may also
contribute to improved glycaemic control within a fibre-enriched diet.
Furthermore, duodenal infusion of Anaerobutyricum soehngenii increased
the abundance of conjugated bile acids, which may also act as direct
secretagogues for GLP-1 by binding the bile acid receptor Takeda
G-protein coupled receptor 5 (TGR5) [132]. Moreover, elevation of
conjugated bile acids was associated with decreased intestinal FXR sig
nalling, potentially contributing to elevated postprandial GLP-1 levels
since activation of intestinal FXR is directly related to suppression of
GLP-1 secretion from L-cells [132,134,135]. Further evidence for the
involvement of conjugated bile acids in GLP-1 metabolism is provided
by the positive correlations between circulating levels of the bile acids
GCDCA and GDCA with postprandial plasma concentrations of GLP-1 in
humans [136]. Therefore, bile acid-dependent stimulation of GLP-1
release may also account for improved glycaemic control in patients
after gastric surgery, since conjugated bile acid concentrations are
elevated following gastric surgery [137]. Consistently, TGR5 deficiency
was shown to diminish VSG-related metabolic benefits in mice [138].
Recently, the results from large clinical trials have revealed that
treatment with GLP-1 receptor agonists (GLP-1-RAs) resulted in a sig
nificant reduction in major adverse cardiac events (MACEs) in T2DM
patients at high risk of ASCVD [139,140]. Since studies with compounds
that led to comparable effects on glycaemic control, such as insulin
[141], thiazolidinediones [142] and DPP-4 inhibitors [143], failed to
reduce ASCVD risk in T2DM patients, it was proposed that activation of
the GLP-1 receptor may reduce ASCVD risk by exerting
anti-inflammatory effects [144] independently from improving glycae
mic control. In fact, it was shown that patient-treatment with the
GLP-1-RA liraglutide efficiently reduced the levels of systemic inflam
mation markers [145,146], indicative of decreased systemic inflamma
tion, which may contribute to reduced atherosclerotic plaque
progression. Moreover, treatment with the GLP-1-RA semaglutide pre
vented the expression of proinflammatory genes in murine aortic tissue
induced by a Western-type diet [147]. Surprisingly, GLP-1 receptor
expression levels in vascular tissue were below the quantification level,
indicating that the activation of GLP-1 receptor in other tissues may
contribute to reduced systemic inflammation [147]. Consistently, it was
shown that stimulation of the GLP-1 receptor expressed on gut intra
epithelial lymphocytes (IELs) resulted in decreased expression of in
flammatory cytokines in mice [148]. Moreover, it was shown that
administration of liraglutide in a hypertensive mouse model was capable
of lowering blood pressure by reducing vascular inflammation inde
pendently from glycaemic control via increasing NO bioavailability with

beneficial effects on vascular relaxation and cardiac hypertrophy [149].
Interestingly the authors ascribed the anti-inflammatory effect of lir
aglutide to the binding of an endothelial expressed GLP-1-R with sub
sequent suppression of intracellular inflammatory cascades [149].
Although it is known that the detection of the GLP-1-R expression can be
technically complicated [150], it should be considered that GLP-1 and
GLP-1-RA repress vascular inflammation by direct and indirect
mechanisms.
Conclusively, increased intestinal secretion of GLP-1 induced by
microbially derived metabolites could provide new therapeutic ap
proaches for alleviating T2DM and simultaneously protecting T2DM
patients from MACEs by improving glycaemic control and indepen
dently reducing vascular inflammation.
However, it was also reported that the beneficial metabolic effects of
long-term supplementation with the SCFA propionate coupled with
inulin in humans may not be mediated by permanent elevations in GLP-1
levels, since postprandial plasma levels of GLP-1 remained unchanged
after 24 weeks of supplementation [88]. Furthermore, in vitro studies
have indicated that SCFAs can directly act on pancreatic β-cells with
subsequent effects on insulin secretion, contributing to the long-term
beneficial effects of SCFA supplementation on glycaemic control
[151]. It was shown that propionate augmented insulin secretion in
response to incubation with glucose, presumably by stimulating FFAR2,
which was expressed in human islet cells in vitro [151]. The levels of
nonesterified fatty acids, a compound that is associated with β-cell
dysfunction and peripheral insulin resistance [152], were also shown to
be decreased upon long-term administration of propionate in humans
[151].
6. Microbial impact on effects of metformin treatment
Similar to microbial participation in mediating the cholesterollowering effects of statin therapy, growing evidence indicates that the
gut microbiota also participates in mediating the antidiabetic actions of
metformin. Metformin is one of the first-line treatments for patients with
T2DM and is therefore one of the most prescribed drugs for the treatment
of impaired glucose metabolism [153]. It is predominantly believed that
metformin directly modulates intracellular metabolism in hepatocytes
(e.g., inhibiting complex I of the respiratory chain, stimulating
AMP-activated protein kinase, and inhibiting hepatic gluconeogenesis),
ultimately resulting in reduced blood glucose levels [154].
However, since it is known that gut dysbiosis contributes to the
pathogenesis of T2DM and that metformin treatment affects the gut
microbial composition [155,156], potential interactions between met
formin and the gut microbiota with subsequent impacts on the thera
peutic effects were recently studied. Notably, the concentration of
metformin in the gut far exceeds plasma levels since metformin is an
orally administered drug [157,158]. Consistently, it was shown that
intravenous administration of metformin did not improve glycaemia, in
contrast to oral administration [159]. Moreover, it was reported that the
metformin-mediated effects on metabolism in patients with T2DM were
transmissible to GF mice with the associated gut microbiota [156].
Therefore, these findings suggest a causal relationship between the gut
microbiota and metformin-mediated improvements in glucose
metabolism.
A recent study provided more specific evidence as well as a mecha
nistic link for the interdependency between the modulation of the gut
microbiota and the anti-diabetic effects of metformin treatment [94].
Data
from
the
translational
study
indicated
that
the
metformin-mediated reduction in blood glucose was due to the loss of
the bacterial species Bacteroides fragilis and its BSH activity with sub
sequent elevations of the conjugated bile acids GUDCA and TUDCA [94].
In addition, it was shown that alterations in the gut microbiota were not
secondary to metabolic improvements since metformin directly in
terferes with folate and methionine metabolism with detrimental effects
on the growth of Bacteroides fragilis [94]. Increased intestinal
6
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concentrations of GUDCA and TUDCA, both endogenous intestinal FXR
inhibitors, were further associated with elevated energy expenditure by
upregulated expression of thermogenic genes in subcutaneous white
adipose tissue, and inhibition of intestinal FXR was directly connected to
improved glycaemic control in mice [94]. Moreover, oral treatment with
GUDCA led to enhanced GLP-1 secretion in mice, possibly accounting for
the glucose-lowering effects of metformin [94].
Since mice and humans, as mentioned above, differ in their bile acid
profiles and bile acid metabolic pathways, data obtained from mice
cannot be directly transferred to humans. However, serum and stool
analysis of T2DM patients also demonstrated elevated GUDCA levels
following metformin treatment [94].
Furthermore, it was reported that the metformin-modulated gut
microbiota in T2DM patients is marked by an increased abundance of
SCFA-producing bacteria [160]. Elevated levels of SCFAs may contribute
to the antidiabetic effects of metformin via the aforementioned modes of
action.

potentially reducing intestinal cholesterol absorption.
Since alterations in the gut microbial community are associated with
improved glucose metabolism, it is conceivable that the primary
composition of the microbiota in patients with metabolic syndrome
contributes to the pathogenesis of T2DM. In this regard, it was shown
that a phenotype marked by insulin resistance is transferrable by faecal
microbiome transplantation from humans to GF mice [21].
Additionally, individuals with insulin resistance exhibit an anoma
lous serum metabolome [168], which partly results from abnormal
microbial metabolism and contributes to insulin resistance [169].
Notably, a study examining the serum metabolome of individuals with
insulin resistance found a positive correlation between the branched
chain amino acids (BCAAs) leucine, isoleucine and valine and insulin
resistance [169]. A relationship between elevated BCAA levels and
T2DM in humans [170], as well as the development of insulin resistance
in rodents after supplementation with BCAAs [171], was also previously
reported. It was further demonstrated that the microbiota of individuals
with insulin resistance has an increased potential for biosynthesis of
BCAAs and reduced potential for BCAA transport into bacterial cells,
mainly driven by the abundance of the bacterial species Prevotella copri
and Bacteroides vulgaris [169]. Consistently, supplementation of mice
with Prevotella copri led to elevated BCAA levels accompanied by insulin
resistance and decreased glucose tolerance [169]. Therefore, the authors
suggested that intestinal dysbiosis leading to a dysregulated serum
metabolome contributes to the pathogenesis of insulin resistance and
T2DM [169].
Lately, an inverse correlation between the intestinal abundance of
Prevotella spp. and plasma levels of C peptide, an indicator for insulin
synthesis, was also shown for patients with newly diagnosed type I
diabetes mellitus (T1DM) [172]. Moreover, it was shown that a reduced
duodenal abundance of Prevotella spp. following autologous fecal
microbiota transplant in T1DM patients was associated with an increase
of the plasma metabolites 1-myristoyl-2arachidonoyl-GPC and 1-arach
idonoyl-GPC (A-GPC), which in turn significantly correlated with an
increased duodenal abundance of the bacterial species Desulfovibrio piger
and preserved fasting C peptide after 12 months [172]. Interestingly,
increased duodenal abundance of Desulfovibrio piger after autologous
fecal microbial transplantation further correlated with decreased CCL22
activity and CD4+ CXCR3+ T cells [172]. Therefore, the authors sug
gested that Desulfovibrio piger may attenuates T cell autoimmunity in
T1DM via production of A-GPC, ultimately leading to sustained
pancreatic beta cell function [172].
Recently, the group of Dr Fredrik Bäckhed linked imidazole propi
onate (ImP), an amino acid-derived metabolite originating from the
microbial metabolism of dietary histidine, to impaired glucose meta
bolism in rodents and humans [173,174], pointing to a contributory role
in the onset and progression of T2DM. It was shown that administration
of ImP to GF mice significantly impaired glucose tolerance [173] and
subjects suffering from T2DM had elevated serum ImP levels compared
to healthy controls [174]. Furthermore, a mechanistic link between
elevated serum ImP levels and impaired glucose metabolism was pro
vided, since ImP directly interrupts insulin receptor signalling on a
molecular level via activation of the p38γ/p62/mTORC1 pathway in
mice [173]. Surprisingly, when investigating the dietary habits of T2DM
patients and healthy controls, an equivalent dietary intake of the ImP
precursor histidine was found [174]. The authors suggested that
elevated ImP production in individuals with T2DM was due to intestinal
dysbiosis marked by a significantly decreased genetic richness and, at
the same time, an elevated abundance of genes encoding enzymes
involved in the transformation of histidine into ImP [174], highlighting
the importance of a diverse gut microbial community shaped by a
well-balanced nutrient intake for host metabolic health.

7. Adverse microbial effects on cholesterol and glucose
metabolism
The gut microbiota not only accounts for beneficial effects on
cholesterol and glucose metabolism but for deleterious effects as well.
The gut-derived metabolite trimethylamine (TMA), which has been
extensively reviewed previously [161], has gained attention for its
potentially deleterious effects on cardiovascular health, particularly by
the works of Dr Stanley Hazen and colleagues [53]. TMA arises partly
from bacterial modification of dietary choline and phosphatidylcholine
and is further metabolized to the proatherogenic compound
trimethylamine-N-oxide (TMAO) mainly by flavin monooxygenase 3
(FMO3) in the liver [53,162]. TMAO is related to cholesterol accumu
lation in macrophages, impaired reverse cholesterol transport and
reduced expression of CYP7A1, ultimately promoting ASCVD [53]. Of
note, another study failed to reproduce a correlation between plasma
levels of TMAO and atherosclerotic lesion size in ApoE− /− mice [163].
The authors suggested that the discrepancy with previous studies may
arise from varying experimental setups, including the timepoint of
TMAO elevation [163]. Since mice were fed a choline enriched diet
leading to increased plasma levels of TMAO at 8 weeks of age, when
atherosclerotic disease already originated, the authors concluded, that
elevated TMAO levels are more crucial in early stages of ASCVD devel
opment [163]. Consistently, it was reported that the size of aortic root
lesions in female ApoE− /− mice correlated with TMAO levels in the
offspring [164]. Although there is broad evidence for a detrimental ef
fect of TMAO on cardiovascular health from numerous human studies
[165,166], the main pathophysiological mechanism still needs to be
elucidated.
Interestingly, a study in C57Bl/6 mice showed that the conversion of
TMA to TMAO is at least partly dependent on the activation of intestinal
FXR since treatment with FXR ligands was able to induce the expression
of TMAO-forming FMO3 in the liver [162]. This highlights the impor
tance of the intestinal FXR pathway in regulating bile acid homeostasis
and subsequently plasma cholesterol homeostasis and provides a
mechanistic link to the gut microbiota since depletion of bacterial BSH
leads to increased intestinal FXR inhibition via primary conjugated bile
acids.
Moreover, the gut microbial choline-TMA-lyase system itself, which
is responsible for TMA synthesis, was identified as a potential thera
peutic target in alleviating ASCVD [167]. It was reported that treatment
with the TMA-lyase inhibitor iodomethylcholine (IMC) leads not only to
decreased serum TMAO levels but also to increased faecal neutral sterol
loss and elevated expression of hepatic CYP7A1 in mice [167]. This was
accompanied by a reshaped bile acid composition towards primary
conjugated bile acids with a subsequent reduction in the expression of
the intestinal FXR target gene Fgf15 [167]. Surprisingly, treatment with
IMC also resulted in decreased jejunal NPC1L1 expression [167],

8. Conclusion
In conclusion, evidence from numerous studies suggests a potentially
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Fig. 1. Impact of microbially derived metabolites on
host’s metabolome.
Gut microbiota dependent metabolites have the po
tential to shape host’s serum metabolome with sub
sequent impact on ASCVD. SCFA and conjugated bile
acids contribute to physiological cholesterol and
glucose homeostasis, thereby contributing to cardio
vascular health. In contrast, microbially derived TMA
and BCAA contribute to ASCVD development by
interrupting physiological circuits of cholesterol and
glucose metabolism. However, production of micro
bially derived metabolites with detrimental effects on
cardiovascular health may be targeted by pharmaco
logical intervention as shown for the microbial pro
duction of TMA. This figure was created with BioR
ender.com.

Fig. 2. Microbial influence on therapeutic effect of
cardiometabolic drugs.
Statin mediated regulation of expression of choles
terol regulating genes in the gut and in the liver is at
least partly dependent of the gut microbiota and may
account to some extent for interindividual variation
in the cholesterol lowering effect of a statin therapy.
In addition, a remodeled gut microbiota by an oral
statin therapy contributes to a more antiinflammatory serum metabolome may contributing
to preserved cardiovascular health upon a statin
therapy. Further it was reported that effects of met
formin on glycemic control at least partly arise from
remodeling the gut microbial structure leading to an
altered microbial metabolism of bile acids with sub
sequent inhibition of intestinal FXR signalling and
increased GLP-1 release. This figure was created with
BioRender.com.
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crucial role of the gut microbiota in the pathogenesis and modulation of
CMDs. The gut microbiota not only contributes to phenotype develop
ment and metabolic status but also specifically yields the ability to boost
and at the same time alleviate detrimental metabolism involved in
dyslipidaemia and T2DM. Alterations in the intestinal microbial com
munity occur not only in response to altered metabolism, but they can
also causally trigger shifts in metabolism. Importantly, whether the gut
microbiota exerts beneficial or deleterious effects on host metabolism is
determined by the structure of the gut microbial composition and mi
crobial metabolic activity. However, further research is needed for
precise characterization of bacterial species and nutrition – microbiota
interactions promoting cardiovascular health. Particularly, the potential
primary and secondary preventive effect of a pro- and prebiotic sup
plementation on CMD onset and progression needs to be further eluci
dated. Addressing this point, there is a demand for translational studies
transferring results from basic research into the clinical context.
The participation of the gut microbiota in mediating the effects of
statin and metformin treatment is at least partly mediated by alterations
in the microbial composition and function. However, there is a need for
continuative research regarding the potential synergistic effects be
tween the gut microbiota and a statin or metformin treatment respec
tively. Examining main bacterial species and metabolic pathways will be
crucial for developing innovative therapeutic strategies which embrace
the gut microbiota as a modifiable driving factor for CMD.
The close relationship between the gut microbiota and host meta
bolism may provide the basis for the development of novel therapeutic
concepts to prevent and treat CMDs. Furthermore, targeting gut micro
bial pathways may improve the response to established cardiometabolic
drugs and thus potentiate their therapeutic efficacy in terms of a more
personalized therapeutic approach Figs. 1 and 2.
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