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Evidence for clinical interventions targeting the gut microbiome in
cardiometabolic disease
Tarini Shankar Ghosh and AnaMaria Valdes evaluate the evidence for clinical effects of microbiome
altering interventions on cardiometabolic traits

Tarini Shankar Ghosh, 1 Ana Maria Valdes2 , 3

Key messages

• The gut microbiome influences cardiometabolic risk,
acting as a sensor of metabolic changes and as a
modulator and translator of those changes via its
metabolites

• The gut microbiome can be modulated by different
types of diet and dietary supplementation
interventions, including those with probiotics,
prebiotics, and synbiotics

• Over 70% of clinical intervention studies found
significant improvements in cardiometabolic traits,
though only 63% reported changes to the gut
microbiome

• Prebiotic interventions are the most likely to result in
changes to gut microbiome composition, followed by
dietary interventions, and then probiotic interventions

• There is no difference in either cardiometabolic
outcomes or changes in gut microbiome related
outcomes between single strain and multi-strain
probiotic and synbiotic interventions

Cardiometabolic diseases are one of the main causes
of morbidity and mortality in western countries and
are increasing in low and middle income countries.1
Dietary intake is one of the main determinants of
cardiometabolic health1 and of microbiome
composition.2 The gut microbiome is known to play
an important part in the development of
cardiometabolic diseases, including hypertension,
diabetes, and obesity.2 This is thought to be linked
with the ability of the gut microbiome to modulate
inflammation, insulin sensitivity, and blood lipid
levels, and is hypothesised to be mediated by specific
microbially produced metabolites such as short chain
fatty acids (SCFAs), secondary bile acids,
phenylacetylglutamine, and
trimethylamine-N-oxide.2

As well as their direct influence, gut microbes can
also modulate the response of the human host to
various therapeutic interventions.3 Numerous claims
have been made about how the gut microbiome
affects the health outcomes of cardiometabolic
disorders, including obesity, type 2 diabetes,
hypertension, dyslipidaemia, and non-alcoholic fatty
liver disease. It is unclear, however, which

interventions targeting the gut microbiome may
genuinely promote cardiometabolic health through
changes to the composition or function of the gut
microbiome. We evaluate the evidence from human
studies of the effects of clinical interventions
targeting the gut microbiome on cardiometabolic
outcomes, highlighting the relevance of specific
therapeutic regimens in reducing cardiometabolic
disease risk through the gut microbiome, and some
of the apparent paradoxes of recent studies.

Three facets of the gut microbiome
Defining a “healthy” gut microbiome remains
challenging. However, the following definition has
been proposed: a healthy gut microbiome is one
which successfully maintains long term stability,
resists invasive infections, provides its host with
essential nutrients, such as vitamins and
fermentation byproducts, and aids in maintaining
host metabolic and immunological homoeostasis.4

We can regard the gut microbiome as an externally
modifiable organ of the human body (fig 1), with three
distinct facets of its functional role on human health.
Firstly, the gut microbiome acts as a sensor, capable
of detecting physiological or environmental changes
in the human gut and responding to such changes.
An example is the high quantities of secondary bile
acids produced by gut microbes in response to
excessive dietary fat. Secondly, the gut microbiome
can act as a modulator by directly influencing the
physiological state of the host. Examples of this
include the production of SCFAs, a class of microbial
metabolites which reduce the production of
proinflammatory cytokines.5 Furthermore, it affects
the levels and types of bile acids in the gut and in
blood. These bile acids modulate the activity of the
bile acid receptor (or farnesoid X receptor), which is
expressed in the liver and regulates lipid and glucose
metabolism. Impairment and dysregulation of the
gut microbiome increase gut microbe production of
secondary bile acids, indoles, and other molecules
such as phenylacetylglutamine and trimethylamine
N-oxide.6 These molecules can be seen as diagnostic
targets for sensing the host’s cardiometabolic disease
risk. In this way, the gut microbiome acts as both a
“sensor” and “modulator.”
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Fig 1 | Mechanisms of action of the gut microbiome on human physiology and examples of dietary interventions and their effects on cardiometabolic outcomes via specific
microbial metabolites. FOS=fructooligosaccharides; GOS=galactooligosaccharides; TOS=trans-galactooligosaccharides

Thirdly, the gut microbiome can act as a “translator,” meaning that
the presence and abundance of certain gut microbes might cause
the human host to respond in a particular way to specific external

cues, such as diet. Such responses would not occur or would be
different in the absence of these microbes. For example, specific
gut microbes, including some Clostridium sp (C asparagiforme, C
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citroniae, C hathewayi, and C sporogenes), Desulfovibrio, and
Enterobacteriaceae (Escherichia coli and Acinetobacter sp), can
respond to a diet rich in choline, an essential nutrient for omnivores,
and convert it to trimethylamine, which is then metabolised in the
liver to trimethylamine N-oxide, a microbiome derived
proatherogenic metabolite.7 Similarly, specific gut microbiome
members, such as C sporogenes, can convert dietary protein derived
phenylalanine to phenylacetic acid, which is then converted by
liver enzymes to phenylacetylglutamine, a metabolite linked with
hypertension and increased risk of stroke.8

Gutmicrobiomeasamodifiable translatorof therapeutic
interventions
The direct effect of microbial metabolites on human health implies
the potential for modulating the gut microbiome for therapeutic
purposes. SCFAs, arguably the most widely studied gut microbial
metabolites, have a role in reducing the risk of cardiometabolic
diseases, including obesity, type 2 diabetes, and inflammation.6 9 10

Several studies have shown that people with a diet characterised
by high fat, high protein, and lower fibre intake have disrupted gut
permeability and a gut microbiome composition characterised by
higher abundance of specific Bacteroides and Alistipes sp, Bilophila,
Desulfovibrio, and the inflammation associated Ruminococcus
gnavus, all of which are associated with an increased risk of
cardiometabolic diseases.2 11 Importantly, the gut microbiome is
therapeutically modifiable through intervention with probiotics,
prebiotics, synbiotics, dietary change, or specific dietary
components (box 1).

Box 1: Therapeutic approaches to modify the gut microbiome

• Prebiotic is the term used to define a substrate (molecule) that is
selectively used by host microorganisms to confer a health benefit.
These substrates typically include dietary fibre but may refer to other
substances such as lactulose which can be metabolised by bacteria
in the gut to promote a health benefit. While all dietary fibres are
indigestible by human enzymes and pass through the digestive system
intact, not all fibres have prebiotic properties. Only prebiotics promote
the growth of beneficial gut bacteria. Non-prebiotic dietary fibres may
yield other health benefits that are not mediated by gut microbes

• Probiotics are live bacteria and yeasts that are beneficial to human
health when given in a viable form and in sufficient quantities. They
can be found in certain foods or as food supplements. Unlike
prebiotics, which serve as food for gut bacteria, probiotics are live
organisms that directly contribute to gut health

• Post-biotics are preparations of inanimate microorganisms or their
components that confer a health benefit on the host.12 In some
scientific articles, the inactivated microbial cells of probiotics are
called para-biotics or para-probiotics

• Synbiotics are a combination of prebiotics and probiotics that work
together to improve gut health. By providing both food for beneficial
bacteria and live bacteria themselves, synbiotics may have a stronger
effect on gut health than prebiotics or probiotics alone

• Dietary intervention entails making changes to a person’s overall diet
to achieve a particular health outcome. Dietary interventions may
entail changes such as increasing the intake of fruit and vegetables,
reducing the consumption of processed foods, or increasing fibre
intake

• Dietary supplementation may entail adding probiotics or prebiotics
or some other type of food ingredient (such as vitamins) to a person’s
diet

Dietary fibre and short chain fatty acids
Dietary fibre intake is important in reducing the risk of
cardiometabolic conditions such as obesity, type 2 diabetes, and
cardiovascular disease.13 This is thought to be because of its effects
on the gut microbiome and the production of SCFAs. Dietary fibre
also modulates secondary bile acid production, which has a negative
effect on cardiometabolic health.14

Any polysaccharide (long chain carbohydrate) containing 10 or
more monomeric units is resistant to human digestive enzymes.
Many of the complex polysaccharides found in dietary fibre and
resistant starch belong to this class; hence they are indigestible by
humans but fermented by the gut microbiome. Several keystone
species (such as Bifidobacterium sp and Ruminococcus bromii) act
as primary degraders through fermentation of indigestible
polysaccharides.15 This fermentation process entails microbial
production of SCFAs, including acetate, propionate, and butyrate.
SCFAs have several beneficial effects, including serving as an energy
source for colonic cells, improving insulin sensitivity, reducing
inflammation, and promoting satiety.16

These mechanisms are commonly thought to be responsible for the
established links between dietary fibre intake and reduced risk of
cardiometabolic disease.13 However, increased dietary fibre intake
does not necessarily translate into increased production of SCFAs
in humans, as a recent systematic review of dietary fibre
interventions has shown.17 That systematic search identified 42
published randomised controlled trials that had tested the effect of
dietary fibre supplementation (for any type of dietary fibre) on levels
of faecal or serum SCFAs. Only 38% of the randomised controlled
trials reported significant increases in one or more SCFAs, while
62% did not. The effect of dietary fibre interventions on increased
production of SCFAs was highly dependent on both the dose and
the chemical structure of dietary fibre consumed.17 Thus, the
benefits of generic dietary fibre consumption on human health are
almost certainly not exclusively the result of higher production of
SCFAs by gut microbes. Other benefits include increased satiety,
improved bowel movements, and reduced glucose spikes of meals.
Moreover, an observable increased production of SCFAs by gut
microbes in humans might occur only with certain types of fibre.

In addition, the effect of dietary fibre might also depend on the
host’s gut microbiome composition.3 18 For example, a fibre based
intervention was shown to have paradoxical effects on inflammation
in some patients with ulcerative colitis whose gut microbiomes
lacked the taxa that facilitate fermentation of fibre.19 In this study,
a widely used fibre based prebiotic, β-fructan, led to accumulation
of unfermented β-fructan in the gut of people without the fibre
degrading bacteria, resulting in increased inflammation. However,
few studies have reported host microbiome specific effects. This is
likely because of the statistical challenges that the sample sizes of
most randomised controlled trials represent for assessing
interactions between baseline microbiome and intervention efficacy.

Interventions that target the gut microbiome
Given that the gut microbiome is a complex community consisting
of phylogenetically distinct lineages,4 can targeting these complex
bacterial consortiums through various treatments result in
meaningful cardiometabolic health improvements? We looked for
examples of interventions aimed at improving cardiometabolic
outcomes by targeting the gut microbiome (web appendix). We
found 214 studies that assessed changes in cardiometabolic traits
by targeting the gut microbiome in a total of 16 375 participants (fig
2, box 2). Most of the studies were in Europe (60) and North America
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(40) and none were from South Asia or Africa. Most interventions
entailed dietary changes (109/214) and were focused on obesity and
metabolic syndrome (123/214). Of the remainder, 25 studies
examined cardiovascular disease; 19 organ specific (kidney and
liver) conditions; and seven exercise, faecal matter transplantation,

or surgery. Thus, it seems that interventions that focus on the gut
microbiome are seen as an extension of nutrition and “healthy
eating” changes, not as medical interventions for diagnosed clinical
conditions.

Fig 2 | Summary of studies examining effect of modifications to gut microbiome on cardiometabolic indicators. Sankey plot (left) shows the number of dietary intervention
studies aimed at targeting cardiometabolic conditions. Height of each rectangle on the left hand side is proportional to the number of studies that used the corresponding
intervention. Height of each rectangle on the right hand side is proportional to the number of studies aimed at the corresponding condition. Thickness of the lines connecting
the rectangles indicates the number of people who moved from one condition to a specific dietary intervention. Cardiovascular disease comprises all cardiovascular traits,
including atherosclerosis, hypertension, stroke, dyslipidaemia, heart failure, and any generic “cardiovascular” conditions. Obesity includes studies that focused only on
obesity. Bubble plots show the percentage of studies reporting a significant effect on gut microbiome composition or function (top left) and the percentage showing a
significant effect on cardiometabolic health by type of clinical outcome and type of intervention (bottom left). Size of the bubble represents the number of studies in each
category. T2D/GDM/IR=type 2 diabetes, gestational diabetes mellitus, or insulin resistance; NAFLD+ studies focused on non-alcoholic fatty liver disease (NAFLD) or liver
health in general MetS=metabolic syndrome, CMD=cardiometabolic disease.

Box 2: Survey of gut microbiome targeted interventions for tackling
cardiometabolic risk*
Efficacy on host clinical outcomes
72.5% of the studies reported significant improvements. The group
specific efficacies, in ascending order, were prebiotics (63%), probiotics
and synbiotics (70% each), diet alone (76%), other interventions (eg,
faecal matter transplantation, physical activity) (75%), and dietary
interventions in combination with another intervention(s) (87%). Despite
variations, the differences in the proportion of studies reporting statistical
effects between interventions with the highest efficacy (dietary
interventions alone or with another intervention) versus those with lowest
efficacy (prebiotic) interventions was marginal (P<0.094). Additionally,
the prebiotic studies had significantly smaller cohort sizes and shorter
durations than the diet or probiotic studies, indicating that they were not
only statistically underpowered but that the shorter treatment duration
may have prevented detection of therapeutic effects.
Efficacy changing gut microbiome composition
63.5% of all studies reported significant changes in gut microbial
abundances or in microbial metabolite concentrations. Probiotics had
the lowest efficacy (37%), followed, in ascending order, by synbiotics
(59%), diet with another intervention (62%), diet alone (70%), prebiotics
(82%), and other interventions (including faecal matter transplantation)
(100%). Although this is partly the result of the inclusion criteria, which
allowed the inclusion of probiotic studies even if no gut microbial
composition assessment was part of the study, when only studies that
measured gut microbial abundances or metabolites were considered,
the number of probiotic and synbiotic studies reporting significant

alterations in the gut microbiome were still the lowest (57% and 67%,
respectively). There was a significant decrease in intervention efficacies
of probiotics compared with prebiotics (P<0.034).
Single strain versus multi strain probiotics
With respect both to host cardiometabolic improvements and to changes
to the gut microbiome, there was no significant differences in efficacy
between probiotic/synbiotic interventions that used a single strain and
those that used multiple strains (single strain efficacy 76% versus
multiple strain efficacy 63%, Fishers’ exact test P>0.05 for host
cardiometabolic improvement); (single strain efficacy 47% v multiple
strain efficacy 53%, P>0.05 for gut microbiome change).
Gut microbial changes mediating effects on cardiometabolic health
Of 132 studies that reported a significant effect on the host phenotype
and investigated if the effect was mediated by gut microbes, 81 (62%)
reported or implied this to be the case. However, there was a lack of
consistency in the way this was measured and reported, with approaches
ranging from correlations to regressions to machine-learning based
models.
*See web appendices for search strategy and further details of included
studies

The proportion of studies reporting a significant improvement in
clinical outcomes did not differ among the various types of
cardiometabolic areas investigated (obesity, cardiovascular disease,
metabolic syndrome, liver disease and so on) (fig 2). However,
studies of probiotic interventions (both single and multiple strain
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formulations) were significantly less likely to report significant
changes to the gut microbiome than studies using either dietary or
prebiotic interventions (fig 2). A key limitation of probiotic based
interventions already highlighted20 21 is the tendency for bacteria
in the probiotic formulation to fail to form bacterial colonies in the
gut of the host. This is confirmed by the interventional studies we
analyse here.

It is therefore likely that the beneficial effects of probiotic
supplementation on various cardiometabolic disease traits may be,
at least in part, mediated by their “postbiotic” effects. Postbiotics
are substances or components of the microbial cells (such as parts
of their membranes) that provide a direct benefit to the host. In
support of this possibility, it has been shown that pasteurised
probiotic preparations (with microbial cell components but not with
live microbes) improve cardiometabolic disease outcomes.12

Paradoxically, the dietary interventions category shows the largest
proportion of studies that resulted in both changes in gut
microbiome composition and in cardiometabolic disease
improvements. Microbial strains, such as probiotics, or specific
fibres which fulfil the definition of “prebiotics” seem to be less
effective. This points to gaps in our understanding as to what truly
drives beneficial changes in gut microbiome composition that result
in cardiometabolic health benefits.

Conclusions
There is now a large body of evidence evaluating the effects of
prebiotic, synbiotic, probiotic supplementation, or other dietary
interventions aimed at improving cardiometabolic outcomes by
targeting the gut microbiome. Although most studies (72.4%) report
significant improvements in one or more cardiometabolic traits, the
number of such interventions that tackle cardiovascular or organ
specific diseases (such as atherosclerosis, hypertension, and
non-alcoholic fatty liver disease), not just obesity, is fairly modest.
A noticeable geographical disparity also exists, with few trials
particularly in South Asia and Africa. Our analysis indicates that
probiotic interventions are less effective in improving the
microbiome than broader interventions, such as dietary
interventions or prebiotics, that target a broader range of nutrients
and multiple lineages of the gut microbiome simultaneously. This
may be partly because the host gut’s microbiome is resistant to
colonisation by new therapeutic strains. In such cases, probiotics
derived from the host gut microbiome, such as Akkermansia
muciniphila, could represent promising alternatives. Despite the
paradoxes, the overall high rate of effective interventions indicates
that targeting the gut microbiome through various interventions
can modulate the host response to multiple disorders such as
metabolic syndrome, obesity, and type 2 diabetes.22

The current lack of consistency in outcomes and study designs still
represents a challenge in the identification of specific therapeutic
targets, or target transducing modules, in the gut microbiome. It
also highlights the need for a consensus on mechanistic markers,
such as the various microbial metabolites robustly implicated in
cardiometabolic risk. Therefore, well designed large scale studies
with adequate biomarkers of microbiome functional changes aimed
at answering specific cardiometabolic questions, along with uniform
and integrated data driven protocols for investigating aspects such
as the mediation or translatory effects of the gut microbiome, are
required to develop much needed guidelines for practice in this
area.
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