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Abstract

Emerging data have demonstrated a strong association between the gut microbiota and
the development of cardiovascular disease (CVD) risk factors such as atherosclerosis,
inflammation, obesity, insulin resistance, platelet hyperactivity, and plasma lipid abnormalities.
Several studies in humans and animal models have demonstrated an association between gut
microbial metabolites, such as trimethylamine-N-oxide (TMAO), short-chain fatty acids, and
bile acid metabolites, amino acid breakdown products, with CVVD. Human blood platelets are a
critical contributor to the hemostatic process. Besides, these blood cells play a crucial role in
developing atherosclerosis and, finally, contribute to cardiac events. Since the TMAO, and
other metabolites of the gut microbiota, are associated with platelet hyperactivity, lipid
disorders, and oxidative stress, the diet-gut microbiota interactions have become an important
research area in the cardiovascular field. Platelets became hyperactive in people with diabetes
mellitus, sedentary lifestyle, obesity, and insulin resistance and exhibited increased sensitivity
at a baseline level and in response to agonists, ultimately contributing to increased aggregation
plaque development. In addition to these factors, TMAOQO also contributes to platelet
hyperactivity. Several approaches are now suggested to reduce plasma TMAO levels, such as
microbiota modulation using probiotics, prebiotics, and oral broad-spectrum antibiotics. This
review describes the association between microbiota-derived metabolites and CVD
development.
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Atherosclerosis, Hypertension, Polyphenols, Short-chain fatty acids
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Introduction

Cardiovascular disease (CVD) is the single most contributor to global mortality[1]. CVD
encompasses multiple disorders, including atherosclerosis, hypertension, platelet hyperactivity,
stroke, hyperlipidemia, and heart failure[2]. Although genetic and other health conditions are
intimately involved, the diet-gut microbiome interactions are increasingly recognized for their
contribution to CVD development and progression. Several studies showed an association
between gut microbiota and their metabolites with the CVD risk factors such as hyperlipidemia,
overweight, inflammation, hypertension, and platelet hyperactivity[3], highlighting the intricate
relationship between diet, gut microbiota, and CVD[3,4]. In addition to their roles in hemostasis
and thrombosis, hyperactive platelets are also important mediators of atherosclerosis. There is
strong evidence of platelet hyperactivity in conditions like diabetes, smoking, sedentary
lifestyles, aging, obesity, certain gut metabolites, and an unhealthy diet[5-7].

Within the human body resides trillions of different microbial species, collectively
referred to as the human microbiota. The largest microbe population is found in the gut,
containing 100 trillion microbes of at least 1,000 different bacterial species. Sufficient data
indicates that the gut microbiome regulates numerous physiology, immune system,
cardiovascular system, intestinal function, and absorption and metabolism of nutrients and their
metabolites. Several studies have implicated gut dysbiosis in CVD pathology, including
atherosclerosis, hypertension, platelet hyperactivity, abnormal lipid metabolism, and vascular
dysfunction[8]. Gut dysbiosis is an essential factor responsible for the critical CVD risk factors
such as atherosclerosis, hypertension, platelet hyperactivity [9].

Emerging evidence suggests that targeting the gut microbiota and their metabolites can
be an effective strategy in the treatment and prevention of CVD[9-11]. Numerous metabolites

are produced by different gut microbiota species, depending on the diet and the microbiome
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composition, that affect human health. Among the metabolites of the gut microbiota, short-
chain fatty acids (SCFAs), secondary metabolites of bile acid, and trimethyl-N-oxide (TMAOQO)
are important modulatory factors for various diseases. Plasma levels of TMAO significantly
contribute to platelet hyperactivity, abnormal plasma lipids, obesity, and insulin resistance [3,8].
TMAO increases CVD risk factors by altering cholesterol and bile acid metabolism, activating
inflammatory pathways, promoting foam cell formation, and platelet hyperactivation. Whereas
SCFAs contribute to atherosclerosis and hypertension process by different mechanisms. Thus,
it is important to investigate cellular signaling involving the gut microbiota metabolites in
physiology and pathological states to understand their roles in humans' health and disease.

This review describes the current evidence linking gut microbiota and their metabolites
with various CVD risk factors.

Roles of the gut microbiota in the atherosclerosis process

Inflammation plays a major role in the development of atherosclerosis. The
atherosclerosis process involves fibrosis of the intima, the formation of fatty plague, the
proliferation of smooth muscle cells, migration of monocytes and T lymphocytes, hyperactive
platelets, and cholesterol accumulation [12]. Emerging data suggested that gut dysbiosis can
also contribute to atherosclerosis development by increasing systemic inflammation [13-15].

Inflammation is commonly involved in many diseases, including CVD[12,16,17].
Accumulated evidence indicated that gut microbiota and their metabolites play an important
role in systemic inflammation and modulate various CVD risk factors [18].

The gut barrier's integrity is essential for maintaining the host's health and preventing
inflammation and atherosclerosis processes. Intestinal permeability is impaired by the reduced
expression of tight junction proteins such as zonula occludens-1, claudin-1, occludin, and
creating an imbalance between intestinal epithelial cell death and regeneration[19,20].

Akkermansia muciniphila exert protective effects against atherosclerosis by improving gut
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barrier functions [21]. The gut metagenome analysis showed a relatively lower abundance
of Roseburia and Eubacterium, while Collinsella was higher in CVD patients than in healthy
individuals [22]. The meta-analysis demonstrated that antibiotic treatment had no significant
beneficial effect in CVD [23]; even though the gut microbiota plays a vital role in inflammation
and CVD risk factors [18]. The integrity of the gut epithelium protects against the pathogens'
invasion in the systemic circulation and consequently immune and inflammatory disorders [24].
When the epithelial integrity is compromised, the invasion of pathogen-associated molecular
patterns (PAMPs) leads to an immune response and produce systemic and tissue-specific
inflammation. Several PAMPs can stimulate inflammatory processes involving host pattern

recognition receptors (PRRs), such as CpG oligodeoxynucleotides flagellin, lipopeptides[25].

Impaired gut barrier integrity induced by gut dysbiosis is a significant risk factor for
chronic inflammation observed in several diseases, including atherosclerosis: the microbial
component, lipopolysaccharide, one of the PAMPs involved in the development of CVD. The
association between lipopolysaccharide and CVD risk was first observed in 1999, determined
by the endotoxin levels in the patients [26] and, later, the association was confirmed by several

studies[27,28].

The dysbiosis increases the intestinal permeability by suppressing tight junction
proteins, allowing the translocation of lipopolysaccharide into the circulation [29,30]. Gut
dysbiosis-derived lipopolysaccharide binds Toll-like receptors (TLRs) and activates
downstream immune reaction [31]. Lipopolysaccharide binds TLR4 complexed with its co-
receptors cluster of differentiation 14 (CD14). The upregulation of TLRs initiates the
inflammation-driven  atherosclerosis  process [32,33]. The interaction  Dbetween
lipopolysaccharide and TLR4 activates MYD88 and NF«B pathways that lead to an enhanced
synthesis of pro-inflammatory cytokines such as IL-6, IL-1, I1L-27, and TNF-a. These

inflammatory cytokines are involved in atherosclerosis and CVD development [34,35]. Another


https://doi.org/10.20944/preprints202012.0136.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 December 2020 d0i:10.20944/preprints202012.0136.v1

bacterial PAMP, peptidoglycan, increases the CVD risk by disturbing the intestinal epithelial
barrier. Metagenomic sequencing showed that patients with atherosclerosis had enrichment of
genes that encoded peptidoglycan synthesis[22]. The presence of bacterial peptidoglycan was
detected in atherosclerotic plaques[36]. The nucleotide-binding oligomerization domain (NOD)
proteins, NOD1 and NOD?2, drive clearance of the intracellular bacteria or bacterial debris
through peptidoglycan recognition by involving NFxB and MAP Kinase [37]. NOD2 is a critical
regulator of bacterial immunity and the barrier integrity of the gut. The compositional changes
of the gut microflora can modulate the CVD risk. Despite numerous data demonstrating the
pathogenic bacteria's contribution to the development of CVD, antibiotic trials produced mixed

results[38].

The gut microbial metabolites such as methylamines, polyamines, short-chain fatty
acids (SCFAs), trimethylamine (TMA), and secondary bile acids play important roles in host’s
physiology. The gut microbial metabolites play significant roles in the development of
CVDI39,40]. SCFAs, a group of microbial products (such as propionic acid, acetic acid, and
butyric acid ) are critically involved in the onset and maintenance of various diseases[41]. A
correlation between elevated plasma TMAO levels and atherosclerosis was reported[42-45].
These microbial metabolites’ involvement in CVD risks in both human and animal models has

been extensively reviewed[46]. Table-1 shows the effects of microflora on CVD risk factors.

Contribution of the gut microbiota to hypertension

Hypertension is the most prevalent but modifiable risk factor for CVD [47]. The convincing

data on the gut microbiota's involvement in metabolic diseases[22,48-50], suggested
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Table-1: Impacts of the gut microbiota and metabolites on CVD risk factors

Impact on
atherosclerosis

Hypertension

Obesity, type 2 diabetes
mellitus

1Lactobacillus [50]
|Roseburiam [22]

tFirmicutes /
Bacteroides ratio
[51]

tFirmicutes [52] [53-57]
Bacteroides [54]

with unstable plaque
and MACE[64-66].

1TMAO [8,44] 1SCFA[58] 1BAs, SCFA, LPS and TMAO[59-
63]

Dietary choline/ Infusion of tinsulin sensitivity related to

carnitine {TMAQO Angll/TMAO vancomycin treatment [68]

[22] DMB suppress associated with tLeptin, GLP1, [69-72] PYY

TMA/TMAO [43]. Tblood [71,73]

1TMAGO is associated | pressure[67] 1TMAO was associated with

glycemic control[74].

Diet intervention:
TBacteroides and
Proteobacteria,
|Firmicutes[75]
Probiotics: 1LV
hypertrophy[76]
Probiotics:
1SCFA[77]

high fiber diet
resulted in |blood
pressure[78].

FMT: improve insulin
resistance[68,79] and
Roseburia.[53,55]

Bariatric surgery changed t1BAs
and GLP-1[80-82]

Probiotics: finsulin secretion [83]
|body weight and adipose tissue
mass [84-86]

T2DM = type 2 diabetes mellitus, TMAO = trymethylamine N-oxide, SCFA = short chain fatty acid, BA = bile acid, LPS =
lipopolysaccharide, DMB = 1,3 dimethylbutanol, MACE = major adverse cardiac event, Angll = angiotensin II, LV = left
ventricular, GLP-1 = glucagon-like peptide 1, PYY = peptide YY, FMT = fecal microbiota transplantation. Upward

denotes increase, Downward | denotes decrease .

the association between gut microbiota and hypertension [87]. Recently, studies have

found an association of gut microbiota with hypertension. The animal studies demonstrated that

germ-free rats had elevated blood pressure, underscoring gut microbiota roleta in blood pressure

regulation.

Generally, blood pressure is regulated by the amplitude of vasoconstriction and

vasodilation of blood vessels [88]. In spontaneously hypertensive rats, a significant decrease in
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the composition of microflora in the gut was reported, associated with an increase in the ratio
of Firmicutes/Bacteroidetes[51]. Infusion of angiotensin II(Angll) attenuated the blood
pressure increase in germ-free mice compared with conventionally raised mice, indicating that
gut microbiota involves blood pressure regulation [89]. The gut microbiota is probably engaged
in developing hypertension, though the mechanism is not yet fully elucidated. The gut microbial
metabolite, SCFAs, and its effect on ox-LDL levels and other pathways may develop
hypertension.

SCFAs such as acetate, propionate, and butyrate play crucial roles in maintaining the
gut microbiome's homeostasis and host immunity[90-92]. Interestingly, some gut bacteria but
not all produce SCFAs using polysaccharides as substrate [93]. The predominant acetic acid-
producing bacteria
are Streptococcus spp., Prevotella spp., Bifidobacterium spp., Clostridium pp., A. muciniphila,
and S0 on[93] whereas propionic acid is produced
by Bacteroides spp., Salmonella spp., Dialister spp., Veillonellaspp., Roseburiainulinivorans,
Coprococcus  catus, Blautia ~ obeum.[93]. Lachnospiraceae, Ruminococcaceae,
and Acidaminococcaceae families mainly produce butyric acid in the gut [94]. The high
abundance of butyrate-producing bacteria is associated with lower blood pressure in pregnant
women with obesity[95]. Supplementation of the fiber and acetate improved gut dysbiosis by
increasing the abundance of Bacteroides acidifaciens, which was shown to play a beneficial

role in hypertension in a mice model [78].

The role of various G-protein-coupled receptors (GPRs) in hypertension was
reviewd[96]. The gut microbial metabolites, SCFAs, modulate the activity of GPRs, including
GPR41, GPR43, and GPR109A[97]. SCFAs, regulate blood pressure by the synthesis of renin
of the angiotensin-renin system via GPRs-regulated pathways [98,99]. GPR41 knockout mice

had high systolic blood pressure compared with wild-type mice, and that SCFAs lowered blood
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pressure by activating endothelial GPR41[100]. SCFAs produce hypotensive effect via
vasodilation in mice through modulation of olfactory receptor 78 (OIfr78) activity[97,101]. The
antibiotic treatment altered gut microbiota composition resulting in increased blood pressure in
OIfr78 knockout mice[99]. Overall, these studies demonstrated that gut microbiota might play
significant roles in host blood pressure by SCFAs-mediated mechanisms. However, the

potential for SCFAS to use as a therapeutic target needs further in-depth investigations.

Dysbiosis can promote oxidation of LDL to oxLDL[102,103]. Thus, gut dysbiosis also
contributes to hypertension through vasoconstriction mediated by oxLDL [104]. The higher
levels of oxLDL contribute to hypertension by inhibiting nitric oxide synthesis (NO) and
endothelin-1[105]. NO, an important vasodilator, is produced from l-arginine by NO synthase.
oxLDL may increase blood pressure by decreasing the production of NO and thus reduces
vasodilation[104]. Endothelin-1 plays a crucial role in the maintenance of vascular tension and
cardiovascular system homeostasis. Endothelin-1 produces vasodilation at low levels by
activating the endothelial receptor B and NO production but induces vasoconstriction at high
levels by increasing oxLDL level via activating the endothelial receptor A[106]. However, the
association of gut dysbiosis and hypertension [11,107], however, still requires further studies for
definitive conclusions. The mechanisms associated with the effects of the gut microbiota in

hypertension are depicted in Figure-1.
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Figure-1: The main mechanisms associated with gut microbiota and hypertension
SCFAs, short-chain fatty acids; GPRs, G-protein-coupled receptors; OIfr78, olfactory receptor
78; NO, nitric oxide; OXLDL, oxidized low-density lipoprotein; ETA, endothelin receptor A.

For details, please see the text.

Human blood platelets and their roles in the cardiovascular system

The non-nucleated human blood platelets are produced by cytoplasmic fragmentation
of megakaryocytes[108]. The blood platelets are circulated in an inactive state and are activated
only when they contact the damaged site of the blood vessel[5,108]. Platelets’ main physiological
role is to monitor and act on the damaged vessel endothelium and rapidly rush at its damaged
site. They initiate the blood coagulation process to stop the bleeding. The fast interactions
between activated platelets, their secreted several intracellular components, or thrombin and

endothelium at sites of damaged vessels ensure the stable hemostatic plug[s]. Two different
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pathways regulate vascular hemostasis and thrombosis, depending on vascular damage or
vessel structure. One is the intrinsic pathway mediated by collagen, and the other is the extrinsic
pathway, also known as the tissue factor (TF)-factor-VII pathway [109]. The tissue damage or
plaque rupture leads to TF release from smooth muscle, adventitial cells, and pericytes. TF
complexed with the activated factor VII (V11a) catalyzes prothrombin conversion to thrombin,
fibrin generation, and initiates the blood clotting cascade. Activated platelets also accelerate the
prothrombinase complex activity to cleave prothrombin to thrombin.

During hemostasis, damage to the endothelium exposes collagen from the sub-
endothelial space. The exposed collagen activates blood platelets. Platelets interact with
collagen through their glycoproteins (GP) GPVI and GPIb/V/IX, and von Willebrand factor
(VWHF)[110]. Since VWF is an important part of the complex, GPIb, the absence of the VWF
prevents hemostasis. Several collagen receptors, such as GPVI and GPla, are present in the
platelet membrane surface [110]. Once the platelets attach with the damaged vessel sites, the
autocrine and paracrine mediators' rapid involvement, including ADP, thrombin, epinephrine,
and TxA, are required [111].

Activated platelets then release granular contents into the extracellular environment,
contributing to further platelet activation and engage in thrombus formation[112]. Several
intracellular signaling pathways involving collagen, thrombin, TxA;, and ADP become
functional for platelet activation and aggregation. These agonists amplify and sustain the initial
platelet aggregation response and recruit additional circulating platelets from the flowing blood
for developing the hemostatic plug. Platelets form a three-dimensional structure by binding
each other via fibrinogen receptors, activated GPIIb/Illa complex. Activated platelets aggregate
with other circulating platelets by secreting platelet aggregatory/activating agents such as
thrombin, ADP, collagen, TxA>, adrenaline; all these lead to the expression of fibrinogen

receptors. TxA> mediates expression of platelet membrane surface GPIIb/Illa complexes
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induced by different agonists produced from arachidonic acid,20:4n-6 (ARA), liberated from
platelet membrane phospholipids. Activated platelets release ADP, serotonin, P-selectin,
fibrinogen, Ca®, and TxA; and further amplify platelet activation and thrombus
formation[113].

Platelet activation is initiated with the activation of one of the phospholipase C (PLC)
isoforms. Different agonists activate different PLC isoforms. Collagen activates PLCy2,
whereas thrombin, ADP, and TxA: activate PLC. PLC cleaves the phosphatidylinositol-4,5-
bisphosphate to produce inositol-1,4,5-trisphosphate (IP3), which raises the cytosolic
Ca?" levels [114]. The increased level of Ca?* activates integrin and thus initiates the activation
of platelets. The rise in the cytosolic Ca?* levels by most platelet-activating agents and critical
for platelet activation/aggregation.

Platelets have various functions in physiology. Apart from hemostasis, platelets are
involved in several cardiovascular processes, such as atherosclerosis, immune system,
inflammation, interaction with other cells, and cardiac events [115-117]. Upon activation,
platelets secrete more than hundreds of components from their intracellular stores. Platelet -
granules secrete multiple cytokines, mitogens, other components that contribute to the CVD
processes. In addition to the several membrane receptors described above, activated platelet
also expresses CD62 (P-selectin) and shed membrane particles[7,108].

The platelet membrane microparticles have multiple functions and contribute to
thrombus and foam cell formation; they are involved in atherosclerotic processes, blood vessel
activation, and inflammation. Thus, inhibiting platelet activation/aggregation can protect
against CVD development that affects millions of people worldwide. Though aspirin is still
major anti-platelet therapy, it does not benefit all, as evidenced by the phenomenon of aspirin
resistance and unwanted side effects. Therefore, aspirin is not recommended for use in the

primary prevention of CVD.
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Platelet hyperactivity is an important contributor to the development of CVD
Atherosclerosis is a continuous process promoted by several risk factors, including
hypertension, hyperlipidemia, cigarette smoking, diabetes mellitus, dyslipidemia, and platelet
hyperactivity. Platelet hyperactivity is a major clinical feature observed in hypertension,
diabetes mellitus, obesity, and several other metabolic and vascular diseases [118];[119] .
Sufficient evidence indicates that hyperactivity of platelets plays an important role in the
development of atherosclerosis and the incidence of CVD [118,120]. Blood platelets play a
significant role in the development and progression of atherosclerosis[121]. Platelets'
pathophysiologic state is the important underlying CVD risk in diabetes, smoking, obesity,
sedentary lifestyle, and other conditions. There is clinical evidence that an increased platelet
number, platelet activation, and platelet hyperreactivity are associated with cardiovascular
events in acute coronary syndromes patients. Platelets showed increased spontaneous
activation in patients with diabetes, and hypertension [122,123], promoting thrombus formation.
Platelet hyperactivity is associated with the secretion of different components. The shedding of
membrane particles plays a vital role in developing atherosclerosis, blood flow, inflammation,
immune response, and hypertension. Platelet membrane proteins such as GPlba, GPV, GPVI,
amyloid pA4, TLT-1 (TREM-like transcript-1), P-selectin (CD40L), amyloid-like protein 2,

and semaphorin 4D are the most abundantly shed platelet proteins during activation.
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Figure 2. Role of platelets in the development of Cardiovascular disease (CVD)

Platelets play an essential role in the development of atherosclerosis and cardiovascular events. Plasma
levels of TMAO can induce the hyper-activity in human blood platelets as observed in diabetes,
hyperlipidemic conditions. Different conditions, such as insulin resistance, diabetes, sedentary lifestyle
high-fat diet, including TMAO, can induce hyperactivity in blood platelet. Hyperactive platelets
contribute to atherosclerosis development by different mechanisms such as membrane shedding, growth
factor secretion, and expression of various membrane factors. Besides, hyperactive platelets are involved
in the penultimate thrombotic events. Adapted with permission from O’Kennedy et al. Eur J Nutr. 2017

Mar;56(2):461-482. doi: 10.1007/s00394-016-1265-2. Epub 2016 Jul 7.

Different pathways platelets such as shedding of membrane particles, cytokines, growth
factors activating blood vessels contribute to atherosclerosis, decreased blood flow, and
hypertension. In addition to the recruiting platelets at the site of the damaged vessel, VWF is
involved atherosclerotic plaque development. P-selectin (CD62P) of platelets stimulates
monocytes and macrophages to release chemokines that promote platelet-monocyte
aggregates. Activated platelets alter the chemotactic and adhesive properties of endothelial

cells by releasing inflammatory molecules. CD40 ligand (CD40L) released from platelets
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induces inflammatory responses in the endothelium. Several platelet-derived chemokines and

growth factors are detectable in atherosclerotic plaques.

Platelet-derived CD40L release pro-inflammatory cytokines from vascular cells in the
atheroma to stabilize platelet-rich thrombin and inhibit the re-endothelization of damaged
vessels. When activated, platelets release different growth factors such as PDGF and VEGF,
membrane particles, and cytokines that participate in atherosclerosis development by
promoting vascular smooth muscle cell proliferation [124]. Platelets also secrete 5-
hydroxytryptamine, ADP, ATP, and lysophosphatidic acid [124]. Hyperactive platelets produce
more reactive oxygen species (ROS), enhancing platelet activity by decreasing NO
bioavailability and lowering the intracellular concentration of Ca?* [125]. Furthermore,
excessive platelet activation is also attributed to the high mechanical shear forces in the
circulation, reduced blood flow, and vascular damage, which is observed in patients with
hypertension and diabetes [126]. Platelet hyperactivity plays a causal role in triggering and
maintaining the pro-inflammatory and pro-thrombotic state of obesity, creating an environment

favorable for atherothrombotic vascular events.

Besides these above pathological conditions, the gut metabolite TMAO also activates
circulating blood platelets by elevating Ca?* release from intracellular stores, contributing to
increased risk of CVD and plaque formation[3]. TMAO produces IP3 by breaking down platelet
membrane phospholipids, thus triggering intracellular Ca* release from internal stores, leading
to platelet activation. In several animal models, acute elevation of circulating TMAO by
infusion was shown to enhance in vivo thrombosis potential [127]. In humans, TMAO increased

platelet hyperactivity [128] and altered cholesterol metabolism [129].

Hyperactive blood platelets interact with vessel walls by shedding macro-particles,

secreting several adhesive growth factors, and inflammatory agents interrupt the blood flow
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and produce a pro-thrombotic state in people with obesity, diabetes, a sedentary lifestyle or
hypertension, and dysbiosis leads to the production of TMAO (Figure-2).

Therefore, the maintenance of regular platelet activity is critical to maintaining
hemostasis. The most predominant anti-platelet agent, aspirin, has a number of severe side
effects, making it unsuitable for the primary prevention of CVD. Moreover, aspirin-treated
platelets don’t have the potential to be involved in other physiological functions apart from
aggregation in their lifetime. The use of anti-platelet drugs is not recommended as a primary
preventive measure. Therefore, it is imperative to find alternative and safe anti-platelet agents
to tame hyperactive platelets to reduce the risk of CVD development. However, only a limited
number of food-derived compounds have been investigated in depth for their anti-platelet
effects clinically as of yet. High intakes of fruit and vegetables and moderate intake of marine
fish can lower platelet hyperactivity to some extent [130,131]. The most studied reversible anti-
platelet regime is derived from tomatoes that contain several polyphenols, nucleoside
derivatives, phenolic compounds [132]. The potent anti-platelet compounds were isolated in
water-soluble tomato extract (known as Fruitflow®) as that significantly inhibited platelet
aggregation both in vivo and ex vivo [132-134]. Human volunteer studies demonstrated the
potency and bioavailability of active compounds in Fruitflow®. Fruitflow® is a functional
product approved by the European Food Safety Authority (EFSA) [133]. Fruitflow® can serve
as a safe anti-platelet prophylactic treatment for those at high risk or as an alternative to
pharmacological compounds with side effects g[132]. Fruitflow® can be beneficial in
preventing CVD. The accumulated data indicate that Fruitflow® may be useful in the primary

prevention of CVD.

Gut microbial metabolites and their effects on the CVD risk factors

There is now sufficient evidence that gut microbiota participates in intestinal,

cardiovascular health, and immune function. The human gut microbiome has predominantly
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five phyla, such as Bacteroidetes, Firmicutes, Actinobacteria, Proteobacteria,
and Verrucomicrobia [135]. In the healthy gut, the anaerobic
groups Bacteroidetes and Firmicutes account for more than 90% of the total bacterial
species[135]. The gut microbiome has many functions in the host [136]. They are involved in the
human digestion of food through two main catabolic saccharolytic and proteolytic catabolic
pathways. Both pathways lead to the production of SCFAs from polysaccharides. The second
catabolic pathway also produces ammonia, various amines, thiols, phenols, and indoles.

The gut microbiota metabolizes dietary phosphatidylcholine or I-carnitine into TMA [39].
TMA is then taken up the liver and oxidized by hepatic flavin monooxygenase 3 (FMO3),
leading to the production of TMAQO[8]. One of them is TMA derived from dietary sources of
phosphatidylcholine, choline, and L-carnitine. Synthesis of TMAO is secondary to the
ingestion of food components containing a TMA moiety, such as choline, phosphatidylcholine,
and L-carnitine, all of which are present in high amounts in animal products such as red meat,
fish, milk, and eggs. Microbial TMA lyases metabolize these compounds produce TMA. TMA
is then transported to the liver via portal circulation and is oxidized in the liver to TMAO by
hepatic FMO, primarily FMO3 [8,127]. TMAO is unique from traditional CVD risk factors in
that it is a product of the gut microbial metabolism. The plasma level of TMAO is contributed
by different factors such as diet, gut microflora, drug administration, and liver flavin
monooxygenase activity. TMAO enters the systemic circulation and contributes to
atherosclerosis development by altering lipid metabolism, platelet activity, obesity, and

vascularity (Figure-3).
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Figure-3: Impact of plasma levels of TMAO on atherosclerosis
TMAO affects platelet activity, lipid metabolism, obesity, insulin resistance, vascular tone, and diabetes,

thus stimulates the atherosclerosis process
Use of both prebiotics and probiotics in combination or alone impacts gut microbiota

composition. Prebiotics include galactooligosaccharides, fructooligosaccharides, inulin, etc.,
stimulate the growth of beneficial microflora, while probiotics have specific beneficial bacterial
strains. These interventions can help modulate bacteria to transform precursors into TMA and
increase bacteria's ability to deplete it or bacteria devoid of the genes responsible for converting
carnitine or choline to TMA. A majority of bacteria belong to the methanobacteriales that
reside in the human gut. The methanogenic bacteria have been shown to deplete both TMA and
TMAO [137] [138]. Resveratrol can significantly also modulate the growth of specific gut
microbiota in vivo, including increasing the Bacteroidetes-to-Firmicutes ratio and the growth
of Bacteroides, Lactobacillus, and Bifidobacterium[139,140]. These changes have been shown
to reduce the levels of TMAO. Reducing L-carnitine or choline levels in the diet is not a good

alternative, as these are important nutrients.


https://doi.org/10.20944/preprints202012.0136.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 December 2020 d0i:10.20944/preprints202012.0136.v1

19

TMAO is associated with obesity, insulin resistance, and renal disease[141]. A link
between TMAO and CVD has been established [142]. The circulating levels of TMAO were
correlated well with atherosclerotic plaque size and cardiovascular events [143]. Several meta-
analyses have found the association of the plasma levels of TMAO with CVD and mortality
risks [141] [144]. Patients with the highest quartile of circulating TMAO level exhibited a
higher risk of major adverse cardiovascular events than patients in the lowest quartile [64].
TMADO levels were also associated with the vulnerability and plaque formation and the long-
term risks of cardiovascular events in patients, and poor prognosis [65] [66,128].

A high choline diet caused increased TMAO levels and atherosclerosis in animal studies.
TMAO mediates, at least in part, the established link between red meat consumption and CVD
risk. Therefore, the low blood levels of TMAO as a result of fruits and vegetable intake may
account for their cardioprotective effects. Work is going on to find novel therapeutic approaches
that decrease plasma TMAO levels. The available data indicate modulating the gut microbial
TMAO generating pathway that attenuates atherosclerosis and platelet hyperactivity and in vivo
thrombosis potential in animal models; however, the effective treatment modality yet to be
established. Lifestyle modification, including exercise, diet, functional foods, and changing
microbiota, could be useful for lowering TMAO levels [145].

TMAO exacerbates the vascular wall's inflammatory reactions, induces ROS production,
and prevents cholesterol reverse transport [146]. TMAO modulated cholesterol and sterol
metabolism help to develop atherosclerosis[44]. The FMO3 knockdown mice had decreased
circulating TMAO levels and attenuated atherosclerosis plaque formation despite activating
macrophage reverse cholesterol transport[147-149]. The plasma levels of gut microbial dietary
phosphatidylcholine metabolites and TMAO that produced I-carnitine and y-butyrobetaine
were associated with CVD risk [150-152]. The plasma level of TMAO was directly related to

atherosclerotic plaque formation [8]. A prospective and observational clinical study on patients
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with or without chronic heart failure consistently showed that plasma levels of TMAO were
positively correlated with the risk of heart failure[153].

The role of TMAO in atherosclerosis was investigated using a dietary choline supplement
in ApoE” mice. The CD36, steroid receptor RNA activator 1 (SR-A1), and 2 macrophage
scavenger receptors were measured. The levels of CD36 and SR-AL in the macrophages of
TMAO-treated mice were increased compared with controls, and antibiotic intervention
reduced foam cells' formation by decreasing TMA production[8]. No significant impact of
TMAO on foam cell formation was observed.

TMAO also promotes atherosclerosis by suppressing reverse cholesterol transport and
altering cholesterol transporters' activity in macrophages[150]. Besides, TMAQO suppresses
expression of liver bile acid synthetase Cyp7al and Cyp27al and bile acid transporters, Oatpl,
Oatp4, Mrp2, and Ntcp, leading to deranged bile acid-related pathways and promotes
atherosclerosis[152]. Farnesoid X receptor (FXR) also controls bile acids metabolism and
TMAO production by regulating the expression of hepatic FMO3 [127]. FXR protected mice
against atherosclerosis by inhibiting the expression of CYP7A1 and CYP8B1 in ApoE™ mice
[127,147,154,155].

TMAO accelerates atherosclerosis by several mechanisms such as promoting cholesterol
influx, inhibiting cholesterol efflux, blocking the bile acid pathway, causing hyperactivity
platelets. TMAO also upregulated the expression of vascular cell adhesion molecule-1 (VCAM-
1) and activated protein kinase C (PKC) and NFxB. TMAO thus stimulates atherosclerosis via
endothelial cell dysfunction and increasing the adhesion of monocytes [156]. These findings
have confirmed the roles of TMAO in CVD. However, further work is required to establish
TMAO can be used as a biomarker for CVD risk and atherosclerotic diseases[157-159].

TMAO may be regarded as an independent risk factor for CVD. However, inconsistent

results were also observed, especially in broad population observations[160,161]. Choline is
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generally considered a dietary source of TMAOQO; however, there was no substantial evidence of
significant associations between choline intake and CVD risk [162]. Administration |-carnitine
resulted in a significant increase in circulating TMAO levels in ApoE(-/-)mice, but its status
was inversely correlated with aortic lesion size[163]. Several population studies in different
countries showed that that dietary choline and betaine intake was not associated with CVD's
pathogenesis [160,164]. However, more in-depth studies are required for definitive conclusions
on the exact roles of TMAO in atherosclerosis, as well as the validation of its therapeutic

potential by targeting TMAO-producing bacteria or enzymes.

Another gut microbiota-derived metabolite, bile acid, is involved in various metabolic
diseases[165]. Bile acid is stored in the gallbladder and released into the intestine to aid the
absorption of dietary lipids and lipid-soluble vitamins. Primary bile acids are usually
metabolized by the gut microbiota-derived enzymes into secondary bile acids, including
deoxycholic acid and lithocholic acid, hyodeoxycholic acid, and ursodeoxycholic acid [166].
Suppression of hepatic bile acid biosynthesis may also inhibit the high-fat diet-induced gut
microbiome alterations showing the presence of the liver—bile acid—gut microbiome metabolic
axis[167]. Recently, the bidirectional relationship between gut microbiota and bile acid

metabolism[168] in CVD has been reviewed [46].

Bile acids can accelerate atherosclerosis development through bile-salt hydrolase activity
and bile acid receptors[169,170]. Bile-salt hydrolase is present in many bacteria, such
as Methanobrevibacter smithii, Clostridium, Enterococcus [48,171]. Bacteria-mediated bile-
salt hydrolase activity can promote atherosclerotic progression by stimulating cholesterol

accumulation, foam cell formation, and increasing the atherosclerotic plaque size [172].

TGRS, the G protein-coupled receptor, is an important bile acid receptor of the host that

mediates the systemic effects of bile acids[173]. TGR5 can inhibit atherosclerosis development
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by reducing macrophage-mediated inflammation and lipid loading[174]. Pregnane X receptor
(PXR) also regulates the expression of genes involved in the biosynthesis, transport, and
metabolism of bile acids. PXR is activated by secondary bile acids [175]. Activation of PXR
increases atherogenic lipoproteins VLDL and LDL [176]. Development of atherosclerosis is

retarded in PXR and apoE double knockout (PXR” and ApoE™) mice [177].

The microbiota-derived secondary bile acids play essential roles in atherosclerosis
development by modulating various bile acids receptors such as FXR, PXR, TGR5, and VDR,
and S1PR2. Favorable modulation of bile acid metabolism by targeting microbiota may also

prevent the atherosclerosis process [178].
Conclusions

Emerging data suggest a strong relationship between the microbiota-derived compounds
with an increased risk of CVD. Therefore, it is important to investigate further the roles of diets,
microbial production of TMAO and SCFAs, and their cellular signaling to determine its effects
on cardiovascular physiology. The relationship between platelet pathology and abnormal lipid
metabolism with CVD is established now. Given the growing concern over the CVD due to
platelet hyperactivity and abnormal lipid metabolism, a new therapy of probiotics and prebiotics
may constitute a suitable primary prevention regime without overly reducing the nutritionally
important intake of precursors of TMA, such as choline, betaine, and L-carnitine. Although

several drugs are available to treat CVD, it is currently the leading cause of death worldwide.

Sufficient convincing data have emerged in the relationship between gut dysbiosis and
CVD. However, further work is required for the establishment of gut microbiota-targeted
therapy for CVD. Since various experimental and clinical data on the mechanisms of gut
microbiota mediated-development of CVD are available, there is a strong possibility of finding

new approaches to treat or prevent CVD. SCFAs and some types of bile acids or reducing the
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microbial metabolite, TMA can be modulated by diets, prebiotics, and probiotics and with
specific TMA inhibitors. The gut microbial composition may also be favorably modified with
probiotics, prebiotic, natural components. To this end, well-designed large-scale clinical studies
are required to validate the preclinical and other small-sized human trials data. The currently
available data allows us to target the gut microbiota and its metabolites to understand CVD

mechanisms and develop novel preventative or therapeutic regimes.

Funding: This research work received no external funding

Acknowledgments: This work is supported in part by the grants from the Throne Holst

Foundation, and the Faculty of Medicine, University of Oslo, Norway

Conflicts of Interest: The author expresses no conflict of interest

References

1. Kwan, G.F.; Mayosi, B.M.; Mocumbi, A.O.; Miranda, J.J.; Ezzati, M.; Jain, Y.; Robles, G.;
Benjamin, E.J.; Subramanian, S.V.; Bukhman, G. Endemic Cardiovascular Diseases of the
Poorest Billion. Circulation 2016, 133, 2561-2575,
doi:10.1161/CIRCULATIONAHA.116.008731.

2. Writing Group, M.; Mozaffarian, D.; Benjamin, E.J.; Go, A.S.; Arnett, D.K.; Blaha, M.J.;
Cushman, M.; Das, S.R.; de Ferranti, S.; Despres, J.P., et al. Heart Disease and Stroke
Statistics-2016 Update: A Report From the American Heart Association. Circulation 2016,
133, €38-360, doi:10.1161/CIR.0000000000000350.

3. 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, doi:10.1016/j.cell.2016.02.011.

4, Wang, H.; Zhang, W.; Zuo, L.; Dong, J.; Zhu, W.; Li, Y.; Gu, L.; Gong, J.; Li, Q.; Li, N., et
al. Intestinal dysbacteriosis contributes to decreased intestinal mucosal barrier function and
increased bacterial translocation. Lett Appl Microbiol 2014, 58, 384-392,
doi:10.1111/lam.12201.

5. Willoughby, S.; Holmes, A.; Loscalzo, J. Platelets and cardiovascular disease. Eur J
Cardiovasc Nurs 2002, 1, 273-288, doi:10.1016/S1474-51510200038-5.

6. Michelson, A.D. Antiplatelet therapies for the treatment of cardiovascular disease. Nat Rev
Drug Discov 2010, 9, 154-169, doi:10.1038/nrd2957.

7. Jackson, S.P.; Nesbhitt, W.S.; Westein, E. Dynamics of platelet thrombus formation. J Thromb
Haemost 2009, 7 Suppl 1, 17-20, doi:10.1111/j.1538-7836.2009.03401.x.

8. Wang, Z.; Klipfell, E.; Bennett, B.J.; Koeth, R.; Levison, B.S.; Dugar, B.; Feldstein, A.E.;

Britt, E.B.; Fu, X.; Chung, Y.M., et al. Gut flora metabolism of phosphatidylcholine promotes
cardiovascular disease. Nature 2011, 472, 57-63, doi:10.1038/nature09922.


https://doi.org/10.20944/preprints202012.0136.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 December 2020 d0i:10.20944/preprints202012.0136.v1

24

9. Lau, K.; Srivatsav, V.; Rizwan, A.; Nashed, A.; Liu, R.; Shen, R.; Akhtar, M. Bridging the
Gap between Gut Microbial Dysbiosis and Cardiovascular Diseases. Nutrients 2017, 9,
d0i:10.3390/nu9080859.

10. Anbazhagan, A.N.; Priyamvada, S.; Priyadarshini, M. Gut Microbiota in Vascular Disease:
Therapeutic Target? Curr Vasc Pharmacol 2017, 15, 291-295,
d0i:10.2174/1570161115666170105095834.

11. Santisteban, M.M.; Qi, Y.; Zubcevic, J.; Kim, S.; Yang, T.; Shenoy, V.; Cole-Jeffrey, C.T.;
Lobaton, G.O.; Stewart, D.C.; Rubiano, A., et al. Hypertension-Linked Pathophysiological
Alterations in the Gut. Circ Res 2017, 120, 312-323, d0i:10.1161/CIRCRESAHA.116.309006.

12. Gui, T.; Shimokado, A.; Sun, Y.; Akasaka, T.; Muragaki, Y. Diverse roles of macrophages in
atherosclerosis: from inflammatory biology to biomarker discovery. Mediators Inflamm 2012,
2012, 693083, doi:10.1155/2012/693083.

13. Drosos, I.; Tavridou, A.; Kolios, G. New aspects on the metabolic role of intestinal microbiota
in the development of atherosclerosis. Metabolism 2015, 64, 476-481,
doi:10.1016/j.metabol.2015.01.007.

14, Gregory, J.C.; Buffa, J.A.; Org, E.; Wang, Z.; Levison, B.S.; Zhu, W.; Wagner, M.A.;
Bennett, B.J.; Li, L.; DiDonato, J.A., et al. Transmission of atherosclerosis susceptibility with
gut microbial transplantation. J Biol Chem 2015, 290, 5647-5660,
d0i:10.1074/jbc.M114.618249.

15. Jie, Z.; Xia, H.; Zhong, S.L.; Feng, Q.; Li, S.; Liang, S.; Zhong, H.; Liu, Z.; Gao, Y.; Zhao,
H., et al. The gut microbiome in atherosclerotic cardiovascular disease. Nat Commun 2017, 8,
845, doi:10.1038/s41467-017-00900-1.

16. Xu, H.; Barnes, G.T.; Yang, Q.; Tan, G.; Yang, D.; Chou, C.J.; Sole, J.; Nichols, A.; Ross,
J.S.; Tartaglia, L.A., et al. Chronic inflammation in fat plays a crucial role in the development
of obesity-related insulin resistance. J Clin Invest 2003, 112, 1821-1830,
d0i:10.1172/JCI119451.

17. Ding, S.; Chi, M.M.; Scull, B.P.; Rigby, R.; Schwerbrock, N.M.; Magness, S.; Jobin, C.;
Lund, P.K. High-fat diet: bacteria interactions promote intestinal inflammation which
precedes and correlates with obesity and insulin resistance in mouse. PLoS One 2010, 5,
e12191, doi:10.1371/journal.pone.0012191.

18. Kasahara, K.; Tanoue, T.; Yamashita, T.; Yodoi, K.; Matsumoto, T.; Emoto, T.; Mizoguchi,
T.; Hayashi, T.; Kitano, N.; Sasaki, N., et al. Commensal bacteria at the crossroad between
cholesterol homeostasis and chronic inflammation in atherosclerosis. J Lipid Res 2017, 58,
519-528, doi:10.1194/jlr.M072165.

19. Wang, Z.; Tang, W.H.; Buffa, J.A.; Fu, X,; Britt, E.B.; Koeth, R.A.; Levison, B.S.; Fan, Y.;
Wu, Y.; Hazen, S.L. Prognostic value of choline and betaine depends on intestinal microbiota-
generated metabolite trimethylamine-N-oxide. Eur Heart J 2014, 35, 904-910,
doi:10.1093/eurheartj/ehu002.

20. Chen, W.Y.; Wang, M.; Zhang, J.; Barve, S.S.; McClain, C.J.; Joshi-Barve, S. Acrolein
Disrupts Tight Junction Proteins and Causes Endoplasmic Reticulum Stress-Mediated
Epithelial Cell Death Leading to Intestinal Barrier Dysfunction and Permeability. Am J Pathol
2017, 187, 2686-2697, doi:10.1016/j.ajpath.2017.08.015.

21. 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,
d0i:10.1161/CIRCULATIONAHA.115.019645.

22. Karlsson, F.H.; Fak, F.; Nookaew, I.; Tremaroli, V.; Fagerberg, B.; Petranovic, D.; Backhed,
F.; Nielsen, J. Symptomatic atherosclerosis is associated with an altered gut metagenome. Nat
Commun 2012, 3, 1245, doi:10.1038/ncomms2266.

23. Andraws, R.; Berger, J.S.; Brown, D.L. Effects of antibiotic therapy on outcomes of patients
with coronary artery disease: a meta-analysis of randomized controlled trials. JAMA 2005,
293, 2641-2647, doi:10.1001/jama.293.21.2641.

24, Desai, M.S.; Seekatz, A.M.; Koropatkin, N.M.; Kamada, N.; Hickey, C.A.; Wolter, M.; Pudlo,
N.A.; Kitamoto, S.; Terrapon, N.; Muller, A., et al. A Dietary Fiber-Deprived Gut Microbiota


https://doi.org/10.20944/preprints202012.0136.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 December 2020 d0i:10.20944/preprints202012.0136.v1

25

Degrades the Colonic Mucus Barrier and Enhances Pathogen Susceptibility. Cell 2016, 167,
1339-1353 e1321, doi:10.1016/j.cell.2016.10.043.

25. Kholy, K.E.; Genco, R.J.; Van Dyke, T.E. Oral infections and cardiovascular disease. Trends
Endocrinol Metab 2015, 26, 315-321, doi:10.1016/j.tem.2015.03.001.

26. Wiedermann, C.J.; Kiechl, S.; Dunzendorfer, S.; Schratzberger, P.; Egger, G.; Oberhollenzer,
F.; Willeit, J. Association of endotoxemia with carotid atherosclerosis and cardiovascular
disease: prospective results from the Bruneck Study. J Am Coll Cardiol 1999, 34, 1975-1981,
d0i:10.1016/s0735-1097(99)00448-9.

27. Miller, M.A.; McTernan, P.G.; Harte, A.L.; Silva, N.F.; Strazzullo, P.; Alberti, K.G.; Kumar,
S.; Cappuccio, F.P. Ethnic and sex differences in circulating endotoxin levels: A novel marker
of atherosclerotic and cardiovascular risk in a British multi-ethnic population. Atherosclerosis
2009, 203, 494-502, doi:10.1016/j.atherosclerosis.2008.06.018.

28. Mitra, S.; Drautz-Moses, D.l.; Alhede, M.; Maw, M.T.; Liu, Y.; Purbojati, RW.; Yap, Z.H.;
Kushwaha, K.K.; Gheorghe, A.G.; Bjarnsholt, T., et al. In silico analyses of metagenomes
from human atherosclerotic plague samples. Microbiome 2015, 3, 38, doi:10.1186/s40168-
015-0100-y.

29. Cani, P.D.; Bibiloni, R.; Knauf, C.; Waget, A.; Neyrinck, A.M.; Delzenne, N.M.; Burcelin, R.
Changes in gut microbiota control metabolic endotoxemia-induced inflammation in high-fat
diet-induced obesity and diabetes in mice. Diabetes 2008, 57, 1470-1481, doi:10.2337/db07-
1403.

30. Harris, K.; Kassis, A.; Major, G.; Chou, C.J. Is the gut microbiota a new factor contributing to
obesity and its metabolic disorders? J Obes 2012, 2012, 879151, doi:10.1155/2012/879151.

31. Chacon, M.R.; Lozano-Bartolome, J.; Portero-Otin, M.; Rodriguez, M.M.; Xifra, G.; Puig, J.;
Blasco, G.; Ricart, W.; Chaves, F.J.; Fernandez-Real, J.M. The gut mycobiome composition is
linked to carotid atherosclerosis. Benef Microbes 2018, 9, 185-198,
d0i:10.3920/BM2017.0029.

32. Xu, X.H.; Shah, P.K.; Faure, E.; Equils, O.; Thomas, L.; Fishbein, M.C.; Luthringer, D.; Xu,
X.P.; Rajavashisth, T.B.; Yano, J., et al. Toll-like receptor-4 is expressed by macrophages in
murine and human lipid-rich atherosclerotic plaques and upregulated by oxidized LDL.
Circulation 2001, 104, 3103-3108, d0i:10.1161/hc5001.100631.

33. Edfeldt, K.; Swedenborg, J.; Hansson, G.K.; Yan, Z.Q. Expression of toll-like receptors in
human atherosclerotic lesions: a possible pathway for plaque activation. Circulation 2002,
105, 1158-1161.

34. Barton, G.M.; Kagan, J.C. A cell biological view of Toll-like receptor function: regulation
through compartmentalization. Nat Rev Immunol 2009, 9, 535-542, doi:10.1038/nri2587.

35. Guzzo, C.; Ayer, A.; Basta, S.; Banfield, B.W.; Gee, K. IL-27 enhances LPS-induced
proinflammatory cytokine production via upregulation of TLR4 expression and signaling in
human monocytes. J Immunol 2012, 188, 864-873, doi:10.4049/jimmunol.1101912.

36. Laman, J.D.; Schoneveld, A.H.; Moll, F.L.; van Meurs, M.; Pasterkamp, G. Significance of
peptidoglycan, a proinflammatory bacterial antigen in atherosclerotic arteries and its
association with vulnerable plaques. Am J Cardiol 2002, 90, 119-123, doi:10.1016/s0002-
9149(02)02432-3.

37. Philpott, D.J.; Sorbara, M.T.; Robertson, S.J.; Croitoru, K.; Girardin, S.E. NOD proteins:
regulators of inflammation in health and disease. Nat Rev Immunol 2014, 14, 9-23,
d0i:10.1038/nri3565.

38. Munford, R.S. Endotoxemia-menace, marker, or mistake? J Leukoc Biol 2016, 100, 687-698,
d0i:10.1189/jlb.3RU0316-151R.

39. Brown, J.M.; Hazen, S.L. The gut microbial endocrine organ: bacterially derived signals
driving cardiometabolic diseases. Annu Rev Med 2015, 66, 343-359, doi:10.1146/annurev-
med-060513-093205.

40. Bergeron, N.; Williams, P.T.; Lamendella, R.; Faghihnia, N.; Grube, A.; Li, X.; Wang, Z.;
Knight, R.; Jansson, J.K.; Hazen, S.L., et al. Diets high in resistant starch increase plasma
levels of trimethylamine-N-oxide, a gut microbiome metabolite associated with CVD risk. Br
J Nutr 2016, 116, 2020-2029, doi:10.1017/S0007114516004165.


https://doi.org/10.20944/preprints202012.0136.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 December 2020 d0i:10.20944/preprints202012.0136.v1

26

41, Li, X.; Shimizu, Y.; Kimura, I. Gut microbial metabolite short-chain fatty acids and obesity.
Biosci Microbiota Food Health 2017, 36, 135-140, doi:10.12938/bmfh.17-010.

42, Randrianarisoa, E.; Lehn-Stefan, A.; Wang, X.; Hoene, M.; Peter, A.; Heinzmann, S.S.; Zhao,
X.; Konigsrainer, I.; Konigsrainer, A.; Balletshofer, B., et al. Relationship of Serum
Trimethylamine N-Oxide (TMAOQ) Levels with early Atherosclerosis in Humans. Sci Rep
2016, 6, 26745, d0i:10.1038/srep26745.

43, Wang, Z.; Roberts, A.B.; Buffa, J.A.; Levison, B.S.; Zhu, W.; Org, E.; Gu, X.; Huang, Y .;
Zamanian-Daryoush, M.; Culley, M.K., et al. Non-lethal Inhibition of Gut Microbial
Trimethylamine Production for the Treatment of Atherosclerosis. Cell 2015, 163, 1585-1595,
d0i:10.1016/j.cell.2015.11.055.

44, Koeth, R.A.; Wang, Z.; Levison, B.S.; Buffa, J.A.; Org, E.; Sheehy, B.T.; Britt, E.B.; Fu, X.;
Wu, Y.; Li, L., et al. Intestinal microbiota metabolism of L-carnitine, a nutrient in red meat,
promotes atherosclerosis. Nat Med 2013, 19, 576-585, d0i:10.1038/nm.3145.

45, Li, X.S.; Obeid, S.; Klingenberg, R.; Gencer, B.; Mach, F.; Raber, L.; Windecker, S.;
Rodondi, N.; Nanchen, D.; Muller, O., et al. Gut microbiota-dependent trimethylamine N-
oxide in acute coronary syndromes: a prognostic marker for incident cardiovascular events
beyond traditional risk factors. Eur Heart J 2017, 38, 814-824, doi:10.1093/eurheartj/ehw582.

46, Brown, J.M.; Hazen, S.L. Microbial modulation of cardiovascular disease. Nat Rev Microbiol
2018, 16, 171-181, doi:10.1038/nrmicro.2017.149.

47, Townsend, M.K.; Aschard, H.; De Vivo, |.; Michels, K.B.; Kraft, P. Genomics, Telomere
Length, Epigenetics, and Metabolomics in the Nurses' Health Studies. Am J Public Health
2016, 106, 1663-1668, doi:10.2105/AJPH.2016.303344.

48. Tremaroli, V.; Backhed, F. Functional interactions between the gut microbiota and host
metabolism. Nature 2012, 489, 242-249, doi:10.1038/nature11552.

49, Jonsson, A.L.; Backhed, F. Role of gut microbiota in atherosclerosis. Nat Rev Cardiol 2017,
14, 79-87, doi:10.1038/nrcardio.2016.183.

50. Yamashiro, K.; Tanaka, R.; Urabe, T.; Ueno, Y.; Yamashiro, Y.; Nomoto, K.; Takahashi, T.;
Tsuji, H.; Asahara, T.; Hattori, N. Gut dysbiosis is associated with metabolism and systemic
inflammation in patients with ischemic stroke. PLoS One 2017, 12, e0171521,
doi:10.1371/journal.pone.0171521.

51. 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, doi:10.1161/HYPERTENSIONAHA.115.05315.

52. Ley, R.E.; Turnbaugh, P.J.; Klein, S.; Gordon, J.I. Microbial ecology: human gut microbes
associated with obesity. Nature 2006, 444, 1022-1023, do0i:10.1038/4441022a.

53. Qin, J.; Li, Y.; Cai, Z.; Li, S.; Zhu, J.; Zhang, F.; Liang, S.; Zhang, W.; Guan, Y.; Shen, D., et
al. A metagenome-wide association study of gut microbiota in type 2 diabetes. Nature 2012,
490, 55-60, doi:10.1038/nature11450.

54. Ley, R.E.; Backhed, F.; Turnbaugh, P.; Lozupone, C.A.; Knight, R.D.; Gordon, J.1. Obesity
alters gut microbial ecology. Proc Natl Acad Sci U S A 2005, 102, 11070-11075,
doi:10.1073/pnas.0504978102.

55. Karlsson, F.H.; Tremaroli, V.; Nookaew, |.; Bergstrom, G.; Behre, C.J.; Fagerberg, B.;
Nielsen, J.; Backhed, F. Gut metagenome in European women with normal, impaired and
diabetic glucose control. Nature 2013, 498, 99-103, doi:10.1038/nature12198.

56. Larsen, N.; Vogensen, F.K.; van den Berg, F.W.; Nielsen, D.S.; Andreasen, A.S.; Pedersen,
B.K.: Al-Soud, W.A.; Sorensen, S.J.; Hansen, L.H.; Jakobsen, M. Gut microbiota in human
adults with type 2 diabetes differs from non-diabetic adults. PLoS One 2010, 5, 9085,
doi:10.1371/journal.pone.0009085.

57. Donohoe, D.R.; Garge, N.; Zhang, X.; Sun, W.; O'Connell, T.M.; Bunger, M.K.; Bultman, S.J.
The microbiome and butyrate regulate energy metabolism and autophagy in the mammalian
colon. Cell Metab 2011, 13, 517-526, doi:10.1016/j.cmet.2011.02.018.

58. Stepankova, R.; Tonar, Z.; Bartova, J.; Nedorost, L.; Rossman, P.; Poledne, R.; Schwarzer,
M.; Tlaskalova-Hogenova, H. Absence of microbiota (germ-free conditions) accelerates the
atherosclerosis in ApoE-deficient mice fed standard low cholesterol diet. J Atheroscler
Thromb 2010, 17, 796-804, doi:10.5551/jat.3285.


https://doi.org/10.20944/preprints202012.0136.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 December 2020 d0i:10.20944/preprints202012.0136.v1

27

59. Schwiertz, A.; Taras, D.; Schafer, K.; Beijer, S.; Bos, N.A.; Donus, C.; Hardt, P.D. Microbiota
and SCFA in lean and overweight healthy subjects. Obesity (Silver Spring) 2010, 18, 190-195,
doi:10.1038/0by.2009.167.

60. Jones, M.L.; Martoni, C.J.; Prakash, S. Cholesterol lowering and inhibition of sterol
absorption by Lactobacillus reuteri NCIMB 30242: a randomized controlled trial. Eur J Clin
Nutr 2012, 66, 1234-1241, doi:10.1038/ejcn.2012.126.

61. Holmes, E.; Li, J.V.; Marchesi, J.R.; Nicholson, J.K. Gut microbiota composition and activity
in relation to host metabolic phenotype and disease risk. Cell Metab 2012, 16, 559-564,
doi:10.1016/j.cmet.2012.10.007.

62. Turnbaugh, P.J.; Gordon, J.I. The core gut microbiome, energy balance and obesity. J Physiol
2009, 587, 4153-4158, doi:10.1113/jphysiol.2009.174136.

63. Backhed, F.; Manchester, J.K.; Semenkovich, C.F.; Gordon, J.I. Mechanisms underlying the
resistance to diet-induced obesity in germ-free mice. Proc Natl Acad Sci U S A 2007, 104,
979-984, doi:10.1073/pnas.0605374104.

64. Tang, W.H.; Wang, Z.; Levison, B.S.; Koeth, R.A.; Britt, E.B.; Fu, X.; Wu, Y.; Hazen, S.L.
Intestinal microbial metabolism of phosphatidylcholine and cardiovascular risk. N Engl J Med
2013, 368, 1575-1584, doi:10.1056/NEJM0a1109400.

65. Fu, Q.; Zhao, M.; Wang, D.; Hu, H.; Guo, C.; Chen, W.; Li, Q.; Zheng, L.; Chen, B. Coronary
Plaque Characterization Assessed by Optical Coherence Tomography and Plasma
Trimethylamine-N-oxide Levels in Patients With Coronary Artery Disease. Am J Cardiol
2016, 118, 1311-1315, doi:10.1016/j.amjcard.2016.07.071.

66. Suzuki, T.; Heaney, L.M.; Jones, D.J.; Ng, L.L. Trimethylamine N-oxide and Risk
Stratification after Acute Myocardial Infarction. Clin Chem 2017, 63, 420-428,
d0i:10.1373/clinchem.2016.264853.

67. 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 Il
in rats. Can J Cardiol 2014, 30, 1700-1705, doi:10.1016/j.cjca.2014.09.010.

68. Vrieze, A.; Out, C.; Fuentes, S.; Jonker, L.; Reuling, I.; Kootte, R.S.; van Nood, E.; Holleman,
F.; Knaapen, M.; Romijn, J.A., et al. Impact of oral vancomycin on gut microbiota, bile acid
metabolism, and insulin sensitivity. J Hepatol 2014, 60, 824-831,
d0i:10.1016/j.jhep.2013.11.034.

69. Tolhurst, G.; Heffron, H.; Lam, Y.S.; Parker, H.E.; Habib, A.M.; Diakogiannaki, E.;
Cameron, J.; Grosse, J.; Reimann, F.; Gribble, F.M. Short-chain fatty acids stimulate
glucagon-like peptide-1 secretion via the G-protein-coupled receptor FFAR2. Diabetes 2012,
61, 364-371, doi:10.2337/db11-1019.

70. Fava, S. Glucagon-like peptide 1 and the cardiovascular system. Curr Diabetes Rev 2014, 10,
302-310, doi:10.2174/1573399810666141030125830.

71. Chambers, E.S.; Viardot, A.; Psichas, A.; Morrison, D.J.; Murphy, K.G.; Zac-Varghese, S.E;
MacDougall, K.; Preston, T.; Tedford, C.; Finlayson, G.S., et al. Effects of targeted delivery
of propionate to the human colon on appetite regulation, body weight maintenance and
adiposity in overweight adults. Gut 2015, 64, 1744-1754, doi:10.1136/gutjnl-2014-307913.

72. Freeland, K.R.; Wolever, T.M. Acute effects of intravenous and rectal acetate on glucagon-
like peptide-1, peptide Y, ghrelin, adiponectin and tumour necrosis factor-alpha. Br J Nutr
2010, 103, 460-466, doi:10.1017/S0007114509991863.

73. Samuel, B.S.; Shaito, A.; Motoike, T.; Rey, F.E.; Backhed, F.; Manchester, J.K.; Hammer,
R.E.; Williams, S.C.; Crowley, J.; Yanagisawa, M., et al. Effects of the gut microbiota on host
adiposity are modulated by the short-chain fatty-acid binding G protein-coupled receptor,
Gpr4l. Proc Natl Acad Sci U S A 2008, 105, 16767-16772, doi:10.1073/pnas.0808567105.

74, Tang, W.H.; Wang, Z.; Li, X.S.; Fan, Y,; Li, D.S.; Wu, Y.; Hazen, S.L. Increased
Trimethylamine N-Oxide Portends High Mortality Risk Independent of Glycemic Control in
Patients with Type 2 Diabetes Mellitus. Clin Chem 2017, 63, 297-306,
d0i:10.1373/clinchem.2016.263640.

75. Tachon, S.; Lee, B.; Marco, M.L. Diet alters probiotic Lactobacillus persistence and function
in the intestine. Environ Microbiol 2014, 16, 2915-2926, doi:10.1111/1462-2920.12297.


https://doi.org/10.20944/preprints202012.0136.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 December 2020 d0i:10.20944/preprints202012.0136.v1

28

76. Taylor, C.E.; Bright, R. T-cell modulation of the antibody response to bacterial polysaccharide
antigens. Infect Immun 1989, 57, 180-185, doi:10.1128/1A1.57.1.180-185.19809.

77. Karlsson, C.; Ahrne, S.; Molin, G.; Berggren, A.; Palmquist, I.; Fredrikson, G.N.; Jeppsson,
B. Probiotic therapy to men with incipient arteriosclerosis initiates increased bacterial
diversity in colon: a randomized controlled trial. Atherosclerosis 2010, 208, 228-233,
doi:10.1016/j.atherosclerosis.2009.06.019.

78. Marques, F.Z.; Nelson, E.; Chu, P.Y.; Horlock, D.; Fiedler, A.; Ziemann, M.; Tan, J.K,;
Kuruppu, S.; Rajapakse, N.W.; EI-Osta, A., et al. High-Fiber Diet and Acetate
Supplementation Change the Gut Microbiota and Prevent the Development of Hypertension
and Heart Failure in Hypertensive Mice. Circulation 2017, 135, 964-977,
d0i:10.1161/CIRCULATIONAHA.116.024545.

79. Sharma, M.; Thandassery, R.B.; Bhargava, N. Double pylorus: an optical illusion or reality?
Gastroenterology 2012, 143, e7-8, d0i:10.1053/j.gastro.2012.01.053.

80. Nakatani, H.; Kasama, K.; Oshiro, T.; Watanabe, M.; Hirose, H.; Itoh, H. Serum bile acid
along with plasma incretins and serum high-molecular weight adiponectin levels are increased
after bariatric surgery. Metabolism 2009, 58, 1400-1407, doi:10.1016/j.metabol.2009.05.006.

81. Pournaras, D.J.; Glicksman, C.; Vincent, R.P.; Kuganolipava, S.; Alaghband-Zadeh, J.;
Mahon, D.; Bekker, J.H.; Ghatei, M.A.; Bloom, S.R.; Walters, J.R., et al. The role of bile after
Roux-en-Y gastric bypass in promoting weight loss and improving glycaemic control.
Endocrinology 2012, 153, 3613-3619, d0i:10.1210/en.2011-2145.

82. Simonen, M.; Dali-Youcef, N.; Kaminska, D.; Venesmaa, S.; Kakela, P.; Paakkonen, M.;
Hallikainen, M.; Kolehmainen, M.; Uusitupa, M.; Moilanen, L., et al. Conjugated bile acids
associate with altered rates of glucose and lipid oxidation after Roux-en-Y gastric bypass.
Obes Surg 2012, 22, 1473-1480, doi:10.1007/s11695-012-0673-5.

83. Simon, M.C.; Strassburger, K.; Nowotny, B.; Kolb, H.; Nowotny, P.; Burkart, V.; Zivehe, F.;
Hwang, J.H.; Stehle, P.; Pacini, G., et al. Intake of Lactobacillus reuteri improves incretin and
insulin secretion in glucose-tolerant humans: a proof of concept. Diabetes Care 2015, 38,
1827-1834, d0i:10.2337/dc14-2690.

84. Cani, P.D.; Neyrinck, A.M.; Fava, F.; Knauf, C.; Burcelin, R.G.; Tuohy, K.M.; Gibson, G.R;
Delzenne, N.M. Selective increases of bifidobacteria in gut microflora improve high-fat-diet-
induced diabetes in mice through a mechanism associated with endotoxaemia. Diabetologia
2007, 50, 2374-2383, doi:10.1007/s00125-007-0791-0.

85. Robertson, M.D.; Bickerton, A.S.; Dennis, A.L.; Vidal, H.; Frayn, K.N. Insulin-sensitizing
effects of dietary resistant starch and effects on skeletal muscle and adipose tissue metabolism.
Am J Clin Nutr 2005, 82, 559-567, doi:10.1093/ajcn.82.3.559.

86. Parnell, J.A.; Reimer, R.A. Weight loss during oligofructose supplementation is associated
with decreased ghrelin and increased peptide Y'Y in overweight and obese adults. Am J Clin
Nutr 2009, 89, 1751-1759, doi:10.3945/ajcn.2009.27465.

87. Honour, J. The possible involvement of intestinal bacteria in steroidal hypertension.
Endocrinology 1982, 110, 285-287, doi:10.1210/endo-110-1-285.

88. Luscher, T.F.; Barton, M. Biology of the endothelium. Clin Cardiol 1997, 20, 11-3-10.

89. Karbach, S.H.; Schonfelder, T.; Brandao, I.; Wilms, E.; Hormann, N.; Jackel, S.; Schuler, R.;
Finger, S.; Knorr, M.; Lagrange, J., et al. Gut Microbiota Promote Angiotensin I1-Induced
Arterial Hypertension and Vascular Dysfunction. J Am Heart Assoc 2016, 5,
doi:10.1161/JAHA.116.003698.

90. El Kaoutari, A.; Armougom, F.; Gordon, J.I.; Raoult, D.; Henrissat, B. The abundance and
variety of carbohydrate-active enzymes in the human gut microbiota. Nat Rev Microbiol 2013,
11, 497-504, doi:10.1038/nrmicro3050.

91. Canfora, E.E.; Jocken, J.W.; Blaak, E.E. Short-chain fatty acids in control of body weight and
insulin sensitivity. Nat Rev Endocrinol 2015, 11, 577-591, doi:10.1038/nrendo.2015.128.

92. Koh, A.; De Vadder, F.; Kovatcheva-Datchary, P.; Backhed, F. From Dietary Fiber to Host
Physiology: Short-Chain Fatty Acids as Key Bacterial Metabolites. Cell 2016, 165, 1332-
1345, doi:10.1016/j.cell.2016.05.041.


https://doi.org/10.20944/preprints202012.0136.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 December 2020 d0i:10.20944/preprints202012.0136.v1

29

93. Rey, F.E.; Faith, J.J.; Bain, J.; Muehlbauer, M.J.; Stevens, R.D.; Newgard, C.B.; Gordon, J.1I.
Dissecting the in vivo metabolic potential of two human gut acetogens. J Biol Chem 2010,
285, 22082-22090, d0i:10.1074/jbc.M110.117713.

94, Duncan, S.H.; Barcenilla, A.; Stewart, C.S.; Pryde, S.E.; Flint, H.J. Acetate utilization and
butyryl coenzyme A (CoA):acetate-CoA transferase in butyrate-producing bacteria from the
human large intestine. Appl Environ Microbiol 2002, 68, 5186-5190,
d0i:10.1128/aem.68.10.5186-5190.2002.

95. Gomez-Arango, L.F.; Barrett, H.L.; Mcintyre, H.D.; Callaway, L.K.; Morrison, M.; Dekker
Nitert, M.; Group, S.T. Increased Systolic and Diastolic Blood Pressure Is Associated With
Altered Gut Microbiota Composition and Butyrate Production in Early Pregnancy.
Hypertension 2016, 68, 974-981, doi:10.1161/HYPERTENSIONAHA.116.07910.

96. Pluznick, J.L. Renal and cardiovascular sensory receptors and blood pressure regulation. AmJ
Physiol Renal Physiol 2013, 305, F439-444, doi:10.1152/ajprenal.00252.2013.

97. Tan, J.K.; McKenzie, C.; Marino, E.; Macia, L.; Mackay, C.R. Metabolite-Sensing G Protein-
Coupled Receptors-Facilitators of Diet-Related Immune Regulation. Annu Rev Immunol 2017,
35, 371-402, doi:10.1146/annurev-immunol-051116-052235.

98. Furusawa, Y.; Obata, Y.; Fukuda, S.; Endo, T.A.; Nakato, G.; Takahashi, D.; Nakanishi, Y.;
Uetake, C.; Kato, K.; Kato, T., et al. Commensal microbe-derived butyrate induces the
differentiation of colonic regulatory T cells. Nature 2013, 504, 446-450,
doi:10.1038/nature12721.

99, 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 U S A 2013,
110, 4410-4415, d0i:10.1073/pnas.1215927110.

100.  Natarajan, N.; Hori, D.; Flavahan, S.; Steppan, J.; Flavahan, N.A.; Berkowitz, D.E.; Pluznick,
J.L. Microbial short chain fatty acid metabolites lower blood pressure via endothelial G
protein-coupled receptor 41. Physiol Genomics 2016, 48, 826-834,
doi:10.1152/physiolgenomics.00089.2016.

101.  Miyamoto, J.; Kasubuchi, M.; Nakajima, A.; Irie, J.; Itoh, H.; Kimura, I. The role of short-
chain fatty acid on blood pressure regulation. Curr Opin Nephrol Hypertens 2016, 25, 379-
383, d0i:10.1097/MNH.0000000000000246.

102.  Chawla, A.; Nguyen, K.D.; Goh, Y.P. Macrophage-mediated inflammation in metabolic
disease. Nat Rev Immunol 2011, 11, 738-749, doi:10.1038/nri3071.

103.  Peluso, I.; Morabito, G.; Urban, L.; loannone, F.; Serafini, M. Oxidative stress in
atherosclerosis development: the central role of LDL and oxidative burst. Endocr Metab
Immune Disord Drug Targets 2012, 12, 351-360, doi:10.2174/187153012803832602.

104. Ma, F.X.; Zhou, B.; Chen, Z.; Ren, Q.; Lu, S.H.; Sawamura, T.; Han, Z.C. Oxidized low
density lipoprotein impairs endothelial progenitor cells by regulation of endothelial nitric
oxide synthase. J Lipid Res 2006, 47, 1227-1237, doi:10.1194/jlr. M500507-JLR200.

105.  Subah Packer, C. Estrogen protection, oxidized LDL, endothelial dysfunction and
vasorelaxation in cardiovascular disease: New insights into a complex issue. Cardiovasc Res
2007, 73, 6-7, doi:10.1016/j.cardiores.2006.11.013.

106.  Boulanger, C.; Luscher, T.F. Release of endothelin from the porcine aorta. Inhibition by
endothelium-derived nitric oxide. J Clin Invest 1990, 85, 587-590, doi:10.1172/JCI1114477.

107. Kamo, T.; Akazawa, H.; Suda, W.; Saga-Kamo, A.; Shimizu, Y.; Yagi, H.; Liu, Q.; Nomura,
S.; Naito, A.T.; Takeda, N., et al. Dysbiosis and compositional alterations with aging in the
gut microbiota of patients with heart failure. PLoS One 2017, 12, e0174099,
doi:10.1371/journal.pone.0174099.

108. Davi, G.; Patrono, C. Platelet activation and atherothrombosis. N Engl J Med 2007, 357, 2482-
2494, doi:10.1056/NEJMra071014.

109. Dutta-Roy, A.K.; Ray, T.K.; Sinha, A.K. Prostacyclin stimulation of the activation of blood
coagulation factor X by platelets. Science 1986, 231, 385-388.

110.  Ikeda, Y.; Handa, M.; Murata, M.; Goto, S. A new approach to antiplatelet therapy: inhibitor
of GPIb/V/IX-vWF interaction. Haemostasis 2000, 30 Suppl 3, 44-52, doi:54196.


https://doi.org/10.20944/preprints202012.0136.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 December 2020 d0i:10.20944/preprints202012.0136.v1

30

111.  Dutta-Roy, A.K.; Kahn, N.N.; Sinha, A.K. Interaction of receptors for prostaglandin
El/prostacyclin and insulin in human erythrocytes and platelets. Life Sci 1991, 49, 1129-1139.

112.  Andrews, R.K.; Berndt, M.C. Platelet adhesion: a game of catch and release. J Clin Invest
2008, 118, 3009-3011, d0i:10.1172/JC136883.

113.  Watson, S.P.; Auger, J.M.; McCarty, O.J.; Pearce, A.C. GPVI and integrin alphallb beta3
signaling in platelets. J Thromb Haemost 2005, 3, 1752-1762, doi:10.1111/j.1538-
7836.2005.01429.x.

114.  Stalker, T.J.; Newman, D.K.; Ma, P.; Wannemacher, K.M.; Brass, L.F. Platelet signaling.
Handb Exp Pharmacol 2012, 10.1007/978-3-642-29423-5 3, 59-85, do0i:10.1007/978-3-642-
29423-5 3.

115.  Roberts, D.E.; McNicol, A.; Bose, R. Mechanism of collagen activation in human platelets. J
Biol Chem 2004, 279, 19421-19430, doi:10.1074/jbc.M308864200.

116.  Jung, S.M.; Moroi, M. Activation of the platelet collagen receptor integrin alpha(2)beta(1): its
mechanism and participation in the physiological functions of platelets. Trends Cardiovasc
Med 2000, 10, 285-292.

117.  Bynagari, Y.S.; Nagy, B., Jr.; Tuluc, F.; Bhavaraju, K.; Kim, S.; Vijayan, K.V.; Kunapuli, S.P.
Mechanism of activation and functional role of protein kinase Ceta in human platelets. J Biol
Chem 2009, 284, 13413-13421, doi:10.1074/jbc.M808970200.

118.  El Haouari, M.; Rosado, J.A. Medicinal Plants with Antiplatelet Activity. Phytother Res 2016,
30, 1059-1071, d0i:10.1002/ptr.5619.

119.  Elwood, P.C.; Beswick, A.D.; Sharp, D.S.; Yarnell, J.W.; Rogers, S.; Renaud, S. Whole blood
impedance platelet aggregometry and ischemic heart disease. The Caerphilly Collaborative
Heart Disease Study. Arteriosclerosis 1990, 10, 1032-1036.

120.  Tran, H.; Anand, S.S. Oral antiplatelet therapy in cerebrovascular disease, coronary artery
disease, and peripheral arterial disease. JAMA 2004, 292, 1867-1874,
doi:10.1001/jama.292.15.1867.

121.  Davi, G.; Patrono, C. Platelet activation and atherothrombosis. The New England journal of
medicine 2007, 357, 2482-2494, doi:10.1056/NEJMra071014.

122.  Gabbianelli, R.; Falcioni, G.; Dow, C.S.; Vince, F.P.; Swoboda, B. A new method to evaluate
spontaneous platelet aggregation in type 2 diabetes by Cellfacts. Clin Chim Acta 2003, 329,
95-102.

123.  lwase, E.; Tawata, M.; Aida, K.; Ozaki, Y.; Kume, S.; Satoh, K.; Qi, R.; Onaya, T. A cross-
sectional evaluation of spontaneous platelet aggregation in relation to complications in
patients with type Il diabetes mellitus. Metabolism 1998, 47, 699-705.

124.  Duhamel, T.A.; Xu, Y.J.; Arneja, A.S.; Dhalla, N.S. Targeting platelets for prevention and
treatment of cardiovascular disease. Expert Opin Ther Targets 2007, 11, 1523-1533,
doi:10.1517/14728222.11.12.1523.

125.  Kjeldsen, S.E.; Gjesdal, K.; Eide, I.; Aakesson, I.; Amundsen, R.; Foss, O.P.; Leren, P.
Increased beta-thromboglobulin in essential hypertension: interactions between arterial plasma
adrenaline, platelet function and blood lipids. Acta Med Scand 1983, 213, 369-373.

126.  Hernandez Hernandez, R.; Carvajal, A.R.; Guerrero Pajuelo, J.; Armas de Hernandez, M.J.;
Armas Padilla, M.C.; Barragan, O.; Boada Boada, J.J.; Roa, E. The effect of doxazosin on
platelet aggregation in normotensive subjects and patients with hypertension: an in vitro study.
Am Heart J 1991, 121, 389-394.

127.  Bennett, B.J.; de Aguiar Vallim, T.Q.; Wang, Z.; Shih, D.M.; Meng, Y.; Gregory, J.; Allayee,
H.; Lee, R.; Graham, M.; Crooke, R., et al. Trimethylamine-N-oxide, a metabolite associated
with atherosclerosis, exhibits complex genetic and dietary regulation. Cell Metab 2013, 17,
49-60, doi:10.1016/j.cmet.2012.12.011.

128.  Zhu, W.; Buffa, J.A.; Wang, Z.; Warrier, M.; Schugar, R.; Shih, D.M.; Gupta, N.; Gregory,
J.C.; Org, E.; Fu, X., et al. Flavin monooxygenase 3, the host hepatic enzyme in the
metaorganismal trimethylamine N-oxide-generating pathway, modulates platelet
responsiveness and thrombosis risk. J Thromb Haemost 2018, 16, 1857-1872,
doi:10.1111/jth.14234.


https://doi.org/10.20944/preprints202012.0136.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 December 2020 d0i:10.20944/preprints202012.0136.v1

31

129. Ding, L.; Chang, M.; Guo, Y.; Zhang, L.; Xue, C.; Yanagita, T.; Zhang, T.; Wang, Y.
Trimethylamine-N-oxide (TMAO)-induced atherosclerosis is associated with bile acid
metabolism. Lipids Health Dis 2018, 17, 286, d0i:10.1186/s12944-018-0939-6.

130.  Yazici, M.; Kaya, A.; Kaya, Y.; Albayrak, S.; Cinemre, H.; Ozhan, H. Lifestyle modification
decreases the mean platelet volume in prehypertensive patients. Platelets 2009, 20, 58-63,
d0i:10.1080/09537100802613449.

131.  Dutta-Roy, A.K. Dietary components and human platelet activity. Platelets 2002, 13, 67-75,
doi:10.1080/09537100120111540.

132.  Tsoupras, A.; Lordan, R.; Zabetakis, I. Thrombosis and COVID-19: The Potential Role of
Nutrition. Front Nutr 2020, 7, 583080, doi:10.3389/fnut.2020.583080.

133.  O'Kennedy, N.; Raederstorff, D.; Duttaroy, A.K. Fruitflow((R)): the first European Food
Safety Authority-approved natural cardio-protective functional ingredient. Eur J Nutr 2017,
56, 461-482, doi:10.1007/s00394-016-1265-2.

134.  O'Kennedy, N.; Croshie, L.; Song, H.J.; Zhang, X.; Horgan, G.; Duttaroy, A.K. A randomised
controlled trial comparing a dietary antiplatelet, the water-soluble tomato extract Fruitflow,
with 75 mg aspirin in healthy subjects. Eur J Clin Nutr 2016, 10.1038/ejcn.2016.222,
doi:10.1038/ejcn.2016.222.

135.  Qin, J;; Li, R.; Raes, J.; Arumugam, M.; Burgdorf, K.S.; Manichanh, C.; Nielsen, T.; Pons, N.;
Levenez, F.; Yamada, T., et al. A human gut microbial gene catalogue established by
metagenomic sequencing. Nature 2010, 464, 59-65, doi:10.1038/nature08821.

136.  Backhed, F.; Ley, R.E.; Sonnenburg, J.L.; Peterson, D.A.; Gordon, J.I. Host-bacterial
mutualism in the human intestine. Science 2005, 307, 1915-1920,
doi:10.1126/science.1104816.

137.  Brugere, J.F.; Borrel, G.; Gaci, N.; Tottey, W.; O'Toole, P.W.; Malpuech-Brugere, C.
Archaebiotics: proposed therapeutic use of archaea to prevent trimethylaminuria and
cardiovascular disease. Gut Microbes 2014, 5, 5-10, doi:10.4161/gmic.26749.

138.  Dridi, B.; Fardeau, M.L.; Ollivier, B.; Raoult, D.; Drancourt, M. Methanomassiliicoccus
luminyensis gen. nov., sp. nov., a methanogenic archaeon isolated from human faeces. Int J
Syst Evol Microbiol 2012, 62, 1902-1907, doi:10.1099/ijs.0.033712-0.

139.  Chen, M.L,; Yi, L.; Zhang, Y.; Zhou, X.; Ran, L.; Yang, J.; Zhu, J.D.; Zhang, Q.Y.; Mi, M.T.
Resveratrol Attenuates Trimethylamine-N-Oxide (TMAO)-Induced Atherosclerosis by
Regulating TMAO Synthesis and Bile Acid Metabolism via Remodeling of the Gut
Microbiota. MBio 2016, 7, €02210-02215, doi:10.1128/mBio0.02210-15.

140.  Larrosa, M.; Yanez-Gascon, M.J.; Selma, M.V.; Gonzalez-Sarrias, A.; Toti, S.; Ceron, J.J.;
Tomas-Barberan, F.; Dolara, P.; Espin, J.C. Effect of a low dose of dietary resveratrol on
colon microbiota, inflammation and tissue damage in a DSS-induced colitis rat model. J Agric
Food Chem 2009, 57, 2211-2220, doi:10.1021/jf803638d.

141.  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, doi:10.1016/j.bbrc.2017.09.108.

142.  Bu, J.; Wang, Z. Cross-Talk between Gut Microbiota and Heart via the Routes of Metabolite
and Immunity. Gastroenterol Res Pract 2018, 2018, 6458094, doi:10.1155/2018/6458094.

143. Qi J.;; You, T.; Li, J.,; Pan, T.; Xiang, L.; Han, Y.; Zhu, L. Circulating trimethylamine N-oxide
and the risk of cardiovascular diseases: a systematic review and meta-analysis of 11
prospective cohort studies. J Cell Mol Med 2018, 22, 185-194, doi:10.1111/jcmm.13307.

144.  Heianza, Y.; Ma, W.; Manson, J.E.; Rexrode, K.M.; Qi, L. Gut Microbiota Metabolites and
Risk of Major Adverse Cardiovascular Disease Events and Death: A Systematic Review and
Meta-Analysis of Prospective Studies. J Am Heart Assoc 2017, 6,
doi:10.1161/JAHA.116.004947.

145.  Janeiro, M.H.; Ramirez, M.J.; Milagro, F.1.; Martinez, J.A.; Solas, M. Implication of
Trimethylamine N-Oxide (TMAO) in Disease: Potential Biomarker or New Therapeutic
Target. Nutrients 2018, 10, doi:10.3390/nu10101398.

146.  Sun, X,; Jiao, X.; Ma, Y.; Liu, Y.; Zhang, L.; He, Y.; Chen, Y. Trimethylamine N-oxide
induces inflammation and endothelial dysfunction in human umbilical vein endothelial cells


https://doi.org/10.20944/preprints202012.0136.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 December 2020 d0i:10.20944/preprints202012.0136.v1

32

via activating ROS-TXNIP-NLRP3 inflammasome. Biochem Biophys Res Commun 2016,
481, 63-70, doi:10.1016/j.bbrc.2016.11.017.

147.  Miao, J.; Ling, A.V.; Manthena, P.V.; Gearing, M.E.; Graham, M.J.; Crooke, R.M.; Croce,
K.J.; Esquejo, R.M.; Clish, C.B.; Morbid Obesity Study, G., et al. Flavin-containing
monooxygenase 3 as a potential player in diabetes-associated atherosclerosis. Nat Commun
2015, 6, 6498, doi:10.1038/ncomms7498.

148.  Shih, D.M.; Wang, Z.; Lee, R.; Meng, Y.; Che, N.; Charugundla, S.; Qi, H.; Wu, J.; Pan, C.;
Brown, J.M., et al. Flavin containing monooxygenase 3 exerts broad effects on glucose and
lipid metabolism and atherosclerosis. J Lipid Res 2015, 56, 22-37, doi:10.1194/jir. M051680.

149.  Warrier, M.; Shih, D.M.; Burrows, A.C.; Ferguson, D.; Gromovsky, A.D.; Brown, A.L.;
Marshall, S.; McDaniel, A.; Schugar, R.C.; Wang, Z., et al. The TMAO-Generating Enzyme
Flavin Monooxygenase 3 Is a Central Regulator of Cholesterol Balance. Cell Rep 2015, 10,
326-338, doi:10.1016/j.celrep.2014.12.036.

150. Koeth, R.A.; Levison, B.S.; Culley, M.K.; Buffa, J.A.; Wang, Z.; Gregory, J.C.; Org, E.; Wu,
Y.; Li, L.; Smith, J.D., et al. gamma-Butyrobetaine is a proatherogenic intermediate in gut
microbial metabolism of L-carnitine to TMAO. Cell Metab 2014, 20, 799-812,
doi:10.1016/j.cmet.2014.10.006.

151.  Chen, K.; Zheng, X.; Feng, M.; Li, D.; Zhang, H. Gut Microbiota-Dependent Metabolite
Trimethylamine N-Oxide Contributes to Cardiac Dysfunction in Western Diet-Induced Obese
Mice. Front Physiol 2017, 8, 139, doi:10.3389/fphys.2017.00139.

152.  Guasch-Ferre, M.; Hu, F.B.; Ruiz-Canela, M.; Bullo, M.; Toledo, E.; Wang, D.D.; Corella, D.;
Gomez-Gracia, E.; Fiol, M.; Estruch, R., et al. Plasma Metabolites From Choline Pathway and
Risk of Cardiovascular Disease in the PREDIMED (Prevention With Mediterranean Diet)
Study. J Am Heart Assoc 2017, 6, doi:10.1161/JAHA.117.006524.

153.  Troseid, M.; Ueland, T.; Hov, J.R.; Svardal, A.; Gregersen, |.; Dahl, C.P.; Aakhus, S.; Gude,
E.; Bjorndal, B.; Halvorsen, B., et al. Microbiota-dependent metabolite trimethylamine-N-
oxide is associated with disease severity and survival of patients with chronic heart failure. J
Intern Med 2015, 277, 717-726, doi:10.1111/joim.12328.

154.  Mencarelli, A.; Renga, B.; Distrutti, E.; Fiorucci, S. Antiatherosclerotic effect of farnesoid X
receptor. Am J Physiol Heart Circ Physiol 2009, 296, H272-281,
doi:10.1152/ajpheart.01075.2008.

155.  Miyazaki-Anzai, S.; Masuda, M.; Levi, M.; Keenan, A.L.; Miyazaki, M. Dual activation of the
bile acid nuclear receptor FXR and G-protein-coupled receptor TGRS protects mice against
atherosclerosis. PLoS One 2014, 9, e108270, doi:10.1371/journal.pone.0108270.

156. Ma, G.; Pan, B.; Chen, Y.; Guo, C.; Zhao, M.; Zheng, L.; Chen, B. Trimethylamine N-oxide
in atherogenesis: impairing endothelial self-repair capacity and enhancing monocyte adhesion.
Biosci Rep 2017, 37, doi:10.1042/BSR20160244.

157.  Senthong, V.; Li, X.S.; Hudec, T.; Coughlin, J.; Wu, Y.; Levison, B.; Wang, Z.; Hazen, S.L.;
Tang, W.H. Plasma Trimethylamine N-Oxide, a Gut Microbe-Generated Phosphatidylcholine
Metabolite, Is Associated With Atherosclerotic Burden. J Am Coll Cardiol 2016, 67, 2620-
2628, doi:10.1016/j.jacc.2016.03.546.

158.  Senthong, V.; Wang, Z.; Li, X.S.; Fan, Y.; Wu, Y.; Tang, W.H.; Hazen, S.L. Intestinal
Microbiota-Generated Metabolite Trimethylamine-N-Oxide and 5-Year Mortality Risk in
Stable Coronary Artery Disease: The Contributory Role of Intestinal Microbiota in a
COURAGE-Like Patient Cohort. J Am Heart Assoc 2016, 5, doi:10.1161/JAHA.115.002816.

159.  Zheng, Y.; Li, Y.; Rimm, E.B.; Hu, F.B.; Albert, C.M.; Rexrode, K.M.; Manson, J.E.; Qi, L.
Dietary phosphatidylcholine and risk of all-cause and cardiovascular-specific mortality among
US women and men. Am J Clin Nutr 2016, 104, 173-180, doi:10.3945/ajcn.116.131771.

160.  Dalmeijer, G.W.; Olthof, M.R.; Verhoef, P.; Bots, M.L.; van der Schouw, Y.T. Prospective
study on dietary intakes of folate, betaine, and choline and cardiovascular disease risk in
women. Eur J Clin Nutr 2008, 62, 386-394, doi:10.1038/sj.ejcn.1602725.

161.  Meyer, K.A.; Benton, T.Z.; Bennett, B.J.; Jacobs, D.R., Jr.; Lloyd-Jones, D.M.; Gross, M.D.;
Carr, J.J.; Gordon-Larsen, P.; Zeisel, S.H. Microbiota-Dependent Metabolite Trimethylamine
N-Oxide and Coronary Artery Calcium in the Coronary Artery Risk Development in Young
Adults Study (CARDIA). J Am Heart Assoc 2016, 5, doi:10.1161/JAHA.116.003970.


https://doi.org/10.20944/preprints202012.0136.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 December 2020 d0i:10.20944/preprints202012.0136.v1

33

162. Nagata, C.; Wada, K.; Tamura, T.; Konishi, K.; Kawachi, T.; Tsuji, M.; Nakamura, K.
Choline and Betaine Intakes Are Not Associated with Cardiovascular Disease Mortality Risk
in Japanese Men and Women. J Nutr 2015, 145, 1787-1792, doi:10.3945/jn.114.209296.

163.  Collins, H.L.; Drazul-Schrader, D.; Sulpizio, A.C.; Koster, P.D.; Williamson, Y.; Adelman,
S.J.; Owen, K.; Sanli, T.; Bellamine, A. L-Carnitine intake and high trimethylamine N-oxide
plasma levels correlate with low aortic lesions in ApoE(-/-) transgenic mice expressing CETP.
Atherosclerosis 2016, 244, 29-37, doi:10.1016/j.atherosclerosis.2015.10.108.

164.  Bidulescu, A.; Chambless, L.E.; Siega-Riz, A.M.; Zeisel, S.H.; Heiss, G. Usual choline and
betaine dietary intake and incident coronary heart disease: the Atherosclerosis Risk in
Communities (ARIC) study. BMC Cardiovasc Disord 2007, 7, 20, d0i:10.1186/1471-2261-7-
20.

165.  Parseus, A.; Sommer, N.; Sommer, F.; Caesar, R.; Molinaro, A.; Stahlman, M.; Greiner, T.U.;
Perkins, R.; Backhed, F. Microbiota-induced obesity requires farnesoid X receptor. Gut 2017,
66, 429-437, doi:10.1136/gutjnl-2015-310283.

166.  Russell, D.W. The enzymes, regulation, and genetics of bile acid synthesis. Annu Rev
Biochem 2003, 72, 137-174, doi:10.1146/annurev.biochem.72.121801.161712.

167.  Zheng, X.; Huang, F.; Zhao, A.; Lei, S.; Zhang, Y.; Xie, G.; Chen, T.; Qu, C.; Rajani, C.;
Dong, B., et al. Bile acid is a significant host factor shaping the gut microbiome of diet-
induced obese mice. BMC Biol 2017, 15, 120, doi:10.1186/s12915-017-0462-7.

168.  Jones, M.L.; Martoni, C.J.; Ganopolsky, J.G.; Labbe, A.; Prakash, S. The human microbiome
and bile acid metabolism: dysbiosis, dysmetabolism, disease and intervention. Expert Opin
Biol Ther 2014, 14, 467-482, doi:10.1517/14712598.2014.880420.

169. Lefebvre, P.; Cariou, B.; Lien, F.; Kuipers, F.; Staels, B. Role of bile acids and bile acid
receptors in metabolic regulation. Physiol Rev 2009, 89, 147-191,
doi:10.1152/physrev.00010.2008.

170.  Ridlon, J.M.; Harris, S.C.; Bhowmik, S.; Kang, D.J.; Hylemon, P.B. Consequences of bile salt
biotransformations by intestinal bacteria. Gut Microbes 2016, 7, 22-39,
d0i:10.1080/19490976.2015.1127483.

171.  Jones, M.L.; Martoni, C.J.; Parent, M.; Prakash, S. Cholesterol-lowering efficacy of a
microencapsulated bile salt hydrolase-active Lactobacillus reuteri NCIMB 30242 yoghurt
formulation in hypercholesterolaemic adults. Br J Nutr 2012, 107, 1505-1513,
d0i:10.1017/S0007114511004703.

172.  Hansson, G.K.; Robertson, A.K.; Soderberg-Naucler, C. Inflammation and atherosclerosis.
Annu Rev Pathol 2006, 1, 297-329, doi:10.1146/annurev.pathol.1.110304.100100.

173.  Li, T.; Chiang, J.Y. Bile acids as metabolic regulators. Curr Opin Gastroenterol 2015, 31,
159-165, doi:10.1097/MOG.0000000000000156.

174.  Pols, T.W.; Nomura, M.; Harach, T.; Lo Sasso, G.; Oosterveer, M.H.; Thomas, C.; Rizzo, G.;
Gioiello, A.; Adorini, L.; Pellicciari, R., et al. TGR5 activation inhibits atherosclerosis by
reducing macrophage inflammation and lipid loading. Cell Metab 2011, 14, 747-757,
doi:10.1016/j.cmet.2011.11.006.

175.  Staudinger, J.L.; Goodwin, B.; Jones, S.A.; Hawkins-Brown, D.; MacKenzie, K.1.; LaTour,
A.; Liu, Y.; Klaassen, C.D.; Brown, K.K.; Reinhard, J., et al. The nuclear receptor PXR is a
lithocholic acid sensor that protects against liver toxicity. Proc Natl Acad Sci U S A 2001, 98,
3369-3374, doi:10.1073/pnas.051551698.

176.  Zhou, C.; King, N.; Chen, K.Y; Breslow, J.L. Activation of PXR induces
hypercholesterolemia in wild-type and accelerates atherosclerosis in apoE deficient mice. J
Lipid Res 2009, 50, 2004-2013, d0i:10.1194/jIr. M800608-JLR200.

177.  Sui, Y.; Xu, J.; Rios-Pilier, J.; Zhou, C. Deficiency of PXR decreases atherosclerosis in apoE-
deficient mice. J Lipid Res 2011, 52, 1652-1659, doi:10.1194/jlr. M017376.

178.  Levi, M. Role of Bile Acid-Regulated Nuclear Receptor FXR and G Protein-Coupled
Receptor TGR5 in Regulation of Cardiorenal Syndrome (Cardiovascular Disease and Chronic
Kidney Disease). Hypertension 2016, 67, 1080-1084,
d0i:10.1161/HYPERTENSIONAHA.115.06417.


https://doi.org/10.20944/preprints202012.0136.v1

