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The gut-brain-axis and the heart

Abstract

Background: The normal physiology and pathophysiology of gut-brain, heart-
axis needs further evaluation. There is evidence that brain-gut axis can influencene
uropsychiatric and cardiometabolic dysfunction resulting in to obesity, insulin
resistance, metabolic syndrome and cardiovascular diseases (CVDs) which is of great
public health interest.

Methods: Internet search via Medline and Pub-Med and discussion with colleagues.

Results: In experimental as well as clinical studies, it has been observed, that chronic
gut inflammation, predispose systemic inflammation resulting into neuropsychiatric
dysfunction causing chronic anxiety disorders and memory dysfunction as well as
cardiovascular dysfunction which are important risk factors of cardiometabolic
diseases (CMDs). The basis of the gut-brain axis comprises; neuroanatomy and
the pathophysiology represented by the vagal and spinal afferent neurons, the
neuroendocrine-hypothalamic-pituitary-adrenal (HPA) axis, via the gut hormones,
immune routes via the multiple cytokines, microbially-derived neurotransmitters, and
finally the gate keepers of the intestinal and brain barriers. A failure in the interactions
and mutual adaptations predispose a number of inflammatory, autoimmune,
neurodegenerative, metabolic, mood, behavioral, cognitive, autism-spectrum, stress
and pain-related disorders. Nutritional approaches; antioxidant status, microbiome
manipulations, enteric and brain barrier reinforcement and sensing and trafficking
modulation might improve pathophysiology of gut-brain-heart axis leading to
improvement in the physical and mental health outcomes. Gut flora metabolites
from foods such as choline obtained from red meat and lecithin from egg have
been reported to predispose CVDs by increasing trimethyl amine N-oxide (TAMO).
Recent evidence shows that TMAO, enhances both; atherosclerosis in animal models
and cardiovascular risks in clinical studies. There is a need to study the impact of
targeted inhibition of the first step in TMAO generation, commensal microbial
TMA production, on diet-induced atherosclerosis. A structural analog of choline,
3,3-dimethyl-1-butanol (DMB), is shown to non-lethally inhibit TMA formation from
cultured microbes, to inhibit distinct microbial TMA lyases, and to both inhibit TMA
production from physiologic polymicrobial cultures (e.g., intestinal contents, human
feces) and reduce TMAO levels in mice fed a high-choline or L-carnitine diet. Other
preventive measures early in life or corrective measures such as use of psychobiotics,
fecal microbiota transplantation, and flavonoids are may be protective. A high w-6/w-3
ratio in the diet in conjunction with antioxidant flavonoids as well as probiotics in the
diet in a milieu of higher BDNF levels in the gut and the brain could be important in
healthy gut-brain-heart-axis for health promotion.

Conclusion: Recent evidence indicates the existence of gut-brain-axis which can
interact with gut microbiota dependent on food ingestion. The gut-brain-axis can
predispose systemic inflammation, more so in tissues with underlying deficiency of
w-3 fatty acids and antioxidants. The pathophysiological mechanisms of gut-brain-
heart connection, appear to be bidirectional, resulting into neuropsychiatric diseases
as well as CMDs. It is proposed that the cause of CMDs may be; existence of a gut-
brain-heart-axis similar to gut-brain-axis which could be important in prevention of
these diseases.
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Introduction

In a landmark experiment in 2008, Wang et al.,! demonstrated that
direct administration of lipids into the upper intestine, enhances the
concentration of upper intestinal long-chain fatty acyl-coenzyme A
(LCFA-CoA) and suppressed glucose production by activation of a
gut-brain-liver neural axis to regulate glucose homeostasis. Previous
studies also suggested that upper gut lipids inhibit food consumption
by the activation of an gut-brain axis and it is possible that a brain-

liver axis may find out blood lipoproteins for inhibition of the
production of glucose.>* These experiments indicate the existence of
a gut-brain-liver neural axis which may influence patho-physiology of
cardiovascular and metabolic function.”® The effects of gut microbiota
on behavior are evident, because of the involvement of serotonin and
tryptophan neurotransmitters, indicating a possibility that changes in
the intestine could be may be essential in the physiology pathology
of neuropsychiatric problems.>® The gut-brain neural axis is a bi-
directional system connecting the brain and gut, linking emotional
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The gut-brain-axis and the heart

and cognitive centers of the brain to modulate targetted functioning
of the gastro-intestinal tract and cardiovascular system. Therefore,
disturbances in gut microbiota can have adverse effects on gut-brain-
axis as well as on gut metabolites resulting in to increased risk of
cardiovascular events.”'? Similarly, chronic anxiety disorders are
known to predispose cardiovascular diseases [CVDs) which can
also be bidirectional.’*'"7 Chronic and acute emotional stress can
also damage certain areas of the brain that are known to predispose
inflammation in the arteries, leading to atherosclerosis.!* Therefore,
many experts believe that atherosclerosis may be considered, as if it
is a disease of the brain (Table 1), (Figure 1), (Figure 2). Al and mark
cohort study has confirmed that increase in amygdalar activity was
significantly associated with greater bone-marrow activity, arterial
inflammation, increase in C-reactive protein leading to increased risk
of CVD events.'® A previous study showed that it is lateral amygdala
which may be responsible for inflammation in the arteries.!” Recently
gut microbiota induced metabolites have been reported to cause
systemic inflammation resulting in to heart attack and heart failure.?

Table | Pathways of communication between gut microbiota, brain and the
heart

l. The gut-brain's neural network,
2. Gutimmune system,
3. Neuroendocrine-hypothalamic-pituitary-adrenal axis,

Some neurotransmitters and neural regulators synthesized by
gut bacteria, and

Barrier paths including intestinal mucosal barrier and blood-
brain barrier.

6.  Effects of gut flora metabolite on body systems.

Seesed sederneurans, NTS

contex and occipital cortex.
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Figure | Gut-brain-heart interactions in controlling of feeding behavior in
human.

Hormonal circuits from the gut involving stomach, small intestine, and
pancreas and Adipose Tissue influence the sensations of hunger and satiety
exerted via hypothalamic neuroendocrine pathways; POMC, Arcuate nucleus.
GHSR (growth hormone secretagogue receptor to which ghrelin binds).
MC3R and MC4R melanocortin 3 receptor and melanocortin 4 receptor).
Y IR (neuropeptideY (NPY) receptors 1) and Y2R (NPY receptors 2). Ghrelin
from the stomach, leptin from adipose tissue, insulin from the pancreas, and
peptide tyrosine tyrosine (PYY) from the small intestine bind to receptors
on orexigenic and/or anorexigenic neurons in the ARC of the hypothalamus.
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Gut-brain-heart-axis releases molecules to activate the neuroenteric plexus, stimulate
brain production of neuropeptides, Amygdala, PVN,RVLM,AP as well as increase gut-
blood barrier and BBB permeability. The brain releases molecules that stimulate the
neuroenteric plexus and gut function. The vagus nerve sends orthodromic and antidromic.
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Figure 2 Gut microbiota-brain-axis release molecules that can activate the
neuroenteric plexus, stimulate brain production of neuropeptides, POMC,AN
and amygdala resulting in to heart disease.

Objectives

This review aims to examine whether gut-brain-axis can influence
pathophysiology of cardiovascular function resulting in to CMDs and
whether cardiometabolic dysfunction can have adverse effects on
neuropsychiatric function and related diseases.

The gut-brain-axis

The brain can influence gastrointestinal system via central
circadian clock and other areas of the brain. As mentioned above, the
gut-brain axis is an interface for both directions between the brain
and gut, linking mental and cognitive centers of the brain with the
functioning of the gastrointestinal tract and other body systems.’
The alterations in the gut may be essential in the physiopathology
of neuropsychiatric disorders due to involvement of tryptophan and
serotonin release by gut microbiota. The mood and cognition are
under influence of the serotonergic system which is a diffuse network
within the central nervous system. The release of tryptophan levels
can be altered by depletion or supplementation of certain agents, used
for modification of serotonin levels responsible for mood alteration.
The role of serotoninin higher order brain function, particularly in
relation to food intake have allowed us to conclude that deficiency
in brain serotonin levels may predispose poor memory and depressed
mood responsible for depression and memory dysfunction.>® Figure
1 shows the hormonal circuits from the gut involving stomach, small
gut, pancreas and adipocyte may influence the sensations of hunger
and satiety exerted via hypothalamic neuroendocrine pathways. The
precise mechanisms on above interactions and connections have not
yet been fully clear but it has been reported that gut microbiota affects
the brain’s physiological, behavioral, and cognitive functions.® It
is possible that gut-brain axis includes microbiota in the intestines
as well as products of metabolism in conjunction with gut nervous
circuit, branches of sympathetic and parasympathetic nerves as
component of the autonomic nervous system. Other important parts
could be neuroendocrine and neural-immune system as well as central
nervous system. The functional characteristics of gut microbiota may
be due to its composition which may be regarded as microbiome. The
gut microbiota can be further characterized by metagenomics which is
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an special technique for study of genetic aspects of organisms present
in the gut. Recently, gut flora metabolite has been found to influence
cardiovascular function.”!® The gut microbiota and the brain may
have five routes for communication which appear to be bidirectional
as given in the Table 1.

The gut-brain-heart axis

There is a complex nutrient sensing mechanisms and an
integration of neuronal and hormonal signaling via gut-brain axis and
the heart.>*1%21-3! The gut and brain closely communicate to modulate
energy homeostasis and metabolism in response to food intake.”
There are distinct mechanisms in the brain and gut for sensing lipid
availability, which triggers subsequent regulation of feeding, glucose
homeostasis, and adipose tissue metabolism. Recent studies indicate
that parasympathetic and sympathetic signaling, influences the
central receptors, neuropeptides, and gut hormones that communicate
with the brain, have been shown to modulate hepatic and intestinal
lipoprotein metabolism.?> The glucagon-like peptides obtained from
the gut appear to be particularly important in modulating the release
of chylomicron particles from the gut, via a novel brain-gut axis. It is
clear that the central and enteric nervous systems can influence several
aspects of lipid and lipoprotein metabolism due to a bidirectional
communication between the gut and the brain. Dysregulation of
these pathways may predispose postprandial dyslipidemia and insulin
resistance resulting in to increased risk of cardiometabolic diseases
(CMDs).

It is known that in diabetic dyslipidemia with insulin-resistance,
overproduction of atherogenic chylomicron particlespost-prandially
in the gut is important which indicate that in addition to liver, gut
dysfunction also influence cardiovascular dysfunction.?'** Apart from
increase in the release of insulin, stimulation of peripheral receptor
of glucagon-like peptide-1 (GLP-1) may provide additional benefit
of reducing overproduction of chylomicron among subjects suffering
from diabetes mellitus.?! The presence of receptors and neurones in
the central nervous system that increase GLP-1, poses the possibility,
that central GLP-1 may influence the production of these potentially
atherogenic particles. In an experiment in syrianhamsers, a single
intra-cerebro-ventricular injection of the GLP-1 receptor agonist
exendin-4 was associated with reduction in lipoprotein-triglyceride
which is rich in triglyceride and in accumulation of -apolipoprotein
B48, compared to controls. It is possible that central GLP-1 is a novel
regulator of chylomicron production via melanocortin-4 receptors.
In the development of diabetic dyslipidemia and chylomicron
overproduction, there may be a relative importance of central
accessibility of therapies based on GLP-1, with important role of
brain-gut axis.?’ These therapies could be protective against CMDs
including CVDs which may influence gut functions.?*?

The gut has been called the mirror of mind-brain function as well
as dysfunction in most of the disciplines of internal medicine. An
experimental study in mice indicated that gastrointestinal inflammation
can induce anxiety-like behaviour and altered biomarkers related to
the brain dysfunction that may be due to inflammation in the brain.’**!
There is evidence from neuro-immunology that treating viral hepatitis
with interferon, could trigger severe depression which indicated that
circulating pro-inflammatory cytokines can play a significant role in
mood and mood disorders.** This relationship may also contribute to
the high prevalence of depression in patients with inflammatory bowel
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disease as well as among patients with cardiovascular diseases and
type 2 diabetes mellitus.* Table 2 shows the brain areas responsible for
concerned psychological behavior. The association of inflammation
with metabolic syndrome may be the predictor of cardiovascular
diseases (CVDs) and type 2 diabetes.

Table 2 Effects on specific neuro-anatomical region activation via concerned
emotions

No. Neuronal region Mental dysfunction

l. Medial frontal cortex Emotional processing

2. Amygdala Fear and anger

3. Subcallosal cingulate Sadness
- Emotional induction b;
4. Occipital cortex and amygdala . - 4
visual stimuli
Lo . Induction by emotional
5. Anterior cingulate and insula ; 4
recall imagery
L . Emotional task with
6. Anterior cingulate and insula

cognitive demand

In experimental studies, animals did not display signs of general
malaise, but still exhibited patterns that are a rodent correlates of
anxiety and treatments ranging from probiotics to anti-tumor necrosis
factor (TNF) antibodies, differentially altered inflammation, and
behavior.>'** Blocking of TNF signaling blunted inflammation and
decreased the level of circulating cytokines leading to normalized
behavior.?!? The steroid budesonide was not quite as effective, but
showed a similar direction of change(s). The probiotics decreased the
markers of gut inflammation, but did not affect circulating cytokine
levels. However, bifidobacteria was about as effective as the immune-
suppressants in improving behavior which was associated with
changed expression of an important neurotrophic factor in a brain
region that is responsible for learning and memory.* In contrast, a
murine strain of lactobacillus was ineffective. It seems that the brain-
gut axis is bidirectional and includes more than just the sensory input
that certainly influences mood and behavior.’® It may be possible
to target the neuroimmune connection by influencing intestinal
inflammation, permeability, gut contents and/or the microbial flora
and food consumption.’!® Increased intestinal permeability has been
associated with subtle changes in cytokine levels as well as chronic
fatigue and fibromyalgia,* which was selective for one of the two
organisms tested, and this was similar to results obtained in humans.*
However, the benefit was independent of the changes in the circulating
cytokines, indicating that other factors related to neural mechanisms
may be important. There may be decline in blood glucose production,
due to activation of N-methyl-D-aspartate (NMDA) receptors in the
dorsal vagal complex which may also neutralize fast food induced
hyperglycemia.®

Nutritional aspects of gut-brain-axis

The intake of food according to time structure may influence
central circadian clock as well as peripheral clocks in the gut
which have been demonstrated to alter energy metabolism and
cardiovascular function.’®¥” Increased intake of energy in the
morning is associated with weight loss whereas eating same amount
of food in the evening cay\used gain in weight possibly because of
variations in basal metabolic rate and glucocorticoids. Long chain
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polyunsaturated fatty acids (PUFA) such as w-3 fatty acids are
known to inhibit neurodegeneration and pro-inflammatory cytokine
induced inflammation.** Leptin and cholecystokinin may also
have interactions with incretins and may be inversely associated
with long chain polyunsaturated fatty acid (PUFA) in the diet and
in the tissues. Omega-3 fatty acid as well as antioxidant flavonoid/
polyphenols deficiency of the brain can independently have adverse
effects on myocardium and vascular cells, in the form of a trigger that
lies in the brain, and produce a chronic electrical instability in arterial
cells causing coronary artery spasm and in the myocardium causing
ventricular arrhythmias.* Lipoprotein associated phospholipase
A2* is a new proinflammatory marker under the influence of
proinflammatory diets characterized with high w-6/w-3 ratio, trans fat
and high saturated fat and refined carbohydrates.*° Recent studies
indicate that w-3 fatty acids in the tissues were inversely associated
with CAD.’"> Further studies showed that Mediterranean diets rich
in w-3 fatty acids and antioxidant flavonoids were protective against
cardiac events and metabolic syndrome which can be explained in
part due to beneficial effects dietary fiber, antioxidants and w-3 fatty
acids of the diet on gut microbiota, neurones and the cardiovascular
tissues.***! However, only a few studies have examined the role of
brain related mechanisms in the protection provided by Mediterranean
diets. It is quite possible that these diets act via gut-liver-brain and
heart connection, at least partially in providing such benefits. It
appears that the gut may act as a neuroendocrine organ that responds
to food intake, and large meals rich in trans fat, w-6 fat and refined
carbohydrates can cause inflammation and have adverse effects on the
brain-gut and heart connection. Gut also releases several hormones;
ghrelin, leptin, cholecystokinin and brain-derived neurotrophic factor
which can influence neuronal growth factor and brain function.

Recently, a human gut microbial gene catalogue was also found in
the body, which appears to be established by metagenomics sequencing.
The human genome has 23,000 genes but the human microbiome
has more than 1.00 million genes. However, the gut microbiota may
be comprised of the trillions of microbes which inhabit the gut and
may be considered a complex bioreactor with several metabolic and
immunological effects.!”?® These beneficial effects extend beyond the
gut itself, and, in the last decade, an increasing amount of evidence has
linked functions and alterations of the gut microbiota to brain diseases
as well as CMDs.® ! The host metabolic mechanisms are under strong
influence of interactions between dietary factors and gut microbes
Figure 2 shows the gut microbiota-brain-axis releasing molecules that
stimulate production of neuropeptides in brain, can activate the neuro-
enteric plexus, POMC,AN, circadian clock and amygdala resulting
in to heart disease. The increased absorption of energy from the
gut content may contribute to obesity, a trait that is transmissible in
animal models, suggesting a vital role for the gut microbiome which is
partly mediated by short chain fatty acids (SCFAs).*® Gut metabolites
from foods such as choline obtained from red meat and lecithin from
egg have been reported to predispose cardiovascular diseases by
increasing trimethyl amine N-oxide (TAMO).!%-13

TMAO and cardio-metabolic diseases

TMAO, a gut-microbiota-dependent metabolite, enhances both;
atherosclerosis in animal models and cardiovascular risks in clinical
studies.!®'? There is a need to study the impact of targeted inhibition
of the first step in TMAO generation, commensal microbial TMA
production, on diet-induced atherosclerosis. A structural analog of
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choline, 3,3-dimethyl-1-butanol (DMB), is shown to non-lethally
inhibit TMA formation from cultured microbes, to inhibit distinct
microbial TMA lyases, and to both inhibit TMA production from
physiologic polymicrobial cultures (e.g., intestinal contents, human
feces) and reduce TMAO levels in mice fed a high-choline or
L-carnitine diet.!”” Further evidence showed that DMB inhibited
choline diet-enhanced endogenous macrophage foam cell formation
and atherosclerotic lesion development without alterations in
circulating cholesterol levels.”? Therefore, targeting gut microbial
production of TMA specifically and non-lethal microbial inhibitors in
general may serve as a potential therapeutic approach for the treatment
of CMDs. Figure 3 shows the use of dimethyl butanol (DMB) to
inhibit gut microbial trimethylamine production for the treatment of
atherosclerosis.?
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Figure 3 Use of dimethyl butanol (DMB) to inhibit gut microbial trimethylamine
production for the treatment of atherosclerosis.?

The development of phenotypes in the host among humans could
manipulated by the gut microbiome community that is complex and
metabolically active.®>7> The Metabolic Syndrome In Men (METSIM)
study involving 531 Finnish men revealed consistent relation between
fasting serum levels of a number of metabolites; fatty acids, amino
acids, lipids, and glucose with gut microbiota.”? There were significant
associations of coronary artery disease (CAD) and stroke with
fasting plasma TMAO levels. It is possible that the content of the gut
microbiota and their metabolites in the blood could be biomarkers
for future research to understand the relationship of host and gut
microbiota. It is known that TMAO, a metabolite derived from gut
microbes and dietary phosphatidyl- choline and L-carnitine, may be
associated with pathogenesis of CAD and risk of CVDs.” There was
no study to demonstrate that plasma TMAO can predict mortality
risk in patients with stable CAD. The relationship between fasting
plasma TMAO and all-cause mortality was examined among 2235
patients with stable CAD during a follow up of 5-year.” The results
revealed that increased concentration of TMAO were associated with
an increased risk of death, after adjustments for other risk factors such
as estimated glomerular filtration rate and high-sensitivity C-reactive
protein. The concentration of TMAO was the main indicator of incident
risk of deaths following cardio-renal and inflammatory biomarker
adjustments and provided significant incremental prognostic value
for deaths due to all other causes. It is possible that higher plasma
concentration of TMAO can predict higher long-term risk of death
among patients with stable CAD treated with optimal drug therapy.”
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TMAO, a gut microbial-dependent metabolite may be also
elevated in chronic kidney diseases (CKD), apart from CVDs and
may be associated with pathogenesis of CAD in patients with.”*"® The
relationship between fasting plasma TMAO and all-cause mortality
over S5-year follow-up in 521 stable subjects with CKD (estimated
glomerular filtration rate [eGFR] <60 ml/min/1.73m?) was examined.®
Median TMAO level among CKD subjects was 7.9uM (interquartile
range 5.2-12.4pM), which was markedly higher (P<0.001) than in
non-CKD subjects (n=3,166) (74). A higher concentration of TMAO
level was associated with a 2.8-fold increased mortality risk, after
adjustments for traditional risk factors, hsCRP and eGFR, elevated
TMAO levels remained predictive of 5-year mortality risk (HR 1.93
[95%CI 1.13-3.29], p<0.05). TMAO provided significant incremental
prognostic value. It seems that plasma TMAO levels are both elevated
in patients with CKD and portend poorer long-term survival and
increased dietary intake of foods that increase TMAO appear to
directly contribute to progressive renal fibrosis and dysfunction (74).
Microflora-dependent trimethylamine-N-oxide (TMAO) formation,
which results from intake of choline and L-carnitine-rich food,
shows promise as a predictor of CVD risk, but these associations
have not been examined in ethnically diverse populations. In a
multiethnic population-based study of adults involving 1285 adults,
the stability of TMAO and L-carnitine in stored serum samples and
their association with intimal medial thickness, prevalent risk factors,
and clinical events were examined.” In 292 consecutive individuals
(99 CVD cases and 193 unmatched control subjects), L-carnitine and
TMAO concentrations were assessed.The mean (=SD) TMAO level
was 1.998+3.13uM and L-carnitine was 42.29+11.35pM. TMAO
levels showed a significant, graded association with prevalent CVD
(odds ratio, 3.17; 95% confidence interval, 1.05-9.51; P trend = 0.02),
whereas no significant association of 1 carnitine was observed. The
findings revealed an association between TMAO with prevalent CVD
in a multiethnic population.

TMAO levels and risk of acute coronary
syndromes

The prognostic value of the gut-derived metabolite, TMAO was
confirmed for the first time, using 1-year major adverse cardiovascular
events (MACE) risk, in a large Swiss cohort of ACS undergoing
coronary angiograph.'” High plasma levels of TMAO in patients
with ACS can independently predict major adverse cardiac events
(MACE) at 30 days and 6 months and mortality at 7 years, also in
United States.'’ In two independent cohorts of ACS, the relationship
of TMAO levels with incident cardiovascular risks among sequential
patients was examined.'” The Cleveland Cohort, comprised of 530
patients with suspicion of cardiac pain in the chest and high
plasma levels of TMAO at clinical presentation was significant risk
factor for MACE such as myocardial infarction, stroke, need for
revascularization, or death during the 30-day follow up (P<0.01) and
6-month (P<0.01) intervals. The concentrations of TMAO were also
a significant (P<0.05) predictor of the 7-year mortality. In subjects
with lower troponin T, the levels of TMAO at baseline presentation
also showed increased risk of incident MACE over the 30 days and
6 months, (p<0.01) of follow up. An independent multi-center Swiss
Cohort of ACS (n=1683) who underwent coronary angiography,
assessed the prognostic value of TMAO. The levels of TMAO
predicted an enhanced risk of MACE at 1-year, of follow up (P<0.05).
It is clear that plasma levels of TMAO among patients with chest pain
can predict both near- and long-term risks of incident cardiovascular
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events. TMAO levels may provide clinical utility in risk stratification
among subjects presenting with suspected ACS.

In another study among patients with heart attack, concentrations
of TMAO were independently associated with death or myocardial
infarction at 2 years after hospitalization."! Suzuki and his colleagues
examined TMAO levels in plasma among 1079 patients of AMI
admitted to the University Hospitals of Leicester between August
2004 and April 2007. Multivariable analyses revealed TMAO was
an independent predictor of death/MI at 2 years (HR 1.21, 95% CI
1.03-1.43; P=0.023) but not at 6 months (P=0.119). Plasma levels of
TMAO was the only biomarker that significantly predicted outcome,
despite inclusion of such contemporary markers as cardiac troponin,
N-terminal probrain natriuretic peptide (NT-proBNP), and copeptin,
during the follow up of two years. The Global Registry of Acute
Coronary Events (GRACE) score for calculating death/MI at 6 months,
also revealed that plasma TMAO was able to down-classify patients
with low risk (NRI 29.0, 95% CI 19.8-38.3; P<0.0005) but unable to
reclassify those at high risk (NRI=9.1, 95% CI —30.0 to 11.8). These
results are quite interesting and provide evidence base for TMAO
beyond stable patients, including those with heart failure or peripheral
artery disease, and indicate new prospect of TMAO as a potentially
modifiable risk marker for cardiovascular events.

These findings also indicate new perspectives in terms of
intervention that need additional research, to find out their influence
on TMAO levels directly either by dietary intervention. It is possible
that in the near future, new compounds inhibiting the enzyme in the
bacteria that produces TMAO, may be used for therapy for prevention
of ACS and CMDs." It may be proposed that some of the dietary
components; omega-3 fatty acids, resveratrol, curcurmin, dietary
fiber, probiotics etc that are known to influence CVDs, may be
examined for their beneficial effects on TMAO and other enzymes.
TMAO is produced after gut bacteria break down dietary nutrients
such as phosphatidylcholine, choline, and L-carnitine, found in red
meat, eggs, and high-fat dairy products, all common in the Western
diet. Hence nutrients rich in Mediterranean style diets may be
considered for future therapy because such diets have been proven
to provide beneficial effects in patients after ACS. It has also been
already demonstrated that targeting trimethylamine (TMA), the first
step in TMAO formation, with 3,3-dimethyl-1-butanol inhibits foam-
cell formation and aortic atherosclerotic plaque formation in mice,
without altering normal gut flora.'

In United States cohort, patients with the highest TMAO levels
faced a nearly twofold increased hazard of 7-year mortality when
compared with those with the lowest level (OR 1.81, 95% CI
1.04-3.15; P<0.05) (10). It is important that in adjusted analyses
of patients with initially negative cardiac troponin, elevated TMAO
levels maintained prognostic significance for MACE at 30 days (OR
5.83, 95% CI 1.79-19.03; P<0.01) and 6 months (OR 5.51, 95% CI
1.90-16.01; P<0.001) beyond traditional risk factors, biomarkers,
and ECG data, including C-reactive protein (CRP), hypertension,
hyperlipidemia, and diagnosis of STEMI, non-STEMI, or unstable
angina. It is possible that the ability to generate rapid and accurate
TMAO results through point-of-care testing could significantly
improve rapid triaging and risk stratification among subjects presenting
with suspected ACS. It has been observed that there may be intra-
individual variation in TMAO, spiking, for example, in patients after
simply eating a steak dinner.!! However, some of the variations in
TMAO concentrations, similar to CRP, may be attributed to circadian
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dysfunction due to late night sleep and late night eating which are
known to alter circadian metabolism in liver and pancreas resulting in
to CMDs. In view of the variability in TMAO levels, it may not be so
useful as a diagnostic marker but as a prognostic marker.

The Swiss diet among Swiss patients appear to be quite a different
diet, and this is of interest because TMAO levels are influenced by
diet, in particular meat, shellfish, and eggs. Since American diets are
quite rich in these foods, TMAO levels were much higher in patients
in the US in association with higher cardiovascular complications in
these patients, showing a graded increase in incident MACE risk.!
The adjusted risk of MACE at 1 year was 1.5 times higher in patients
with the highest TMAO levels (>4.85uM) than in those with the
lowest levels of TMAO (0.08-1.93uM) (hazard ratio [HR] 1.57, 95%
CI 1.03-2.41; P<0.05). Inclusion of TMAO levels in the Cleveland
Clinic’s model significantly improved risk estimation for MACE at
30 days and 6 months, with significant improvement in C statistics
for both time points which provides a further proof that TMAO levels
may be a risk factor of ACS.!° Further evidence regarding role of gut-
brain-heart-axis comes from a cohort study showing that increase in
amygdalar activity was significantly associated with greater bone-
marrow activity, arterial inflammation, increase in C-reactive protein
and increased risk of CVD events.!® In a cohort study among 293
subjects, aged 30 years or older, without any history of heart and
vascular disease, activities of amygdala, bone-marrow and arterial
inflammation were examined by functional magnetic resonance
imaging(fMRI). After a median follow-up of 3.7 years, the results
showed that increase in the activity of amygdala in the form of
tremors, was significantly associated with greater activity in the bone-
marrow (r=0.47, p<0.0001), increase in arterial inflammation (r=0.49,
p<0.0001), with an increased risk of CVD events (standardized
hazard ratio: 1.59, 95% CI: 1.27-1.98, p<0.0001). Figure 4 shows the
mental dysfunction-induced increased amygdaler activity in humans
leading to systemic inflammation (modified from Tawakol et al.® It
is possible that amygdalar activity can worsen and cause increased
cardiovascular damage in presence of antioxidant deficiency in the
neurones, gut and the heart tissues.

Figure 4 Mental dysfunction-induced increased amygdaler activity in humans

leading to systemic inflammation. Tawakol et al.'®

Mechanisms

The formation of TMAO in our body takes place following
nutrient ingestion, via gut microbes which form TMA, and then host
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hepatic flavin monooxygenases (FMOs) catalyze the conversion of
TMA into TMAO.!? Recent studies highlight the importance of both
TMAO and host hepatic FMO3, the primary FMO responsible for
TMAO production, as important regulators in host lipid and sterol
metabolism, as well as in development of atherosclerosis'?>’® Figure
1. A structural analogue of choline, 3,3-demethyl-1-butanol (DMB)
is an inhibitor of microbial TMA production (a choline TMA lyase
inhibitor). It also inhibits choline diet dependent enhancement
in TMAO, endogenous macrophage foam cell formation, and in
development of atherosclerosis.

Fatty acids in the diet and gut dysfunction

SCFAs are end-products of microbial fermentation of dietary fibers,
and involved in energy harvest from the gut as well as maintaining the
integrity of the gut mucosa.?” Decline in certain SCFAs, in particular
butyrate, may result in a gut dysfunction; mucosal barrier, facilitating
passive leakage of microbial toxins such as lipopolysaccharides
(LPSs) and chylomacrons from the gut to surrounding adipose tissue
and circulation, triggering inflammation and insulin resistance.”
In animals, increased production of hepatic apoB100-containing
VLDL particles has been demonstrated to cause dyslipidemia and in
humans with insulin resistance leading to metabolic syndrome and
type 2 diabetes, and contributes to the typical dyslipidemia of these
conditions.® In addition, postprandial hyperlipidemia and elevated
plasma concentrations of intestinal apoB48-containing chylomicron
and chylomicron remnant particles have been demonstrated in insulin
resistant which is a risk factor of CMDs. The intestinal production
of lipoprotein could be primarily due to the ingestion of fat and its
absorption. However, recent studies indicate a significant role of
the intestine itself in regulating the production of triglyceride-rich
lipoproteins (TRL) which are further dysregulated due to insulin
resistance.?' >3

Recent studies indicate that there is greater production of
intestinal lipoproteins that are rich in apoB48 which can regulate
hepatic lipoprotein particle production.”>*® Further it has been
recently observed, that release of intestinal lipoproteins are regulated
by monosacharides, plasma free fatty acids (FFA), antioxidant
resveratrol, intestinal peptides (e.g. GLP-1 and GLP-2), and pancreatic
hormones (e.g. insulin).*® Recent studies support the hypothesis that
the small intestine is an absorptive organ as well as it plays an active
role in regulating the rate of production of chylomicrons in fed and
fasting states which can inhibit beta cell function and influence
cardiovascular function. In insulin resistance and type 2 diabetes,
metabolic signals and in some cases an aberrant intestinal response to
these factors may be additive to the increased synthesis and release of
TRL. It is clear from the recent evidence that production of intestinal
lipoprotein is a process with metabolic plasticity and that modulation
of intestinal lipoprotein release may be a feasible therapeutic
strategy in the treatment of dyslipidemia and possibly prevention of
athero-thrombosis and CMDs. Regulation of intestinal production
of lipoprotein appears to be important for the development of new
strategies for the management of dyslipidemia.*

The bidirectional communication between the central nervous
system and cardiometabolic system with gutmicrobiota, may be
considered as the gut-brain-heart-axis.>*>"137> Further evidence
indicate that gut microbiota may be linked to a triple burden of diseases;
neuropsychiatric diseases, gastrointestinal diseases as well as CMDs.
Alterations in gut microbiota and inflammation of the gut have been
linked to predispose several mental disorders; such as aggression,

Citation: Singh RB, Fedacko J, Pella D, et al. The gut-brain-axis and the heart. MOJ Public Health. 2018;7(3):129—138. DOI: 10.15406/mojph.2018.07.00218


https://doi.org/10.15406/mojph.2018.07.00218

The gut-brain-axis and the heart

anxiety and depression as well as cognitive deficit and dementia.’® It
is possible that ingestion of probiotics may restore normal microbial
balance, and may have a protective role in the management of
diseases of gut, brain and the heart. The development of the gut
microbiota via probiotics and prebiotics or simply by a Mediterranean
style diet may be linked to decline in dysbiosis, leading to reduction
in mental disorders such as anxiety and depression and CMDs. A
healthy gut function has been linked to normal central nervous system
(CNS) function, gut hormones, neurotransmitters and immunological
factors released from the gut are known to send signals to the brain
either directly or via autonomic neurons.”® Sudo and co-workers
demonstrated the existence of the gut-brain axis in the landmark study
that discovered the impaired stress response in germ-free mice. Other
studies using germ-free mice also supported this existence, as well as
the idea that the gut-brain-axis (GBA) extends even beyond these two
systems into the endocrine, neural, and immune pathways.'*” Now
Singh and coworkers propose the possibility of the existence of gut-
brain-heart-axis due to new findings showing that gut flora metabolite
can predispose CMDs.>3%13

The emergence of a microbiota-gut-brain axis to describe the
complex networks and relationship between the gastrointestinal
microbiota and host reflects the major influence this environment
may have in brain health and disorders of the central nervous system
(CNS).”% Environmental factors such as use of antibiotics, intestinal
neurotransmitters/neuromodulators, infectious agents sensory vagal
fibers, essential metabolites and pro-inflammatory agents, all convey
information to the central nervous system about the intestinal state. The
intestinal functions are regulated by gut microbiota to provide health
as well as to influence the immune and nervous systems involving
brain inflammation via the bidirectional pathways.” The bidirectional
communication between the microbiota and the CNS occurs through
autonomic, neuroendocrine, enteric, and immune system pathways.”

In the microbiota gut-brain- axis, there is interaction and
involvement of wvarious afferent or efferent pathways. The
hypothalamic-pituitary-adrenal axis, pro-opio-melanotropic neurons
(POMC), arcuate nucleus, the central nervous system regulatory
areas of satiety, and neuropeptides released from sensory nerve fibers
affect the gut microbiota composition directly or through nutrient
availability.”® These interactions may influence the pathogenesis of
all the CMDs and other chronic diseases in which inflammation is
implicated. It is possible that an understanding of the relationship
between the microbiota gut-brain axis and the neuro-immune systems
could be a new approach for understanding the physiopathology
and management of chronic noncommunicable disorders. The
neurobiological mechanisms through which disruptions in this
network may impact health and disease include hypothalamic-
pituitary-adrenal (HPA)-axis activation, and altered activity of
neurotransmitter and immune systems causing oxidative stress and
inflammation.

A recent review reported interesting role of nutrients in the
modulation of microbiome, brain and the intestinal, epithelium-enteric
nervous, endocrine and immune systems.* The most important basis
of the gut-brain axis includes; the neuroendocrine-hypothalamic-
pituitary-adrenal (HPA) axis, neuroanatomy represented by the vagal
and spinal afferent neurons, via the gut hormones, immune systems
via the multiple pro-inflammatory cytokines, microbially-derived
neurotransmitters. The intestinal and brain barriers could be the
gate keepers. A failure in the interactions and mutual adaptations
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predispose a number of autoimmune, neurodegenerative, metabolic,
pro-inflamnmatory, mood, behavioral, stress, cognitive, autism-
spectrum and pain-connected disorders. A prior knowledge of this
intricate field, might high light on novel preventive and treatment
methods to prevent these disorders. Nutrient administration,
alterations in microbiome, reinforcement of enteric and brain barrier
and sensing and trafficking modulation may cause improvement
leading to promotion in total health [80].Preventive strategies made
early in life, such as Mediterranean diets, use of fecal microbiota
transplantation, use of psychobiotics and antioxidant flavonoids may
be protective for gut microbiota and prevention of CMDs. A high
w-6/w-3 ratio in the diet in conjunction with flavonoids as well as
probiotics in the diet in a melieu of higher BDNF levels in the gut and
the brain could be important in healthy gut-brain-heart-axis for health
promotion.®!%5 A more recent experimental studies has also confirmed
the existence of gut-brain and heart axis by demonstrating that
increase in inflammation after acute myocardial infarction predicts
remodeling and neuro-inflammation.3¢

In brief, gut-brain-axis has already been demonstrated to explain
the relation of gut dysfunction with neuropsychiatric dysfunction. The
effect of gut dysfunction due to red meat, egg choline by producing
gut flora metabolites; TMAO has also been observed indicating the
association of gut dysfunction with CMDs. These findings pose the
possibility that a brain-gut-heart-axis also exist which also acts bi-
directionally; from gut to heart and brain and from brain to heart and
gut (inflammation in the beta cells of pancreas) in the development of
CMDs. This hypothesis opens a new vista for prevention of CMDs by
providing Mediterranean type diets with probiotics which are known
to modulate brain function as well as gut function and cardiovascular
function.
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