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Abstract: The gut microbiota has emerged as a contributing factor in the development of atherosclerosis
and arterial thrombosis. Metabolites from the gut microbiota, such as trimethylamine N-oxide and short
chain fatty acids, were identified as messengers that induce cell type-specific signaling mechanisms
and immune reactions in the host vasculature, impacting the development of cardiovascular
diseases. In addition, microbial-associated molecular patterns drive atherogenesis and the microbiota
was recently demonstrated to promote arterial thrombosis through Toll-like receptor signaling.
Furthermore, by the use of germ-free mouse models, the presence of a gut microbiota was shown to
influence the synthesis of endothelial adhesion molecules. Hence, the gut microbiota is increasingly
being recognized as an influencing factor of arterial thrombosis and attempts of dietary pre- or
probiotic modulation of the commensal microbiota, to reduce cardiovascular risk, are becoming
increasingly significant.

Keywords: gut microbiota; vascular inflammation; arterial thrombosis; cardiovascular disease;
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1. Introduction

The human body surface is host to one of the most diverse microbial ecosystems in nature—the
commensal microbiota [1]. In particular, the impact of the gut microbiota on host physiology is
moving more and more into the focus of biomedical research [2]. This densely colonized microbial
ecosystem critically influences the host’s immune homeostasis via microbial-associated molecular
patterns (MAMPs) and through the signaling of active metabolites [3,4]. For example, stimulation
with MAMPs increases the phagocytic capacity and the response to cytokines of macrophages and
neutrophils and drives atherogenesis [5–8]. In contrast, metabolites such as short chain fatty acids
(SCFAs) inhibit interferon-γ (IFN-γ) production and protect from mucosal inflammation, but also
reduce the development of atherosclerotic lesions [5,6].

The gut microbiota influences the development of vascular inflammation and atherosclerosis [7–9].
Various mouse models have shown that intestinal microbial communities have a crucial influence on
vascular inflammatory phenotypes, the development of cardiovascular diseases (CVD), and arterial
thrombosis [10]. While interfering with host energy metabolism [8], the gut microbiota impacts on
the development of atherosclerosis, as demonstrated by the association-based sequencing studies on
patient samples [8,11–13] and by the depletion of the gut microbiota with antibiotics or by comparing
germ-free (GF) with conventionally raised (CONV-R) mouse atherosclerosis models [7,13–16]. Via the
activation of pattern recognition receptors (PRRs) on platelets and endothelial cells, MAMPs promote
arterial thrombosis and stimulate the synthesis of prothrombotic von Willebrand factor (VWF) in
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the hepatic endothelium, along with increased FVIII plasma levels [9,17]. Thus, the commensal gut
microbiota is increasingly recognized as an environmental factor that contributes to arterial thrombosis.

In addition to vascular inflammatory phenotypes, MAMPs such as lipopolysaccharides (LPS) and
lipoteichoic acid (LTA) [18], which increase in the bloodstream after fat-rich meals, drive metabolic
inflammation [19–21]. The gut inflammatory response is modulated through microbiota-derived
MAMPs, that signal via Toll-like-receptors (TLRs) and nucleotide-binding oligomerization domain-like
receptors (NOD-like receptors) [22–25]. Interestingly, the expression of TLRs is influenced by their
adaptor proteins [22–25]. Work with GF mouse models revealed that the gut microbiota promotes
diet-induced obesity [7,26,27]. This is achieved by a number of mechanisms, such as modulating the
appetite via decreased leptin sensitivity, influencing gut motility and uptake, storage, and expenditure
of energy [28]. Metabolites of microbial origin are not only direct energy sources, but also function
as messengers, such as trimethylamine (TMA) or SCFAs [29]. An altered gut microbiota results in
an imbalance of energy consumption and weight gain, as shown in obese individuals, followed by
an increased risk of cardiometabolic disease onset [29–32].

With the fast advancement in gnotobiotic research, microbe-host interactions are analyzed by
comparing GF mouse models with their conventionally raised (CONV-R) counterparts [2]. Through
monocolonization studies, the impact of single strains of bacteria can be analyzed. Antibiotic depletion
of the microbiota, as a standard method for the investigation of bacterial influence, is a complementary
approach, but less unequivocal due to the various side effects of antibiotics [33]. In addition to the
well-standardized gnotobiotic animal models, 16S rRNA sequencing is widely used to identify the
diversity of bacteria and the bacterial taxonomy of microbiomes. This is an effective way to catalogue
specific taxa, as presently only 20% of the microbiota can be cultivated and the human gut hosts
approximately 3.9 × 1013 bacteria [34,35]. Studies showed large differences in the abundance and
variety of bacterial taxa in the gastrointestinal tract, which are associated with diet-induced obesity
in comparison to healthy control groups [20,36]. This opens up the diagnostic possibility of defining
bacterial taxa that might be useful to predict individual cardiometabolic disease risk [13]. Due to the
rapid advances in 16S rRNA sequencing, chances are provided to pharmacologically target the gut
microbiota more precisely, through selective inhibition with antibiotics, stimulating or suppressing
the development of specific taxa with pro or prebiotics, or even by non-lethal, selective inhibition
of microbial metabolic enzyme functions [13]. Identifying microbial enzymes or transplanting fecal
samples from healthy to diseased individuals could be a future strategy to prevent the development
of CVD [37,38]. However, in spite of the recent advances that linked the gut microbiota with the
development of cardiometabolic disease and arterial thrombosis, the gaps in knowledge about the
interaction between the human immune system, the gut microbiota, and the development of these
age-dependent disease states are still big.

Here, we provide an overview of the functional impact of the gut microbiota, influencing vascular
inflammation, on the development of atherosclerotic lesions and arterial thrombosis. This review puts
its focus on gut microbiota-derived MAMPs and metabolites, which play a key role in shaping the
inflammatory response, orchestrating immune homeostasis, and contributing to CVD risk and arterial
thrombosis. In this review, we summarize recent studies providing insights into the emerging link
between the gut microibota and arterial thrombosis.

2. Impact of the Gut Microbiota on Vascular Inflammation and Blood Pressure Regulation

Hypertension, as well as type 2 diabetes, obesity, and cardiovascular diseases, are common health
problems in ageing populations of Western societies [39]. Evidence about gut microbiota influencing
blood pressure is accumulating [40]. Many different models inducing hypertension are used in studies,
and in all of them, a correlation with an altered gut microbiota could be noted [41]. Blood pressure
in healthy subjects is regulated via the renin-angiotensin-aldosteron-system (RAAS), the immune
system, endothelial function, and the sympathetic nervous system [41–43]. By inducing hypertension
in a chronic angiotensin II-infusion model via implanted osmotic minipumps in mice, 12 metabolites
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in plasma and 86 metabolites in feces were detected to change under angiotensin II treatment [41].
The study compared wild-type, conventionally raised mice with GF mice, and demonstrated that the
altered metabolites detected in CONV-R mice showed no significant changes in the GF group [41].
This evidence proves that gut microbiota affects the RAAS function and related metabolites [44].
In addition, the hypertensive phenotype was transferred via fecal transplantation into GF mice
repeatedly, proving an influence of the gut microbiota on blood pressure [44]. Various approaches
suggest that microbiota metabolites interact with receptors in the brain and vascular walls, as well as
affecting immune cells and changing blood pressure [45,46].

It was demonstrated that the composition of the gut microbiota impacts the balance of T-cells
(regulatory T cells vs Th17 cells), thus affecting the development of hypertension [47]. Tissue infiltration
by T-cells causes higher levels of chemokines and cytokines, which recruit immune cells to the site of
inflammation [42,47,48]. Predominant cytokines in hypertensic patients are IFN-γ, TNF-α, and IL-17A,
all being influenced by the presence of MAMPs derived from the gut microbiota [47].

Altered gut microbiota was identified in patients with hypertension, accompanied with increased
blood LPS levels and a gut microbiome with decreased capacity for butyrate production [49].
The protective role of butyrate and acetate producing microbiota was demonstrated in a microbiome
study with Wistar Kyoto rats and spontaneously hypertensive rats [50]. This underlines a protective
role of butyrate in case of hypertension and blood pressure regulation. Interestingly, additional
microbiota-regulated metabolic pathways exist that can affect vascular function, e.g., the serotonin
biosynthesis pathway and the conversion of choline to TMA [51,52]. Butyrate seems to protect patients
from increased blood pressure, cardiac hypertrophy, renal injury, and fibrosis [53].

Recent studies identified receptors that interact with specific metabolites derived from the
microbiota, which play important roles in blood pressure regulation. “Metabolite-sensing” G-coupled
protein receptors (GPCRs) and olfactory receptor 78 (Olfr78) are expressed in different organs and
especially GPCRs 41 and 43 in renal and vascular tissue are activated through SCFAs, regulating blood
pressure [47]. Propionate, for example, triggers blood pressure changes through Olfr78 in smooth
muscle cells of arteries and in autonomic nerves in the heart, kidney, and gut [54]. On one hand,
it increases renin levels causing higher blood pressure, but on the other hand, decreases blood pressure
via GPR 41 [54]. This evidence demonstrates how subtle the systemic regulation of blood pressure is
and how dependent it is on the site and kind of receptor expression. In conclusion, gut microbiota
influences and even regulates blood pressure through various pathways, especially through microbial
derived metabolites.

3. Patterns and Metabolites from the Gut Microbiota as Drivers of Atherosclerosis and
Arterial Thrombosis

The intestinal microbiota is separated from the host by the mucus layer and a specializedepithelial
lining [55,56]. The epithelium has to fulfill very specific requirements to protect the host from foreign
antigens, but at the same time, allow substances to enter the portal circulation for energy metabolism
and adequate nutrient supply [57]. Not only the epithelial barrier, but also the gut-vascular barrier
(GVB), needs to reach up to these requirements [58–60]. For instance, in the lacteal microvasculature,
the integrity of the GVB is an important determinant of dietary lipid uptake [61]. Interestingly, the gut
microbiota not only affects the permeability of the intestinal vasculature, but it is also able to trigger the
formation of intricate capillary networks and lacteals in small intestinal villus structures, which serve as
nutrient uptake [62–65]. Diet influences intestinal permeability and the uptake of microbiota-derived
molecules [20]. Metabolites provoke immune activation and low-grade inflammation, thus modifying
the transcription of genes that influence host energy metabolism [21,27,66].

One of the most impactful microbiota-derived patterns that interfere with the human organ
functions is lipopolysaccharide (LPS) [67]. LPS is an integral constituent of the outer membrane of
Gram-negative bacteria [55]. LPS, as one of the various MAMPs, gives signals through the pattern
recognition receptor (PRR) Toll-like-receptor-4 (TLR4) [68]. In humans, more than 13 TLRs, which are



Microorganisms 2019, 7, 691 4 of 13

functionally expressed on many different cell types, initiate host responses to MAMPs [69]. In the gut
epithelium, LPS from bacteria signals through TLR4 [70,71]. Importantly, excessive TLR4 signaling is
prevented by endotoxin tolerance, through the down-regulation of TLR4 signaling components in the
intestinal epithelium after birth [72].

There is increasing evidence for the gut microbiota as a relevant source of MAMPs, contributing
to low but metabolically active levels of these molecules in the bloodstream [21,73]. Dependent
on gut barrier function, these blood-borne MAMPs may contribute to remote signaling in distant
organs [21,74] and promote chronic inflammatory processes, such as white adipose tissue inflammation,
atherosclerosis, and cerebral cavernous malformations [11,74–76]. The presence of a gut microbiota,
constantly challenging the host, drives the expression of inflammatory mediators, which then recruit
immune cells. Among all, LPS has been demonstrated to contribute to metabolic inflammatory
phenotypes [21,77]. In addition, microbiota-derived compounds drive steady-state granulopoiesis and
neutrophil ageing, influencing the bone marrow myeloid pool size [3,4]. It was shown that fatty diets
induce an increase in blood LPS levels and higher formation of adipocyte precursor cells, which then
result in higher risks of vascular diseases and chronic inflammation [78,79]. Thus, microbiota-derived
LPS can trigger a vicious circle of inflammatory responses and promote metabolic endotoxemia [80].

Next to LPS, trimethylamine N-oxide (TMAO), a choline metabolite, which was associated with
inflammation, atherosclerotic lesion progression, and arterial thrombosis, belongs to the group of
signaling active metabolites, that are derived from the gut microbiota [7,12]. Red meat, egg yolk,
and fat-rich products contain a high amount of L-carnitine and phosphatidylcholine [13,81]. These
two molecules are processed by bacterial trimethylamine (TMA)-lyases from the gut microbiota to
trimethylamine (TMA) [82–84]. On note, this reaction can only happen when the transport capacity of
choline and L-carnitine in the small intestine exceeds [84]. Therefore, flavin-containing monooxygenases
in the liver oxidize TMA to TMAO [84], which is linked to increased insulin resistance, as higher TMAO
blood levels were noted in diabetes [85]. In addition, TMAO affects chronically infused angiotensin II
signaling, contributing to prolonged hypertension [86] and increases the risk of CVD and vascular
wall inflammation [44,87].

Interestingly, plasma L-carnitine levels were identified as a predictor of cardiovascular risk
in coronary artery disease and peripheral artery disease patients and both dietary choline and
TMAO supplementation enhanced atherosclerotic lesion development in atherosclerosis-prone
Apoe−/− C57BL/6J mice [12,13]. Of note, this was not found in studies with GF Apoe−/− mice [14].
While choline supplemented diet augmented atherosclerosis and plaque macrophage content in
this mouse atherosclerosis study, broad-spectrum antibiotic treatment (0.5 g/L vancomycin, 1 g/L
neomycin sulfate, 1 g/L metronidazole, 1 g/L ampicillin) via the drinking water demonstrated that
depletion of the microbiota decreased the choline-dependent enhancement of atherosclerotic lesions
in male and female Apoe−/− C57BL/6J mice, when kept on a choline-enriched diet at the age of
four-weeks until the age of twenty-weeks [16]. Non-lethal inhibition of gut bacterial TMA lyases
with 3,3-dimethyl-1-butanol prevented atherogenesis in Apoe−/− mice on choline rich diet [10,13].
Furthermore, the microbiome-dependent impact of TMAO on prothrombotic platelet function and
arterial thrombosis was demonstrated to be transmissible by fecal transplantation from human donors
with low or high TMAO-producing microbiota into GF recipient mice [10,88]. Future clinical studies
and experimental research need to address the mechanisms through which TMAO influences CVD
and arterial thrombosis.

While the presence of a gut microbiota resulted in reduced serum cholesterol levels under
low-cholesterol feeding conditions, this effect was abolished on a cholesterol-rich diet in the low-density
lipoprotein receptor-deficient mouse model (Ldlr−/−). In CONV-R Ldlr−/−mice, no microbiota-dependent
effects were observed on late atherosclerotic lesion size on a γ-irradiated cholesterol-rich diet at
sixteen-weeks of Western diet feeding with respect to GF counterparts [48]. In accordance to this
recent work, Lindskog Jonsson et al. did not find a correlation between plasma TMAO concentration
and atherosclerotic lesion size in the aortic root and the relative aortic root lesion size was not
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significantly different in GF Apoe−/− C57BL/6J mice, compared to CONV-R Apoe−/− C57BL/6J mice
treated with a Western diet [9,14]. A previous study on GF Apoe−/− C57BL/6 mice kept on a chow
diet reported reduced relative and absolute aortic root plaque areas and reduced macrophage plaque
content at twenty-weeks of age [15] (Figure 1). Considering the different outcomes of different studies
on atherogenesis, analyzing GF and antibiotic-treated atherosclerosis mouse models from different
mouse husbandries, it can be concluded that the microbiota-dependent impact on atherogenesis is
strongly influenced by different diets, feeding regime, housing conditions, and the analyzed time point
(Table 1). Therefore, additional gnotobiotic research under well-standardized conditions, which relate
to published work, is required to resolve the impact of the gut microbiota as a chronic influencing
factor in atherosclerotic lesion development, which causes atherothrombotic diseases.
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Figure 1. Atherosclerosis in antibiotic-treated mice and in the germ-free Apoe-deficient mouse
model. (A) Pro-atherogenic effects are described for the choline-rich diet and the microbiota-derived
choline-metabolite trimethylamine N-oxide (TMAO) [12,13,16]. (B) GF Apoe-deficient mice on
a chow-diet developed an increased lesion size compared to CONV-R Apoe-deficient mice and the gut
microbiota had a cholesterol-lowering function under chow-diet conditions [9,10,14,15].

Table 1. Analyses on germ-free mouse atherosclerosis models.

Vessel Studied to
Quantify Atherosclerosis Diet/Feeding Duration Age at Diet Switch Reference

aortic root plaques chow diet or western diet with and
without 1.2% choline for 12 weeks 8 weeks [14]

abdominal aorta plaques chow diet and high-cholesterol
western-type diet for 12–16 weeks 8 weeks [15]

carotid artery plaques high-cholesterol western diet (0.2%
cholesterol) for 16 weeks 4–12 weeks [48]

Short chain fatty acids represent another example of microbiota-derived metabolites, having
a beneficial influence on cardiometabolic health. Specific bacteria in the large intestine produce
SCFAs (i.e., acetate, propionate and butyrate) [89]. Their substrate are non-digestible carbohydrates
from plant and fiber-rich diets [89,90]. SCFAs are found in their highest concentrations in the
caecum with approximately 130 mmol/kg, and this concentration correlates with that of the portal
vein [91]. Gut passage, diet, and gut microbiota composition influence the synthesis of SCFAs [92].
After absorption by the gut epithelium, butyrate is mainly used as an energy source by the epithelium
itself, propionate is transported to the liver and converted to sugar and fat [93], and acetate is primarily
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metabolized in the heart, nervous system, and skeletal muscle. This indicates a different utilization of
the three SCFAs in different metabolic processes of various tissues.

4. Evidence Linking the Microbiota with CVD and Arterial Thrombosis

Numerous studies have linked the composition of the gut microbiota and its metabolic capacity
with CVD risk. For instance, Kelly and coworkers analyzed the microbiota from patients suffering
from hearth disorders and linked it with their CVD risk [94]. In this study, seven microbial genera
were linked to an increased CVD risk, i.e., Alloprevotella, Prevotella, and Paraprevotella (all three
belonging to Bacteroidetes phylum), and Tyzzerella 4, Tyzzerrella, Megamonas, and Catenibacterium
(belonging to Firmicutes phylum) [94]. Furthermore, elevated blood levels of TMAO were associated
with an increased risk of CVD. In a shotgun sequencing study on fecal samples from patients with
symptomatic atherosclerotic plaques (carotid endarterectomy for minor ischemic stroke, transient
ischemic attack or amaurosis fugax), the genus Collinsella was enriched, whereas Roseburia and
Eubacterium were most abundant in healthy controls [11]. In this study, the characterization of the
metagenome revealed an enrichment of genes encoding for the peptidoglycan synthesis pathway.
Interestingly, TMAO-producing bacteria were associated with arterial thrombotic risk and could
be identified through 16S RNA sequencing analyses [11]. These studies imply that, in the future,
the detection of certain indicator species, combined with metagenomics analyses, could become
a valuable diagnostic tool in cardiovascular risk assessment and prevention of arterial thrombosis.

Taking advantage of GF mouse isolator technology, distinct microbiota-host interactions that
promote arterial thrombosis in experimental mouse thrombosis models have been identified [17]
(Figure 2). Yano et al. unraveled that the commensal microbiota augments the serotonin biosynthesis
pathway in the colon, thereby facilitating the agonist-induced secretion reaction of platelets and
hemostatic platelet function [51]. In this study, platelets from GF mice presented reduced type I
collagen-induced platelet activation compared to SPF controls and to mice colonized with spore forming
bacteria [51]. Collagen-triggered granulophysin release, P-selectin surface expression, and exposure
of activated integrin αIIbβ3 on the platelet surface was found reduced in platelets from GF mice [51].
This data was also confirmed in the GF Ldlr−/− mouse model under chow diet feeding conditions
with adhesion-induced platelet deposition [48]. In addition, the meta-organismal TMAO pathway,
which activation depends on choline-rich diet, was reported to promote arterial thrombus growth in
the ferric chloride carotid artery thrombosis model [82]. This prothrombotic effect was explained by
increased agonist-induced platelet reactivity in platelet-rich plasma and in isolated platelet suspensions,
dependent on choline-rich diet feeding and plasma TMAO levels [82]. Zhu and coworkers reported
that the exposure of platelets to physiologic TMAO concentrations is able to enhance submaximal
thrombin-induced and ADP-triggered intracellular platelet Ca2+ levels. Other studies did not
confirm a systemic impact of TMAO on coagulation in challenged mice (8 mg/kg of TMAO) [52].
A monocolonization study with Clostridium sporogenes and an isogenic deletion mutant elegantly
demonstrated the influence of the gut microbial cutC TMA-lyase metabolism, the enzyme that converts
choline to TMA, on arterial thrombus growth [88]. In the same study, interspecies fecal microbiota
transplantation of a high-TMAO gut microbiota from human into GF mouse models demonstrated that
TMAO plasma levels correlate with increased ADP-induced platelet aggregation and with reduced
occlusion times in the ferric chloride carotid artery thrombosis model [88].



Microorganisms 2019, 7, 691 7 of 13Microorganisms 2019, 7, x FOR PEER REVIEW 7 of 13 

 

 

Figure 2. Evidence for a pro-thrombotic role of the gut microbiota as identified by gnotobiotic mouse 
models. Serotonin from enterochromaffin cells in the intestinal epithelial lining and the microbiota-
derived choline-metabolite trimethylamine N-oxide (TMAO) were described to promote platelet 
reactivity, following agonist-induced platelet activation [82,88]. The gut microbiota increases the 
expression of endothelial adhesion molecules, such as ICAM-1 and VWF [95,96]. 

In addition to the mentioned influences on platelet functions, the presence of a gut microbiota 
also triggers a pro-adhesive phenotype in the vascular endothelium. GF mice show a reduced 
constitutive expression of intercellular adhesion molecule-1 (ICAM-1) in the liver and in other 
splanchnic organs compared to CONV-R and conventionalized mice [96]. Furthermore, studying a 
GF TLR2-deficient mouse model, we have recently shown that the presence of a gut microbiota 
stimulates VWF synthesis in the hepatic endothelium [17]. The microbiota-induced TLR2-mediated 
increase in plasma VWF levels, supported arterial platelet deposition in a ligation injury model of the 
common carotid artery, a mouse thrombosis model on platelet deposition to exposed subendothelial 
matrix molecules. A recent study by Kiouptsi et. al. demonstrated the role of the gut microbiota in 
arterial thrombus formation in the Ldlr−/− atherosclerosis model. In in vivo as well as ex vivo 
experiments on Ldlr−/− mice, fed with a high-fat Western diet for sixteen-weeks, differences were noted 
when mice grew up under GF conditions. GF Ldlr−/− mice presented lower leucocyte adhesion to the 
atherosclerotic vessel wall [48]. In conclusion, experiments on GF mouse models can give unique 
insights into the interplay between the gut microbiota and the host’s organ function, platelet 
reactivity and the immune system [17,48,95]. This technology is indeed one of the most meaningful 

Figure 2. Evidence for a pro-thrombotic role of the gut microbiota as identified by gnotobiotic
mouse models. Serotonin from enterochromaffin cells in the intestinal epithelial lining and the
microbiota-derived choline-metabolite trimethylamine N-oxide (TMAO) were described to promote
platelet reactivity, following agonist-induced platelet activation [82,88]. The gut microbiota increases
the expression of endothelial adhesion molecules, such as ICAM-1 and VWF [95,96].

In addition to the mentioned influences on platelet functions, the presence of a gut microbiota also
triggers a pro-adhesive phenotype in the vascular endothelium. GF mice show a reduced constitutive
expression of intercellular adhesion molecule-1 (ICAM-1) in the liver and in other splanchnic organs
compared to CONV-R and conventionalized mice [96]. Furthermore, studying a GF TLR2-deficient
mouse model, we have recently shown that the presence of a gut microbiota stimulates VWF synthesis in
the hepatic endothelium [17]. The microbiota-induced TLR2-mediated increase in plasma VWF levels,
supported arterial platelet deposition in a ligation injury model of the common carotid artery, a mouse
thrombosis model on platelet deposition to exposed subendothelial matrix molecules. A recent study by
Kiouptsi et al. demonstrated the role of the gut microbiota in arterial thrombus formation in the Ldlr−/−

atherosclerosis model. In in vivo as well as ex vivo experiments on Ldlr−/− mice, fed with a high-fat
Western diet for sixteen-weeks, differences were noted when mice grew up under GF conditions. GF
Ldlr−/− mice presented lower leucocyte adhesion to the atherosclerotic vessel wall [48]. In conclusion,
experiments on GF mouse models can give unique insights into the interplay between the gut microbiota
and the host’s organ function, platelet reactivity and the immune system [17,48,95]. This technology is
indeed one of the most meaningful experimental animal models, as it is complementary and reduces
risks linked to the use of antibiotics in animal experiments [33].
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5. Perspective

By the use of gnotobiotic mouse models, the gut microbiota was firmly linked to the onset
of atherosclerosis and arterial thrombus growth. Based on these functional data, it will be most
interesting to explore the functional changes in platelet physiology and endothelial cell biology that
are provoked by colonization with a commensal microbiota and contribute to arterial thrombosis risk.
Moreover, the identified bacterial species that were associated with an increased risk of atherosclerosis
and arterial thrombosis should be tested with gnotobiotic rodent models for their functional impact
on the regulation of prothrombotic pathomechanisms. Based on the wealth of experimental data,
linking microbiota composition to arterial thrombosis, prospective clinical studies are needed and
should consider including in-depth analyses of gut bacteria that are associated with an increased
cardiovascular risk in order to explore their predictive diagnostic value.
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pressure component in hypertensive models characterized by high activity of either sympathetic nervous
system or renin-angiotensin system. Physiol. Res. 2014, 63, 13–26. [PubMed]

44. Sun, G.; Yin, Z.; Liu, N.; Bian, X.; Yu, R.; Su, X.; Zhang, B.; Wang, Y. Gut microbial metabolite TMAO
contributes to renal dysfunction in a mouse model of diet-induced obesity. Biochem. Biophys. Res. Commun.
2017, 493, 964–970. [CrossRef] [PubMed]

45. Toral, M.; Robles-Vera, I.; de la Visitación, N.; Romero, M.; Sánchez, M.; Gómez-Guzmán, M.;
Rodriguez-Nogales, A.; Yang, T.; Jiménez, R.; Algieri, F.; et al. Role of the immune system in vascular
function and blood pressure control induced by faecal microbiota transplantation in rats. Acta Physiol. (Oxf.)
2019, 2019, e13285. [CrossRef]

46. Pluznick, J. A novel SCFA receptor, the microbiota, and blood pressure regulation. Gut Microbes 2014, 5,
202–207. [CrossRef]

47. Jama, H.; Feale, A.; Shihata, W.A.; Marques, F.Z. The effect of diet on hypertensive pathology: Is there a link
via gut microbiota-driven immune-metabolism? Cardiovas. Res. 2019, 115, 1435–1447. [CrossRef]

48. Kiouptsi, K.; Jäckel, S.; Pontarollo, G.; Grill, A.; Kuijpers, M.J.E.; Wilms, E.; Weber, C.; Sommer, F.;
Nagy, M.; Neideck, C.; et al. The Microbiota Promotes Arterial Thrombosis in Low-Density Lipoprotein
Receptor-Deficient Mice. MBio 2019, 10, e02298-19. [CrossRef]

49. Kim, S.; Goel, R.; Kumar, A.; Qi, Y.; Lobaton, G.; Hosaka, K.; Mohammed, M.; Handberg, E.M.; Richards, E.M.;
Pepine, C.J.; et al. Imbalance of gut microbiome and intestinal epithelial barrier dysfunction in patients with
high blood pressure. Clin. Sci. (Lond.) 2018, 132, 701–718. [CrossRef]

50. Yang, T.; Santisteban, M.M.; Rodriguez, V.; Li, E.; Ahmari, N.; Carvajal, J.M.; Zadeh, M.; Gong, M.; Qi, Y.;
Zubcevic, J.; et al. Gut dysbiosis is linked to hypertension. Hypertension 2015, 65, 1331–1340. [CrossRef]

51. Yano, J.M.; Yu, K.; Donaldson, G.P.; Shastri, G.G.; Ann, P.; Ma, L.; Nagler, C.R.; Ismagilov, R.F.; Mazmanian, S.K.;
Hsiao, E.Y. Indigenous bacteria from the gut microbiota regulate host serotonin biosynthesis. Cell 2015, 161,
264–276. [CrossRef] [PubMed]

http://dx.doi.org/10.1136/gutjnl-2015-310283
http://www.ncbi.nlm.nih.gov/pubmed/26740296
http://dx.doi.org/10.3389/fimmu.2019.02174
http://www.ncbi.nlm.nih.gov/pubmed/31572384
http://dx.doi.org/10.1038/s41586-019-1058-x
http://dx.doi.org/10.1038/nmeth.3837
http://dx.doi.org/10.1016/j.chom.2008.02.015
http://dx.doi.org/10.1007/s00380-016-0841-y
http://dx.doi.org/10.1097/MOL.0000000000000357
http://dx.doi.org/10.1007/s11906-013-0340-9
http://dx.doi.org/10.1161/HYPERTENSIONAHA.118.12109
http://dx.doi.org/10.1161/HYPERTENSIONAHA.119.13155
http://www.ncbi.nlm.nih.gov/pubmed/31154901
http://dx.doi.org/10.1161/JAHA.116.003698
http://www.ncbi.nlm.nih.gov/pubmed/27577581
http://www.ncbi.nlm.nih.gov/pubmed/24397813
http://dx.doi.org/10.1016/j.bbrc.2017.09.108
http://www.ncbi.nlm.nih.gov/pubmed/28942145
http://dx.doi.org/10.1111/apha.13285
http://dx.doi.org/10.4161/gmic.27492
http://dx.doi.org/10.1093/cvr/cvz091
http://dx.doi.org/10.1128/mBio.02298-19
http://dx.doi.org/10.1042/CS20180087
http://dx.doi.org/10.1161/HYPERTENSIONAHA.115.05315
http://dx.doi.org/10.1016/j.cell.2015.02.047
http://www.ncbi.nlm.nih.gov/pubmed/25860609


Microorganisms 2019, 7, 691 11 of 13

52. Subramaniam, S.; Boukhlouf, S.; Fletcher, C. A bacterial metabolite, trimethylamine N-oxide, disrupts the
hemostasis balance in human primary endothelial cells but no coagulopathy in mice. Blood Coagul. Fibrinolysis
2019, 30, 324–330. [CrossRef] [PubMed]

53. Qiao, Y.; Qian, J.; Lu, Q.; Tian, Y.; Chen, Q.; Zhang, Y. Protective effects of butyrate on intestinal
ischemia-reperfusion injury in rats. J. Surg. Res. 2015, 197, 324–330. [CrossRef] [PubMed]

54. Pluznick, J.L.; Protzko, R.J.; Gevorgyan, H.; Peterlin, Z.; Sipos, A.; Han, J.; Brunet, I.; Wan, L.X.; Rey, F.;
Wang, T.; et al. Olfactory receptor responding to gut microbiota-derived signals plays a role in renin secretion
and blood pressure regulation. Proc. Natl. Acad. Sci. USA 2013, 110, 4410–4415. [CrossRef] [PubMed]

55. Johansson, M.E.; Ambort, D.; Pelaseyed, T.; Schütte, A.; Gustafsson, J.K.; Ermund, A.; Subramani, D.B.;
Holmén-Larsson, J.M.; Tomsson, K.A.; Bergström, J.H.; et al. Composition and functional role of the mucus
layers in the intestine. Cell Mol. Life Sci. 2011, 68, 3635–3641. [CrossRef] [PubMed]

56. Duerr, C.U.; Hornef, M.W. The mammalian intestinal epithelium as integral player in the establishment and
maintenance of host-microbial homeostasis. Semin. Immunol. 2012, 24, 25–35. [CrossRef]

57. Lingaraju, A.; Long, T.M.; Wang, Y.; Austin, J.R., 2nd; Turner, J.R. Conceptual barriers to understanding
physical barriers. Semin. Cell Dev. Biol. 2015, 42, 13–21. [CrossRef]

58. Spadoni, I.; Zagato, E.; Bertocchi, A.; Paolinelli, R.; Hot, E.; Di Sabatino, A.; Caprioli, F.; Bottiglieri, L.;
Oldani, A.; Viale, G.; et al. A gut-vascular barrier controls the systemic dissemination of bacteria. Science
2015, 350, 830–834. [CrossRef]

59. Thevaranjan, N.; Puchta, A.; Schulz, C.; Naidoo, A.; Szamosi, J.C.; Verschoor, C.P.; Loukov, D.; Schenck, L.P.;
Jury, J.; Foley, K.P.; et al. Age-associated microbial dysbiosis promotes intestinal permeability, systemic
inflammation, and macrophage dysfunction. Cell Host Microbe 2017, 21, 455–466. [CrossRef]

60. Abreu, M.T. Toll-like receptor signalling in the intestinal epithelium: How bacterial recognition shapes
intestinal function. Nat. Rev. Immunol. 2010, 10, 131–144. [CrossRef]

61. Zhang, F.; Zarkada, G.; Han, J.; Li, J.; Dubrac, A.; Ola, R.; Genet, G.; Boyé, K.; Michon, P.; Künzel, S.E.; et al.
Lacteal junction zippering protects against diet-induced obesity. Science 2018, 361, 599–603. [CrossRef]
[PubMed]

62. Bernier-Latmani, J.; Cisarovsky, C.; Demir, C.S.; Bruand, M.; Jaquet, M.; Davanture, S.; Ragusa, S.; Siegert, S.;
Dormond, O.; Benedito, R.; et al. DLL4 promotes continuous adult intestinal lacteal regeneration and dietary
fat transport. J. Clin. Investig. 2015, 125, 4572–4586. [CrossRef] [PubMed]

63. Stappenbeck, T.S.; Hooper, L.V.; Gordon, J.I. Developmental regulation of intestinal angiogenesis by
indigenous microbes via Paneth cells. Proc. Natl. Acad. Sci. USA 2002, 99, 15451–15455. [CrossRef] [PubMed]

64. Reinhardt, C.; Bergentall, M.; Greiner, T.U.; Schaffner, F.; Ostergren-Lundén, G.; Petersen, L.C.; Ruf, W.;
Bäckhed, F. Tissue factor and PAR1 promote microbiota-induced intestinal vascular remodelling. Nature
2012, 483, 627–631. [CrossRef] [PubMed]

65. Suh, S.H.; Choe, K.; Hong, S.P.; Jeong, S.H.; Mäkinen, T.; Kim, K.S.; Alitalo, K.; Surh, C.D.; Koh, G.Y.; Song, J.H.
Gut microbiota regulates lacteal integrity by inducing VEGF-C in intestinal villus macrophages. EMBO Rep.
2019, 20, e46927. [CrossRef]

66. Rooks, M.G.; Garrett, W.S. Gut microbiota, metabolites and host immunity. Nat. Rev. Immunol. 2016, 16,
341–352. [CrossRef]

67. Raetz, C.R.; Whitfield, C. Lipopolysaccharide endotoxins. Annu. Rev. Biochem. 2002, 71, 635–700. [CrossRef]
68. Ozinsky, A.; Underhill, D.M.; Fontenot, J.D.; Hajjar, A.M.; Smith, K.D.; Wilson, C.B.; Schroeder, L.; Aderem, A.

The repertoire for pattern recognition of pathogens by the innate immune system is defined by cooperation
between toll-like receptors. Proc. Natl. Acad. Sci. USA 2000, 97, 13766–13771. [CrossRef]

69. Delneste, Y.; Beauvillain, C.; Jeannin, P. [Innate immunity: Structure and function of TLRs]. Med. Sci. (Paris)
2007, 23, 67–73. [CrossRef]

70. Bahadur, T.; Chaudhry, R.; Bamola, V.D.; Agrawal, S.K.; Malhotra, P.; Chutani, A.M.; Mirdha, B.R.; Das, B.K.;
Sharma, R.K.; Thakur, C.K. Toll like receptors (TLRs) in response to human gut microbiota of Indian obese
and lean individuals. J. Fam. Med. Prim. Care 2019, 8, 1567–1570.

71. Bäckhed, F.; Meijer, L.; Normark, S.; Richter-Dahlfors, A. TLR4-dependent recognition of lipopolysaccharide
by epithelial cells requires sCD14. Cell Microbiol. 2002, 4, 493–501. [CrossRef] [PubMed]

72. Lotz, M.; Gütle, D.; Walther, S.; Ménard, S.; Bogdan, C.; Hornef, M.W. Postnatal acquisition of endotoxin
tolerance in intestinal epithelial cells. J. Exp. Med. 2006, 203, 973–984. [CrossRef] [PubMed]

http://dx.doi.org/10.1097/MBC.0000000000000838
http://www.ncbi.nlm.nih.gov/pubmed/31490208
http://dx.doi.org/10.1016/j.jss.2015.04.031
http://www.ncbi.nlm.nih.gov/pubmed/25976850
http://dx.doi.org/10.1073/pnas.1215927110
http://www.ncbi.nlm.nih.gov/pubmed/23401498
http://dx.doi.org/10.1007/s00018-011-0822-3
http://www.ncbi.nlm.nih.gov/pubmed/21947475
http://dx.doi.org/10.1016/j.smim.2011.11.002
http://dx.doi.org/10.1016/j.semcdb.2015.04.008
http://dx.doi.org/10.1126/science.aad0135
http://dx.doi.org/10.1016/j.chom.2017.03.002
http://dx.doi.org/10.1038/nri2707
http://dx.doi.org/10.1126/science.aap9331
http://www.ncbi.nlm.nih.gov/pubmed/30093598
http://dx.doi.org/10.1172/JCI82045
http://www.ncbi.nlm.nih.gov/pubmed/26529256
http://dx.doi.org/10.1073/pnas.202604299
http://www.ncbi.nlm.nih.gov/pubmed/12432102
http://dx.doi.org/10.1038/nature10893
http://www.ncbi.nlm.nih.gov/pubmed/22407318
http://dx.doi.org/10.15252/embr.201846927
http://dx.doi.org/10.1038/nri.2016.42
http://dx.doi.org/10.1146/annurev.biochem.71.110601.135414
http://dx.doi.org/10.1073/pnas.250476497
http://dx.doi.org/10.1051/medsci/200723167
http://dx.doi.org/10.1046/j.1462-5822.2002.00208.x
http://www.ncbi.nlm.nih.gov/pubmed/12174084
http://dx.doi.org/10.1084/jem.20050625
http://www.ncbi.nlm.nih.gov/pubmed/16606665


Microorganisms 2019, 7, 691 12 of 13

73. Balmer, M.L.; Slack, E.; de Gottardi, A.; Lawson, M.A.; Hapfelmeier, S.; Miele, L.; Grieco, A.;
Van Vlierberghe, H.; Fahrner, R.; Patuto, N.; et al. The liver may act as a firewall mediating mutualism
between the host and its gut commensal microbiota. Sci. Transl. Med. 2014, 6, 237ra66. [CrossRef] [PubMed]

74. Tang, A.T.; Choi, J.P.; Kotzin, J.J.; Yang, Y.; Hong, C.C.; Hobson, N.; Girard, R.; Zeineddine, H.A.; Lightle, R.;
Moore, T.; et al. Endothelial TLR4 and the microbiome drive cerebral cavernous malformations. Nature 2017,
545, 305–310. [CrossRef]

75. Carnevale, R.; Nocella, C.; Petrozza, V.; Cammisotto, V.; Pacini, L.; Sorrentino, V.; Martinelli, O.; Irace, L.;
Sciarretta, S.; Frati, G.; et al. Localization of lipopolysaccharide from Escherichia Coli into human
atherosclerotic plaque. Sci. Rep. 2018, 8, 3598. [CrossRef]

76. Li, J.; Lin, S.; Vanhoutte, P.M.; Woo, C.W.; Xu, A. Akkermansia Muciniphila Protects Against Atherosclerosis by
Preventing Metabolic Endotoxemia-Induced Inflammation in Apoe−/− Mice. Circulation 2016, 133, 2434–2446.
[CrossRef]

77. Schroeder, B.O.; Bäckhed, F. Signals from the gut microbiota to distant organs in physiology and disease.
Nat. Med. 2016, 22, 1079–1089. [CrossRef]

78. Cani, P.D.; Possemiers, S.; Van de Wiele, T.; Guiot, Y.; Everard, A.; Rottier, O.; Geurts, L.; Naslain, D.;
Neyrinck, A.; Lambert, D.M.; et al. Changes in gut microbiota control inflammation in obese mice through
a mechanism involving GLP-2-driven improvement of gut permeability. Gut 2009, 58, 1091–1103. [CrossRef]

79. Luche, E.; Cousin, B.; Garidou, L.; Serino, M.; Waget, A.; Barreau, C.; André, M.; Valet, P.; Courtney, M.;
Casteilla, L.; et al. Metabolic endotoxemia directly increases the proliferation of adipocyte precursors at the
onset of metabolic diseases through a CD14-dependent mechanism. Mol. Metab. 2013, 2, 281–291. [CrossRef]

80. Cani, P.D.; Amar, J.; Iglesias, M.A.; Poggi, M.; Knauf, C.; Bastelica, D.; Neyrinck, A.M.; Fava, F.; Tuohy, K.M.;
Chabo, C.; et al. Metabolic endotoxemia initiates obesity and insulin resistance. Diabetes 2007, 56, 1761–1772.
[CrossRef]

81. Koeth, R.A.; Lam-Galvez, B.R.; Kirsop, J.; Wang, Z.; Levison, B.S.; Gu, X.; Copeland, M.F.; Bartlett, D.;
Cody, D.B.; Dai, H.J.; et al. l-Carnitine in omnivorous diets induces an atherogenic gut microbial pathway in
humans. J. Clin. Investig. 2019, 129, 373–387. [CrossRef] [PubMed]

82. Zhu, W.; Gregory, J.C.; Org, E.; Buffa, J.A.; Gupta, N.; Wang, Z.; Li, L.; Fu, X.; Wu, Y.; Mehrabian, M.; et al.
Gut microbial metabolite TMAO enhances platelet hyperreactivity and thrombosis risk. Cell 2016, 165,
111–124. [CrossRef] [PubMed]

83. Abbasi, J. TMAO and Heart Disease: The New Red Meat Risk? JAMA 2019, 321, 2149–2151. [CrossRef]
[PubMed]

84. Zeisel, S.H.; daCosta, K.A.; Youssef, M.; Hensey, S. Conversion of dietary choline to trimethylamine and
dimethylamine in rats: Dose-response relationship. J. Nutr. 1989, 119, 800–804. [CrossRef] [PubMed]

85. Oellgaard, J.; Winther, S.A.; Hansen, T.S.; Rossing, P.; von Scholten, B.J. Trimethylamine N-oxide (TMAO) as
a new potential therapeutic target for insulin resistance and cancer. Curr. Pharm. Des. 2017, 23, 3699–3712.
[CrossRef] [PubMed]

86. Ufnal, M.; Jazwiec, R.; Dadlez, M.; Drapala, A.; Sikora, M.; Skrzypecki, J. Trimethylamine-N-oxide:
A carnitine-derived metabolite that prolongs the hypertensive effect of angiotensin II in rats. Can. J. Cardiol.
2014, 30, 1700–1705. [CrossRef]

87. Ufnal, M.; Zadlo, A.; Ostaszewski, R. TMAO: A small molecule of great expectations. Nutrition 2015, 31,
1317–1323. [CrossRef]

88. Skye, S.M.; Zhu, W.; Romano, K.A.; Guo, C.J.; Wang, Z.; Jia, X.; Kirsop, J.; Haag, B.; Lang, J.M.;
DiDonato, J.A.; et al. Microbial transplantation with human gut commensals containing cutc is sufficient to
transmit enhanced platelet reactivity and thrombosis potential. Circ. Res. 2018, 123, 1164–1176. [CrossRef]

89. Koh, A.; De Vadder, F.; Kovatcheva-Datchary, P.; Bäckhed, F. From Dietary Fiber to Host Physiology:
Short-Chain Fatty Acids as Key Bacterial Metabolites. Cell 2016, 165, 1332–1345. [CrossRef]

90. Han, M.; Wang, C.; Liu, P.; Li, D.; Li, Y.; Ma, X. Dietary Fiber Gap and Host Gut Microbiota. Protein. Pept. Lett.
2017, 24, 388–396. [CrossRef]

91. Cummings, J.H.; Pomare, E.W.; Branch, W.J.; Naylor, C.P.; Macfarlane, G.T. Short chain fatty acids in human
large intestine, portal, hepatic and venous blood. Gut 1987, 28, 1221–1227. [CrossRef] [PubMed]

92. Soldavini, J.; Kaunitz, J.D. Pathobiology and potential therapeutic value of intestinal short-chain fatty acids
in gut inflammation and obesity. Dig. Dis. Sci. 2013, 58, 2756–2766. [CrossRef] [PubMed]

http://dx.doi.org/10.1126/scitranslmed.3008618
http://www.ncbi.nlm.nih.gov/pubmed/24848256
http://dx.doi.org/10.1038/nature22075
http://dx.doi.org/10.1038/s41598-018-22076-4
http://dx.doi.org/10.1161/CIRCULATIONAHA.115.019645
http://dx.doi.org/10.1038/nm.4185
http://dx.doi.org/10.1136/gut.2008.165886
http://dx.doi.org/10.1016/j.molmet.2013.06.005
http://dx.doi.org/10.2337/db06-1491
http://dx.doi.org/10.1172/JCI94601
http://www.ncbi.nlm.nih.gov/pubmed/30530985
http://dx.doi.org/10.1016/j.cell.2016.02.011
http://www.ncbi.nlm.nih.gov/pubmed/26972052
http://dx.doi.org/10.1001/jama.2019.3910
http://www.ncbi.nlm.nih.gov/pubmed/31116376
http://dx.doi.org/10.1093/jn/119.5.800
http://www.ncbi.nlm.nih.gov/pubmed/2723829
http://dx.doi.org/10.2174/1381612823666170622095324
http://www.ncbi.nlm.nih.gov/pubmed/28641532
http://dx.doi.org/10.1016/j.cjca.2014.09.010
http://dx.doi.org/10.1016/j.nut.2015.05.006
http://dx.doi.org/10.1161/CIRCRESAHA.118.313142
http://dx.doi.org/10.1016/j.cell.2016.05.041
http://dx.doi.org/10.2174/0929866524666170220113312
http://dx.doi.org/10.1136/gut.28.10.1221
http://www.ncbi.nlm.nih.gov/pubmed/3678950
http://dx.doi.org/10.1007/s10620-013-2744-4
http://www.ncbi.nlm.nih.gov/pubmed/23839339


Microorganisms 2019, 7, 691 13 of 13

93. Feng, Q.; Chen, W.D.; Wang, Y.D. Gut microbiota: An integral moderator in health and disease.
Front. Microbiol. 2018, 9, 151. [CrossRef] [PubMed]

94. Kelly, T.N.; Bazzano, L.A.; Ajami, N.J.; He, H.; Zhao, J.; Petrosino, J.F.; Correa, A.; He, J. Gut microbiome
associates with lifetime cardiovascular disease risk profile among Bogalusa Heart Study participants.
Circ. Res. 2016, 119, 956–964. [CrossRef] [PubMed]

95. Formes, H.; Reinhardt, C. The gut microbiota-A modulator of endothelial cell function and a contributing
environmental factor to arterial thrombosis. Expert Rev. Hematol. 2019, 12, 541–549. [CrossRef]

96. Komatsu, S.; Berg, R.D.; Russell, J.M.; Nimura, Y.; Granger, D.N. Enteric microflora contribute to constitutive
ICAM-1 expression on vascular endothelial cells. Am. J. Physiol. Gastrointest Liver Physiol. 2000, 279,
G186–G191. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3389/fmicb.2018.00151
http://www.ncbi.nlm.nih.gov/pubmed/29515527
http://dx.doi.org/10.1161/CIRCRESAHA.116.309219
http://www.ncbi.nlm.nih.gov/pubmed/27507222
http://dx.doi.org/10.1080/17474086.2019.1627191
http://dx.doi.org/10.1152/ajpgi.2000.279.1.G186
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Impact of the Gut Microbiota on Vascular Inflammation and Blood Pressure Regulation 
	Patterns and Metabolites from the Gut Microbiota as Drivers of Atherosclerosis and Arterial Thrombosis 
	Evidence Linking the Microbiota with CVD and Arterial Thrombosis 
	Perspective 
	References

