Cronicon
O P EN

A C C ESS

EC ENDOCRINOLOGY AND METABOLIC RESEARCH
Review Article

Revisiting Mechanisms Including ECS and Gut Microbiota Interactions
Involved in Metabolic Syndrome, Obesity and Allied Metabolic Disorders
Vinod Nikhra*
Senior Chief Medical Officer and Consultant, Department of Medicine, Hindu Rao Hospital and NDMC Medical College, New Delhi, India
*Corresponding Author: Vinod Nikhra, Senior Chief Medical Officer and Consultant, Department of Medicine, Hindu Rao Hospital and
NDMC Medical College, New Delhi, India.

Received: April 22, 2019; Published: May 28, 2019

Abstract
GI factors related to altered homeostasis: The MetS, obesity, and related metabolic disorders have reached an epidemic proportion

as result of vastly prevalent adverse biological, behavioral and environmental factors. Among the environmental factors, intestinal

microbiota is important, which plays numerous metabolic and homeostatic functions, and encodes for specific metabolic activities,

allowing microbes to adapt to their environment and the available energy sources. The microbial diversity is another concept linked
with the microbial metabolic functions locally in the gut and systemic organs.

The endocannabinoid system and metabolism: The ECS is involved in numerous biological processes including the regulation of

energy homeostasis, inflammation and gut-barrier function. The ECS is altered in the metabolic syndrome, contributing to onset of
cardio-metabolic disease. Further, the gut microorganisms and the ECS appear to be intertwined. The dysbiosis and metabolic endotoxemia act as the triggering mechanism through which the gut microbiota contributes to development of metabolic inflammation

and IR. In addition, the enteroendocrine cells (producing glucagon-like peptide-1, peptide YY and glucagon-like peptide-2) and the
ECS influence gut permeability, adipose tissue metabolism and glucose homeostasis and the apelinergic system.

Interactions between gut microbiota and host: The gut microbiota is involved in complex interaction with food and dietary ingredients, and consequently the metabolites produced. Gut bacteria also contribute to the regulation of the production of neurotransmitters, different hormones, and finally host metabolism. Numerous studies suggest that the composition and the activity of the gut

microbes are responsible for the protection or the onset of diseases associated with obesity, such as IR, low‐grade inflammation, fatty

liver and diabetes. The gut and microbes communicate with other organs via specific metabolites, hormones and neurotransmitters,
acting through direct or indirect pathways. There is a crosstalk between the gut microbiota and host immune system. The changes

in intestinal ecosystem occur and result in the disruption of microbial-host symbiosis triggering various physiological disorders,
including low-grade inflammation, IR, metabolic disorders, excess lipid accumulation.

Mechanisms of interactions relating to microbiota: Numerous metabolites are produced by microbiota influence the metabolic
processes. Some of the metabolites bear chemical similarity to those produced by the host cells like NO, GABA, 5‐HT, short chain fatty
acids and indoles. Other metabolites are due to chemical transformations of host molecules such as the bile acids by microbes. All

these molecules are recognized by the host cells and act on specific receptors (both nuclear and membrane receptors) or elicit the
secretion of other hormonal signals such as the gut peptides, GLP‐1 or peptide YY that act through nervous routes or blood relay.
Translocation of lipopolysaccharides (LPS) through the gut lining is a hallmark of obesity, diabetes and related disorders. Leakage

of LPS into the blood triggers low‐grade inflammation, IR and affects liver, adipose tissue and muscle metabolism. In addition, it has
impact on the activity of the enteric nervous system (ENS) as well as the gut‐brain axis via the vagus nerve, affecting appetite and
energy regulation.
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Conclusion - the therapeutic implications: Obesity is characterized by an excess of adipose tissue, associated with chronic compli-

cations like hyperglycemia, hypertriglyceridemia and dyslipidemia, and hypertension. Simultaneously, the gut microbiota is altered
due to behavioral changes, including new dietary habits and use of antibiotics, and could be a major driver of the current obesity

pandemic. Thus, therapeutic manipulation of the ECS and gut microbial ecology is a promising approach to control energy intake and

reduce the prevalence of obesity and the metabolic syndrome. The probiotics and prebiotics may improve the interactions between
gut microbes and host metabolism. Similarly, the fecal microbial transplantation may be an efficient way to reshape the dysbiosis and
deranged gut microbial ecosystem and its fallouts.

Keywords: Endocannabinoid System; Enteric Nervous System; Metabolic Syndrome; Gut Microbiota; Gut Dysbiosis; Gut Metabolites;
Insulin Resistance; Liposaccharides; Metabolic Syndrome; Obesity; Type 2 Diabetes Mellitus

The Mechanisms During Physiological State
Enteric Nervous System
The enteric nervous system (ENS) encompasses various neurons - intrinsic primary afferent, and inter‐ and motor neurons. These

are, in turn, relay to the with brain via spinal and vagal afferent nerves. The cross-talk between, the ENS, gut hormones and microbiota -

through the gut‐brain axis, regulates intestinal motility, food intake and metabolism. There exists a complex inter-relationship between

the gut microbiota and ENS (Figure 1). The microbiota influences the development of the ENS, ENS activity and neuronal physiology. The
gut microbiota directly senses the intrinsic primary afferent neuronal activity and release of bacterial messengers such as neurotransmit-

ters, bioactive lipids, gaseous factors. There occur changes in the ENS during obesity and diabetes, and as documented by studies in obese
mice and the alterations in ENS in the intestine precede the development of T2DM, which then send aberrant signals to the brain that favor
IR in tissues and leads to the hyperglycemic phenotype.

Figure 1: Enteric nervous system: Composition and functions.
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In addition to ENS neurons, the link between gut microbiota and obesity is also through EGCs. The EGCs exert pleiotropic effects and

have role in numerous pathologies, such as inflammatory bowel diseases, obesity and Parkinson disease [1]. The obese mice fed a high‐fat
diet had a significantly reduced number of S100 beta glial cells in the mucosal and submucosal plexuses of the duodenum [2].

In addition, obesity leads to an alteration in myenteric neuron plasticity and sensitivity, contributing to the gut dysfunctions like alter-

nating phases of diarrhea and constipation and hyperglycemia observed in patients with obesity and diabetes. Further, the phenomena

like dysbiosis, alteration of gut motility and hyperglycemia, are exacerbated with aging. The aging is, thus, associated with an increase in
excitatory neuronal markers leading to intestinal hyper‐contractility and colonic dysmotility due to fat deposition in the tunica muscula-

ris of intestinal smooth muscle cells, which decreases the number of myenteric neurons that express the neuronal nitric oxide (NO) synthase enzyme. With age, the immune cells infiltrate the gut epithelium and contribute to inflammation and IR, eventually having systemic

effects like altered lipid metabolism. There are multiple forms of communication between gut microbiota and EGCs and the EGC activity
is influenced by bacterial metabolites and by epithelial or immune factors [3].
Gut Hormones and Bioactive Lipids

GLP‐1: The receptors for GLP‐1 are expressed on ENS neurons and through ENS neurons modify the gut‐brain axis to control food

intake and glucose metabolism. The intestinal GLP‐1 has a potential anorexigenic effect in humans with obesity after bariatric surgery. In

addition, it participates in the control of the gut‐brain axis by gut microbiota because GLP-1 is released by intestinal L cells. In mice, the
modulation of gut microbiota by prebiotics has been shown to improve glucose metabolism via a mechanism dependent on GLP‐1 [4].

Peptide YY: PYY is released in response to nutrients by entero-endocrine cells and decreases food intake and increases energy ex-

penditure through gut-brain axis via an endocrine route or via the ENS. The modulation of gut microbiota has an impact on PYY release

via G protein-coupled receptors (GPRs), such as GPR43 (also known as FFAR2) or GPR41 (FFAR3). Therapeutically, a GLP‐1 analogue in
combination with PYY can reduce food intake in humans with obesity.

Endocannabinoid system (ECS): Endocannabinoids (eCBs) are bioactive lipids that are involved in metabolism and appetite regula-

tion [5]. The eCBs play as the ‘gate opener’, like anandamide or the ‘gate keeper’, like palmitoyl-ethanolamine, 2‐oleoylglycerol, depending
on their actions exerted on the intestinal mucosa. The gut microbiota also modulates intestinal eCB tone and the obesity predisposing
microbiota is associated with an increased intestinal level of anandamide, which increases gut permeability [6].

Whereas, the administration of Akkermansia muciniphila, is associated with reversal of diet‐induced obesity by increasing intestinal

levels of eCBs to control inflammation and improve gut permeability. Further, the eCBs from adipose tissue influence the composition of

gut microbiota. The gut microbiota also produces bioactive compounds mimicking human eCBs which modulate metabolic hormones and
glucose homeostasis.

Signaling Molecules Produced by Gut Microbiota
Short chain fatty acids (SCFAs): SCFAs are organic fatty acids are produced in the cecum and colon by the microbiota following the

fermentation of non-digestible dietary fibers, proteins, and glycoproteins. Acetate, propionate and butyrate represent 95% of SCFAs.
SCFAs modulate the intestinal physiology and regulate the metabolism and energy homeostasis of various organs, such as adipose tissue,
liver, muscle, and brain, and motility, and play a role in appetite regulation. SCFAs activate GPR43 and GPR41, modulate activity of histone
deacetylase and used as energy source by colonic cells.

The butyrate has a colonic prokinetic effect by increasing the proportion of cholinergic (excitatory) myenteric neurons. Another SCFAs,

acetate downregulates 5‐HT3 expression and lowers the secretory response. The butyrate and propionate activate intestinal gluconeogenesis in the colon via complementary mechanisms. Acetate influences metabolism via a gut‐brain axis. Acetate produced by the gut

microbiota enters the hypothalamus and decreases appetite by increasing the expression of anorectic pro‐opiomelanocortin and suppressing agouti‐related peptide. The ratios of SCFAs are important to consider. If the ratio of acetate to propionate is changed, the real
abundance of acetate can be increased.
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Bile acids (BAs): In the intestine, primary BAs are converted into secondary BAs following microbiota‐driven deconjugation and de-

hydroxylation. Both unconjugated and conjugated BAs cross the blood‐brain barrier by diffusion and active transport and are detectable
in the human and rodent brain in healthy as well as pathological conditions and appear to act directly in the brain.

In addition, the BAs appear to indirectly modulate host metabolism by signaling to the CNS. Further, BAs indirectly send signals to

the CNS via the TGR5-GLP‐1 pathway. The activation of TGR5 on the basolateral side of enteroendocrine L cells stimulates GLP‐1 release,
which can exert a positive effect on host metabolism signaling via the vagus nerve or activate the GLP‐1 receptor expressed in the brain.
There exists a bidirectional interaction between BAs and gut microbiota composition [7].

Neurotransmitters: The levels of most neurotransmitters found in the gut are equal to or exceed those found in the brain, thus high-

lighting that there is a microbial production of neurotransmitters having a major role in bacteria‐neuron communication [8]. The gut microbiota modulates the concentration of neurotransmitters in the periphery and in the brain, either by directly producing or modulating
host biosynthetic pathways [9].

Serotonin (5‐HT) is synthesized in the brain, but it is also produced in enterochromaffin cells and enteric nerves. The gut microbes

promote colonic 5‐HT production by increasing the mRNA and protein expression of tryptophan hydroxylase in enterochromaffin cells.

The precursor of serotonin, tryptophan is used and metabolized by gut microbiota. The gut bacteria can synthesize tryptophan or even
produce 5‐HT from tryptophan.

Catecholamines: Out of the three main catecholamines: adrenalin and noradrenalin are produced by postganglionic sympathetic

neurons or by chromaffin cells in the adrenal gland, and dopamine is mainly synthesized in the brain and is involved in the reward system.
At the level of the gut, catecholamines modulate gastrointestinal blood flow, nutrient absorption, and gut motility. The gut microbiota
produces and modulates catecholamine levels and availability.

Gamma‐aminobutyric acid (GABA): GABA is the main CNS inhibitory neurotransmitter and is produced in neurons following the

action of glutamate decarboxylase on glutamic acid. Certain strains of Lactobacillus produce GABA by this same biosynthetic pathway. In

mice, chronic administration of Lactobacillus rhamnosus modulates the central expression of GABA receptors in a region‐specific manner
and reduces anxiety‐ and depression‐related behavior.

Nitric oxide (NO): The gut microbiota can produce gaseous neurotransmitters such as NO through the reduction of nitrite or by bacte-

rial NO synthase. NO has several important local effects.
Altered mechanisms during pathological states

In a biological organism, the crosstalk between organs is crucial for balanced operation of various homeostatic systems. The metabolic

disorders like MetS, obesity and T2DM are characterized by gross homeostatic dysfunctions and loss or abnormal the inter-organ communications.

Gut microbiota and endotoxemia: The gut microbiota is involved in a molecular crosstalk and modulates the digestive functions

including the digestion of polysaccharides and motility of the digestive tract, and directly influences energy homeostasis. The short-chain
fatty acids (SCFAs) produced by the altered gut microbiota affect gut functions, motility and host immunity (Figure 2). The gut microbiota

also contributes to fat deposition through the regulation of the farnesoid X receptor (FXR), the bile acid receptor responsible for the regu-

lation of bile acid synthesis and hepatic triglyceride accumulation. The gut microbiota converts choline to trimethylamine, thus influencing the bioavailability of choline for host use and indirectly affecting phosphatidylcholine production.
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Figure 2: The altered gut microbiota affects gut functions, motility and host immunity.

The translocation of LPS is higher in both mice with genetic obesity and mice with diet‐induced obesity. This phenomenon gut dys-

biosis is caused by various factors including a dysbiotic diet, drugs and antibiotics, stress and certain environmental factors and leads
to metabolic endotoxemia setting the stage for IR, chronic inflammation and adiposity (Figure 3). LPS acts as a triggering factor for the
onset of inflammation and eventually IR, by altering food intake regulation and fat mass development [10,11]. The human data have also

confirmed the impact of high‐fat diet on the onset of metabolic endotoxemia and the association among obesity, metabolic disorders, and

circulating levels of LPS due to an increased gut permeability [12,13]. The bacterial products are expressed on colonic epithelia and co-

localize with entero-endocrine cells in pathological conditions with increased intestinal inflammation and permeability due to dysbiosis
associated with obesity and other metabolic disorders [14].

Figure 3: Gut dysbiosis is caused by dysbiotic dietary factors, drugs and antibiotics, stress and certain environmental factors.
In turn, it leads to metabolic endotoxemia and sets the stage for IR, chronic inflammation and adiposity.
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The bacterial metabolites modulate the activity of enterochromaffin cells and enteroendocrine cells, and the release of mediators

activating nerve endings [15]. The diet‐induced changes in microbiota can alter the vagal gut‐brain communication by modulating vagal

terminals in the gut and in the nucleus of the solitary tract and increasing inflammation markers in the ganglion nodosum of vagus nerve
[16,17]. There also occurs reduced vagal afferent leptin signaling following metabolic endotoxemia [18].

The changes in the intestinal ecosystem result in the disruption of microbial-host symbiosis and trigger low-grade inflammation, IR,

metabolic disorders and excess lipid accumulation [19]. Apelin and apela are peptide ligands for the apelin receptor (AR). Both apelin and
apela exhibit isoform-dependent variability in potency and efficacy under various physiological and pathological conditions. Apelin is an

antithrombotic factor that inhibits platelet function, has effects on blood pressure and RAS. Apelin peptides and the apelin receptor may

represent a therapeutic axis for the potential treatment of cardiovascular disease. The apelin receptor activation results in cardioprotection through positive ionotropy, reduction of mean arterial blood pressure and angiogenesis.
Role of ECS in Lipid Homeostasis, Obesity and MetS

The endocannabinoid system (ECS) favours the intake and storage of energy by acting through both central and peripheral mecha-

nisms. The ECS present in the adipose tissue, influences adipocyte differentiation and proliferation. The stimulation of CB1 receptors in
WAT increases glucose uptake and lipogenesis, and inhibits lipolysis, mitochondrial biogenesis and adipocyte trans-differentiation. In the
BAT, CB1 activation decreases mitochondrial biogenesis and thermogenesis. The ECS-driven processes in the adipose tissue, thus, propel
to energy preservation and contribute to obesity under conditions of energy surplus [20].

The ECS plays a crucial role in favouring fat accumulation through various processes spanning from its direct action on the adipocyte

to the stimulation of energy intake and the inhibition of energy expenditure via both central and peripheral mechanisms [21]. The mecha-

nisms involve lipid-signaling system, consisting of the two G protein-coupled receptors, CB1 and CB2, their endogenous polyunsaturated
fatty acids ligands, the endocannabinoids (ECs), and the enzymes involved in their biosynthesis and degradation [22,23].

In addition, the ECS serves a multitude of physiological roles, including the regulation of gastrointestinal function [24]. Activation of CB

receptors in the gut inhibits peristalsis and gastric acid secretion and enhances food intake [25]. The dysregulation of the ECS may play a
role in intestinal disorders like inflammatory bowel disease and irritable bowel syndrome.
The ECS in Context of MetS, Obesity and T2DM

Obesity is a complex process that involves genetic and environmental factors, characterized by an excess of adipose tissue, occurring

when an imbalance exists between energy intake and energy expenditure and often associated with the development of several chronic
complications, such as hyperglycemia, hypertriglyceridemia, dyslipidemia, and hypertension (Figure 4).

Figure 4: Tissue-level manifestations of MetS and Obesity.
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The cannabinoids acting through the CB1R and its endogenous ligands, i.e. the endocannabinoids are key regulators of contractility within the gastrointestinal tract. They act through modulation of cholinergic neurotransmission in the enteric nervous system by inhibiting the release of the excitatory neurotransmitter, acetylcholine (Ach). The contractility is controlled by a dynamic
interplay between the endocannabinoids and purines such as ATP acting in an opposing manner mediated through increases in
Ach. The endocannabinoids and purines act in concert to regulate contractility, as well as synaptic strength and neuroplasticity
in the gastrointestinal tract. There is a substantial evidence to suggest that the endocannabinoid system in the gastrointestinal
tract controls gastric secretions [26].
The ECS in the large intestine interacts with gut microbiota and regulates epithelial barrier permeability. The circulating levels
of lipopolysaccharide (LPS) - an endotoxin released from Gram-negative bacteria - decrease expression of the tight junction
proteins, occludin and zonula occludens-1, and resulting altered intestinal permeability. The CB1Rs located in the intestinal epithelium control these processes. There has been suggested a role for the endocannabinoid system in inflammation-induced disruptions in intestinal permeability and a target for therapeutics aimed at improving epithelial barrier function in disease [27].

Endocannabinoid signaling is triggered by fasting and tasting dietary fats through activity at CB1Rs located on small intestinal
enteroendocrine I cells-which produce and secrete cholecystokinin (CCK), which sets in a hunger signal, promotes feeding and
inhibits satiation. The intake of fat-rich foods by inhibiting the release of CCK, induces satiation by binding with CCK receptors
on the sensory vagus nerve whereas the CB1Rs in the gut mucosa modulate feeding by inhibiting the release of CCK. Fasting
has been found to increase production of the endocannabinoid, anandamide and its administration increases feeding, while
rimonabant inhibits feeding. These results imply a peripheral mechanism for endocannabinoid signaling in feeding that is mediated through the vagus nerve.
The CB1Rs also control mitochondrial transport in enteric neurons which is enhanced by the CB1R antagonist and decreased in
the presence of the CB1R agonists, suggesting that CB1Rs might control energy metabolism in these cells. The endocannabinoid
signaling mechanisms in the gut participates in the control of food intake and energy balance via indirect actions with the vagus
nerve, which bidirectionally communicates neurotransmission between the gut and brain.

ECS and Dietary Fat Intake

The higher mammal, including humans, display robust preferences for fatty foods based on their distinctive taste, named - oleogustus.

The endocannabinoid signaling within the gut plays a key role in driving the intake of dietary fat due to oleogustus impulse. To begin with,

the signals originate in the oral cavity in response to fat exposure and are transmitted to the gut through vagal nerve [28]. Collectively,

the studies provide evidence that fatty foods containing unsaturated fats are consumed and preferred due to the activation of endocannabinoid signaling at CB1Rs, which signals to the brain to reinforce hedonic feeding for pleasure [29]. The preference for the fat-rich food
is driven by gut-brain endocannabinoid signaling triggered by the fat taste [30].

In this context, inhibiting small intestinal CB1Rs with rimonabant block the fat sham feeding, suggesting that this signaling is critical

for the intake of dietary fats. Similarly, the hedonic eating in humans is associated with increase in endocannabinoid signaling leading to
increased circulating levels of the endocannabinoids, which influence central metabolic and reward pathways, and manifest as increased
appetite and intake of palatable foods, storage of surplus energy and adipogenicity (Figure 5).

Figure 5: Physiologically normal and Over-active endo-cannabinoid system.
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The recent evidence suggests a broader function for endocannabinoids in the mucosal layer of the small intestine, serving as the gen-

eral hunger signal [31]. In modern times of readily accessible palatable foods, this hunger signal appears to promote compulsive eating
and obesity.

The ECS and Adipogenesis and Lipolysis
There is presence of the CB1 and CB2 receptors in adipocytes and the direct involvement of the ECS in adipocyte physiology. The

adipocytes produce two main ECs, anandamide (AEA) and 2-arachidonoylglycerol (2-AG), as well as EC-related compounds, such as palmitoylethanolamide (PEA) and oleoylethanolamide (OEA). The quantitative alterations in the expression of ECS constituents has impact

on adipocyte differentiation [32]. There is a decreased expression of CB1 mRNA in the WAT in obese humans as the consequence of a
negative feedback mechanism due to the increased circulating EC levels are associated with obesity. Further, there exists a strong correla-

tion between circulating EC levels and high plasma triglyceride and low HDL-cholesterol in viscerally obese men. The caloric restriction
together with exercise has been shown to alter the expression of the ECS components in obese humans.

Adipogenesis is the cell differentiation process by which preadipocytes become mature adipocytes under specific signals, including

insulin. The adipocyte differentiation stimulates the binding efficiency of CB1 receptors and increased ECS activity is required by fully dif-

ferentiated adipocytes. CB1 receptor expression and adipocyte differentiation are also regulated by the peroxisome proliferator-activated
receptor δ (PPARδ), which modulates PPARγ-stimulated adipocyte differentiation. Further, the function of CB1 receptor in the regulation
of adipocyte differentiation may be related to the diet.

The ECS is not only involved in white adipocyte proliferation and differentiation but plays also a role in regulating lipogenesis. CB1

receptor activation can also stimulate lipogenesis by inhibiting cAMP formation. In turn, cAMP inhibition stimulates lipogenesis by inhibiting the AMP-activated protein kinase (AMPK), which inhibits fatty acid synthesis by decreasing acetyl-CoA carboxylase (ACC) activity

and malonyl-CoA availability. Conversely, when energy is needed, lipolysis occurs in the adipose tissue to liberate free fatty acids, which
will undergo β-oxidation to generate ATP.

The ECS also facilitates glucose entry in the adipocyte, a step required for the synthesis of fatty acids and triglyceride biosynthesis.

Moreover, like insulin, activation of CB1 in human primary adipocytes promotes glucose uptake. The ECS can also affect the synthesis and
release of several adipokines produced by white adipocytes and that are known to impact energy balance and metabolism. Alternatively,

adipokines can affect ECS function. Leptin negatively regulates EC production in white adipocytes, either directly or through its effects in

the medio-basal hypothalamus. Similarly, also insulin decreases EC levels. However, these negative feedback mechanisms acting on the
ECS in the adipocyte are lost in obesity, which is characterized by resistance to the actions of both leptin and insulin.

The sympathetic nervous system (SNS) plays a key role in the regulation of thermogenesis. The ECS regulates thermogenesis in the

BAT by mainly inhibiting SNS activity. CB1 receptors expressed within the central nervous system (CNS) and peripheral sympathetic

neurons are involved and the inhibitory effect of the ECS on thermogenesis is due to the ability of the system to act on neural circuits and
blunt SNS activity. There exists some evidence of a direct action on the brown adipocyte, where the ECS activity decreases mitochondrial

biogenesis, oxygen consumption and thermogenesis. Thus, the ECS-driven processes in the adipocytes favour energy conservation and
preservation and contribute to obesity.

Conclusion - Therapeutically Targeting ECS and Microbiota
Therapeutic targets for ECS: Therapeutically, targeting adipocyte CB1 receptors in obesity might beneficially affect lipid fluxes and

the production of adipokines (leptin, adiponectin), decrease food intake, facilitate body weight loss and improve lipid and glucose metab-

olism. Further, the adipocyte CB1 receptors might be a target for fat browning therapy [33]. Pharmacologically, rimonabant is an inverse
agonist rather than a simple antagonist, acts by selectively blocking CB1 receptors in the CNS and in peripheral tissues where it binds
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preferentially to the inactive state of the CB1 to decreases activation of signaling pathways. The CB1 receptor blockade by rimonabant

decreases the over-activity of the ECS at levels of hypothalamus and nucleus accumbens as well as at peripheral tissues. In earlier clini-

cal studies, rimonabant was shown to improve various cardio-metabolic risk factors and promoted sustained weight loss along with an

improvement in HDL-cholesterol, triglycerides and HbA1C. But later studies ruled that risks of the drug exceeded its advantages due to
documented risk of serious psychiatric adverse effects, including suicide, which led to its withdrawal in 2008 [34].

Another possibility is to modulate the levels of the ligands instead of directly targeting CB1 receptors. Specifically, nutritional inter-

ventions such as diet supplementation with n3 long chain polyunsaturated fatty acid (LCPUFA)-containing oils might represent a valid

strategy aimed at reducing EC levels and a diet enriched with n3-LCPUFA reduced AEA and 2-AG levels in the visceral adipose tissue of
Zucker rats [35]. The dietary n3-LCPUFA may also modulate the levels of adipocyte phospholipids that act as EC precursors [36].

Targeting the gut microbiota: Microbiota is altered in metabolic syndrome and obesity and is a novel therapeutic target for the

treatment of metabolic disorders, considering its involvement in the pathophysiology of obesity and metabolic syndrome. There occurs
a decreased Bacteroidetes: Firmicutes ratio, which leads to more efficient hydrolysis of non-digestible polysaccharides leading to more
calories and fat being extracted from food than occurs in lean individuals. The altered gut microbiota, that is, dysbiosis due to behavioral

changes, including new dietary habits, endocrine disruptors and use of drugs and antibiotics, has been regarded as a major factor for the
current MetS and obesity pandemic. The altered microbiota-host interactions occurring through various pathways, including the shortchain fatty acids pathway, the trimethylamine/trimethylamine N-oxide pathway, and primary and secondary bile acids pathways.

Prebiotics, probiotics and nutraceuticals: Therapeutic potential of manipulating the gut microbial ecology through probiotics, pre-

biotics and certain nutraceuticals to improve the interactions between gut microbes and host metabolism is a promising therapeutic

approach. Prebiotic are compounds which can cause specific changes in the composition of gut microbiota and exert beneficial effects on
host metabolism [37]. Whereas, probiotics are live bacteria found in some, especially the fermented foods. In addition to probiotic and

prebiotic, some nutrient like resveratrol can favourably modify the gut microbiota and BA metabolism [38]. Resveratrol has also been
shown to improve the integrity of the gut barrier and reduce permeability [39].

FMT: Intervention to treat gut dysbiosis: Fecal transplantation may be another efficient way to reshape the gut microbial ecosystem

and a potential therapy for various metabolic disorders like metabolic syndrome, T2DM and obesity [40]. The technique involves intro-

ducing the ‘healthy’ bacteria from healthy subjects into the gastrointestinal tract of patients with dysfunctional microbiota and suffering

from gut dysbiosis and its fallouts [41]. In a clinical study, the insulin sensitivity of recipients improved significantly after 6 weeks of FMT
from lean normal donors to recipients with metabolic syndrome. Simultaneously, the FMT increased abundance of butyrate-producing
bacteria [40].

Though, there is increasing acceptance for the therapeutic use of FMT, partially due to its perception as a ‘natural’ treatment and its

relatively inexpensive implementation, the range of risks and benefits remains poorly defined because the published FMT experience is

limited. FMT, so far, is not regulated in West by the European Medicines Agency, or elsewhere within China or Australia. Further, there are
ethical considerations and regulations regarding the FMT as a ‘new biologic drug’ enforced in Canada and by the USFDA [42].

On the positive side, the FMT appears to be a simple technique and an efficient way to repair dysbiosis and restore and reshape the gut

microbial ecosystem (Figure 6).

Figure 6: The simplified steps for fecal microbiota transplantation.
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On the down-side, there are potential fears of transmission of various infections. But things may change in the near future, when FMT

may be a pauci-strain type or multi-strain type depending on the fecal microbiota analysis of the recipient. The suitable strains can be

picked-up from donor fecal sample, grown in cultures and transplanted through an appropriate route. Depending on the recipients’ microbiota diagnostic analysis, the FMT using suitable pauci-strains may be a promising development. Further, frozen sample FMT can be
considered. The latter opens a new possibility of freezing fecal samples of a person in healthy state to be used later as autologous FMT in
case of need, something like the concept of stem cells bank.
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