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Abstract
Purpose of Review Cardiometabolic diseases, which include obesity, type 2 diabetes, and cardiovascular diseases, constitute 
a worldwide health crisis of unparalleled proportions. The human gut microbiota has emerged as a prominent topic of inquiry 
in the search for novel treatment techniques. This review summarizes current research on the potential of addressing the gut 
microbiota to treat cardiometabolic disease.
Recent Findings Recent studies have highlighted a complex link between the gut microbiota and host physiology, shedding 
light on the several processes through which gut microorganisms impact metabolic health, inflammation, and cardiovascular 
function. Furthermore, a growing corpus of research is available on microbiome-based therapies such as dietary interventions, 
probiotics, prebiotics, synbiotics, and fecal microbiota transplantation. These therapies show promise as methods for reshaping 
the gut microbiota and, as a result, improving cardiometabolic outcomes. However, hurdles remain, ranging from the intricacies of 
microbiome research to the necessity for tailored treatments that take individual microbial variations into consideration, emphasizing 
the significance of furthering research to bridge the gap between microbiome science and clinical practice.
Summary The gut microbiome is a beacon of hope for improving the management of cardiometabolic disease in the age 
of precision medicine, since its association with their pathophysiology is constantly being unraveled and strengthened. 
Available studies point to the potential of gut microbiome-based therapeutics, which remains to be tested in appropriately 
designed clinical trials. Further preclinical research is, however, essential to provide answers to the existing obstacles, with 
the ultimate goal of enhancing patient care.
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Introduction

Cardiometabolic diseases, encompassing a spectrum of dis-
orders such as obesity, type 2 diabetes (T2DM), and cardio-
vascular diseases (CVD), have reached epidemic proportions 
worldwide, posing a significant public health challenge [1]. 
While traditional therapeutic approaches have made substan-
tial strides in managing these conditions, their increasing 

prevalence calls for innovative strategies that address the 
root causes of these interconnected ailments.

In recent years, the human gut microbiome (GM) has 
emerged as a promising frontier in understanding and 
potentially treating cardiometabolic diseases [1]. The intri-
cate relationship between the trillions of microorganisms 
residing in the gastrointestinal tract and host physiology 
has unveiled a new realm of therapeutic possibilities. This 
review article delves into the burgeoning field of targeting 
the gut microbiome as a novel therapeutic avenue for man-
aging and mitigating cardiometabolic diseases. We explore 
the multifaceted interactions between gut microbes and 
host metabolism, shedding light on the potential mecha-
nisms by which modulating the microbiome composition 
can influence cardiometabolic health. Additionally, we 
delve into the latest advancements in GM-based interven-
tions, including dietary modifications, prebiotics, probi-
otics, and fecal microbiota transplantation, all aimed at 
harnessing the power of these microbial communities to 
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improve cardiometabolic outcomes. By critically evaluating 
the existing research landscape, we aim to provide a com-
prehensive overview of the potential of gut microbiome-
targeted therapies and their implications for reshaping the 
future of cardiometabolic disease management.

Gut Microbiome and Cardiometabolic 
Disease

Overview of the Gut Microbiome Composition 
and Function

The GM, a vast and diverse ecosystem of microorganisms 
residing in the gastrointestinal tract, plays a crucial role in 
maintaining human health and well-being. Their genetic mate-
rial is referred to as the “microbiome” [2]. Comprising approx-
imately 100 trillion microorganisms, this complex ecosystem 
primarily consists of anaerobic bacteria, alongside archaea, 
fungi, and viruses [3]. The colonization process begins at birth 
and steadily diversifies until it reaches an adult configuration 
around the age of 3, remaining relatively stable throughout 
adulthood [4]. The most abundant bacterial phyla include Fir-
micutes, Bacteroidetes, Actinobacteria, Verrucomicrobia, and 
Proteobacteria [5], with Firmicutes and Bacteroidetes making 
up more than 90% of the total population in healthy bacterial 
community [6]. However, factors such as host genetics, diet, 
lifestyle, medication, and environmental exposures are leading 
to a distinct GM composition in each individual [7].

The GM serves numerous essential functions that have a 
profound impact on human physiology. Among its numer-
ous functions, the intestinal microflora plays a vital role in 
nutrient and xenobiotic metabolism, the maintenance of gut 
mucosal integrity, bile salt metabolism, vitamin synthesis, 
and immune system regulation [8, 9]. Additionally, certain 
bacterial species synthesize short-chain fatty acids (SCFA), 
known for their positive impact on human health, with 
butyrate serving as a potent anti-inflammatory molecule and 
the primary energy source for enterocytes [10]. Moreover, 
the GM has also demonstrated its ability to metabolize car-
diovascular drugs, affecting their bioavailability and actions 
[11]. It is essential to maintain a balance in the composi-
tion and functions of the intestinal microbiota; otherwise, a 
departure from homeostasis could lead to a condition known 
as gut “dysbiosis,” which research data has shown to be 
involved in various human disorders, such as CVD [12].

Role and Mechanisms of the Gut Microbiome 
in Cardiometabolic Disease Development 
and Progression

As aforementioned, alterations in the composition and 
metabolic capacity of GM have been linked to various 

chronic diseases, including CVD. The connection between 
bacterial dysbiosis and CVD may be rooted in diverse cel-
lular and molecular pathways, primarily involving altera-
tions in host bile acid and lipid metabolism, leakage of 
harmful endotoxins across the gut epithelial barrier, and 
the generation of potentially atherogenic bacterial metabo-
lites [13].

Gut bacterial functions play a role in lipid metabolism, 
particularly with regard to low-density lipoprotein-cho-
lesterol (LDL-C) [14]. The interaction between the host 
and gut microbiota in lipid metabolism involves nuclear 
peroxisome proliferator-activated receptors (PPAR), with 
species-specific effects [15]. For instance, PPAR responds 
to butyrate production by gut bacteria, promoting oxida-
tion while suppressing nitric oxide (NO) synthesis, which 
helps maintain the anaerobic environment in the colon and 
prevent dysbiosis [13, 15]. Additionally, a high-fat diet can 
cause changes in the gut microbiota and dysregulation of 
PPAR signaling, leading to alterations in the spatial dis-
tribution of bacteria in the ileum of mice [16]. However, 
administration of a PPAR agonist was able to reverse these 
effects.

Several significant metabolites, such as trimethylamine 
N-oxide (TMAO), lipopolysaccharides (LPS), SCFAs, sec-
ondary bile acids, and phenylacetylglutamine (PAGln), 
have been identified and associated with the onset and 
progression of cardiovascular diseases (Fig. 1). TMAO is 
formed through a multi-step enzymatic process involving 
the conversion of L-carnitine, choline, and betaine found 
in certain foods by the gut microbiota’s Firmicute species 
[17]. Once absorbed into the bloodstream, TMA is trans-
ported to the liver, where it is converted into TMAO by the 
enzyme flavin-dependent monooxygenase 3 (FMO3) [18]. 
Normally, around 95% of TMA is excreted in the urine as 
TMAO [19]. Any disruption in this metabolic pathway, 
from dietary intake to liver function and FMO3 activity, 
could lead to increased TMAO levels and related com-
plications, such as atherosclerotic CVD [20]. Among the 
main mechanisms implicated in TMAO’s cardiovascular 
consequences are endothelial dysfunction, foam cell, and 
thrombus formation [21].

LPS are endotoxins found on the outer membrane of 
Gram-negative bacteria and play a role in the pathogen-
esis of CVD. These endotoxins are recognized by toll-like 
receptor 4 (TLR4), triggering a pro-inflammatory response 
with increased cytokine and chemokine production [22]. 
Other receptors, such as LPS-binding protein (LBP), mye-
loid differentiation protein 2 (MD-2), and cluster of differ-
entiation 14 (CD14), also identify LPS, leading to activa-
tion of protein kinases like IL-1 receptor-associated kinase 
(IRAK-1) and myeloid differentiation factor 88 (MyD88) 
[23]. This activation subsequently triggers nuclear factor-
kB (NF-kB) and various pro-atherosclerotic inflammatory 
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pathways. LPS induce endothelial dysfunction, raise oxi-
dative stress via reactive oxygen species (ROS) produc-
tion, and generate pro-inflammatory cytokines like tumor 
necrosis factor-a (TNF-a), interleukin (IL) -1, IL-6, and 
IL-8, all contributing to CVD development through 
inflammation propagation [24–26].

SCFAs play a protective role against atherosclerosis and 
are produced by gut bacteria, including A. butyraticus., F. 
prausnitzii, and R. intestinalis, through the digestion of 
complex carbohydrates [27]. The most common SCFAs are 
acetate, butyrate, and propionate, which as aforementioned 
serve various functions, with their primary role being the 
modulation of the host immune system [28]. They increase 
the production of regulatory T cells and suppress histone 
deacetylases (HDACs), leading to inhibition of inflamma-
tory pathways and reduced production of pro-inflammatory 
cytokines. SCFAs also contribute to enhanced intestinal bar-
rier stability and protection against pathogen invasion [29, 
30]. Thus, SCFAs protect against atherosclerosis by modu-
lating inflammatory pathways.

Primary bile acids are produced in the liver from cho-
lesterol and converted into cholic acid and chenodeoxy-
cholic acid through conjugation with glycine. In the gut, the 

microbiota deconjugates primary bile acids, leading to the 
formation of secondary bile acids in the distal ileum [31]. 
Secondary bile acids aid in the absorption of lipid nutrients 
and fat-soluble vitamins and activate two key receptors, 
farnesoid X receptor (FXR) and Takeda G protein-coupled 
receptor 5 (TGR5), which modulate glucose and cholesterol 
metabolism [32]. TGR5 also contributes to improved glu-
cose tolerance and possesses anti-inflammatory properties. 
Inhibition of both FXR and TGR5 exacerbates atheroscle-
rotic formation, highlighting their potential benefits in dis-
ease control [20]. Secondary bile acids exert anti-inflam-
matory and anti-atherogenic effects by suppressing TNF-a 
and NF-kB signaling pathways and reducing the secretion 
of pro-inflammatory cytokines [33, 34]. Overall, secondary 
bile acids play a significant role in inhibiting major athero-
sclerotic pathways.

PAGln is a recently discovered metabolite positively 
associated with CVD [35]. It is derived from phenylalanine 
and undergoes transformations, including microbial porA 
gene-mediated conversion to phenylacetic acid and hepatic 
metabolization into PAGln [36]. PAGln has been correlated 
with ASCVD and overall mortality in patients with chronic 
kidney disease (CKD) [37]. Mechanisms explaining this 

Fig. 1  The effects of gut microbiome metabolites on atherosclero-
sis. Abbreviations: TMA, trimethylamine; FMO3, flavin-containing 
monooxygenase 3; TMAO, trimethylamine N-oxide; ED, endothe-
lial dysfunction; TLR4, toll-like receptor 4; MD-2, myeloid differen-
tiation protein 2; LBP, lipopolyssacharide-binding protein; IRAK-1, 
interleukin-1 receptor-associated kinas; MyD88, myeloid differentia-
tion factor 88; NF-kB, nuclear factor-kB; PPA, phenylpyruvic acid; 

PAA, phenylacetic acid; PAGln, phenylacetylglutamine; SCFA, short-
chain fatty acid; HDAC, histone deacetylase; BA, bile acid; FXR, 
farnesoid X receptor; TGR5, Takeda G protein-coupled receptor 5. 
Green-colored words indicate the gut microbiome metabolites. Red 
font words indicate pro-atherosclerotic effects. Blue font words indi-
cate anti-atherosclerotic effects
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correlation include PAGln’s ability to increase platelet acti-
vation and responsiveness, promoting thrombosis potential, 
while transmitting cellular events through specific adren-
ergic receptors [38]. Carvedilol, a common β-blocker, was 
found to inhibit PAGln’s prothrombotic effects [36]. Over-
all, PAGln is implicated in the occurrence of atherosclerotic 
CVD through an accelerated rate of thrombus generation 
and vessel occlusion, potentially leading to acute myocardial 
infarction [38].

Gut Microbiome Modulation Strategies

Increasing clinical evidence highlights the significant con-
tribution of GM modulation on various cardiometabolic 
diseases. Concerning common medications used in car-
diometabolic disease such as lipid-lowering therapy, there 
is controversial evidence on their GM-modulating effects. 
Beginning with statins, reports have suggested that they 
may positively influence GM composition and reduce the 
secretion of hazardous metabolites such as TMAO [39–43]. 
However, few earlier studies pointed to the potential sta-
tin-induced GM dysbiosis [44, 45]. Limited evidence on 
ezetimibe suggests a favorable effect on GM composition 
[46, 47]. No evidence is available to date on the impact of 
proprotein convertase subtilisin/kexin type 9 inhibitors.

As previously mentioned high-fiber diets, probiotics, 
prebiotics, synbiotics, and other interventions that modulate 
GM-host interactions were investigated in different studies 
to shed light on this interesting association [7].

High‑fiber diet

High-fiber diets have received considerable scientific atten-
tion due to their favorable cardiometabolic effects as a result 
of GM modulation. To begin with, high-fiber diets could 
lead to enhanced generation of SCFAs by bacterial fermenta-
tion [48]. Lower levels of SCFAs have been associated with 
the development of essential hypertension in preclinical and 
clinical models, while administration of SCFAs may possess 
blood pressure-lowering effects [48]. Additional studies have 
proven that administration of magnesium acetate, propion-
ate, and butyrate could lower the blood pressure of experi-
mental hypertensive models [49–51]. Experimental models 
of cardiometabolic disease have proven the positive meta-
bolic properties of various fiber sources, such as white kid-
ney bean [52], psyllium fiber [53], pawpaw fruit fiber [54], 
banana peel fiber [55], flaxseed fiber [56], kiwifruit [57], 
and konjac glucomannan [58, 59]. As far as atherosclerosis 
development is concerned, when germ-free ApoE−/− mice 
were colonized with fecal samples of human donors and 
were fed with either fermentable fiber diet or cellulose con-
trol diet, the reduced atherosclerotic burden observed with 

the fermentable fiber diet was linked to the GM changes 
(higher abundance of butyrate-producing species) [60]. 
Other than the upregulation of SCFAs, diet rich in fiber may 
also lead to lower levels of TMAO, thus providing cardio-
vascular benefits [61].

High-fiber diets have shown variable results in the clinical 
setting concerning their cardiometabolic effects. In a clinical 
trial of 70 healthy subjects, supplementation of inulin fiber 
led to an increased concentration of Bifidobacteria, corre-
sponding to enhanced SCFA production and ameliorated 
cardiovascular risk markers (serum cholesterol, very low-
density lipoprotein triglyceride) [62]. In another small-scale 
randomized controlled trial of 17 patients with T2DM, a 
high-fiber diet resulted in enhanced glycemic control, a more 
favorable lipid profile, and suppressed systemic inflamma-
tion [63]. These findings were accompanied by an increased 
abundance of Lactobacillus, Akkermansia, Bifidobacterium, 
and Bacteroides, among others [63].

Probiotics

Probiotics are live microorganisms that are administered 
in adequate amounts to induce health effects. Numer-
ous preclinical studies have supported their cardiometa-
bolic benefits. In a study of hypercholesterolemic rats, the 
administration of single cholesterol-lowering probiotic 
strains (Limosilactobacillus reuteri TF-7, Enterococcus 
faecium TF-18, and Bifidobacterium animalis TA-1) could 
affect weight gain, lipidemic indices (total cholesterol, tri-
glycerides, high-density lipoprotein-cholesterol, LDL-C), 
and hepatic steatosis [64]. The effect was more pronounced 
in the mixed probiotic formulation [64]. We should also 
state that probiotic administration not only increased the 
abundance of the single strain, but also the concentration 
of other beneficial bacteria (Lactobacillus, Enterococcus, 
Akkermansia, and Ruminococcaceae) [64]. Apart from the 
established metabolic benefits, probiotic anti-atheroscle-
rotic effects were proven in a meta-analysis of studies using 
mouse models of atherosclerosis, as they were efficacious in 
reducing atherosclerotic plaque burden [65].

Multiple clinical studies suggest that probiotic admin-
istration may offer CVD benefits. In a recently published 
randomized trial involving 77 patients with dyslipidemia, 
the combined use of Lactobacillus plantarum and the lipid-
lowering drug simvastatin led to substantial improvements in 
the lipid profile and a notable reduction in calculated cardio-
vascular risk, as compared to using simvastatin alone [66]. 
A mixed probiotic formulation by the name of Probio-X (L. 
casei Zhang, B. lactis V9, B. lactis Probio-M8, L. rhamno-
sus Probio-M9, L. plantarum P-8) also ameliorated the lipid 
profile of hyperlipidemic patients compared to placebo [67].

Moreover, in a double-blind, randomized study involving 
44 patients with CAD, supplementation with Lactobacillus 
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rhamnosus along with caloric restriction for 12  weeks 
resulted in noteworthy weight loss and demonstrated anti-
inflammatory effects (reduction of LPS levels and IL1-Beta 
concentration, p = 0.0016 and p = 0.027, respectively) sur-
passing the effects of caloric restriction alone [68]. In a ran-
domized, double-blind, placebo-controlled trial involving 60 
patients with CAD, the probiotic strain Bifidobacterium lac-
tis Probio-M8, when combined with conventional treatment, 
showed significant improvement in anginal (improved Seat-
tle Angina Questionnaire), anxiety, and depressive symp-
toms, as well as reduced interleukin-6 and LDL-C levels 
compared to the control group. The investigator mentioned 
that the probiotic treatment led to alterations in gut microbial 
composition, increased bioactive microbial metabolites, and 
decreased TMAO and proatherogenic amino acids, which 
may have contributed to the observed improvements in qual-
ity of life and the reported anti-inflammatory and hypolipi-
demic effects [69].

Meta-analytic evidence has suggested that probiotics 
could emerge as the most potent nutritional intervention 
in ameliorating the glycemic profile (fasting blood glu-
cose, fasting insulin level, homeostatic model assessment 
of insulin resistance) of overweight or obese patients, as 
demonstrated in the Bayesian network meta-analysis by Yu 
et al. [70]. However, these results should be interpreted with 
caution and deserve further validation, since glycated hemo-
globin remained unaffected [70]. Moreover, probiotics may 
lead to weight loss and reduction in body mass index, as well 
as with slight reduction in LDL-C [71].

Prebiotics

Prebiotics, a class of dietary compounds, have emerged as 
a compelling area of research in the context of cardiometa-
bolic disease. These non-digestible food components play 
a pivotal role in nurturing beneficial gut bacteria and have 
been linked to potential benefits for individuals at risk of 
or living with cardiometabolic conditions. The cardiomet-
abolic effects have been examined preclinically, as in the 
study of Catry et al. [72]. The investigators supplemented 
 apoE−/− mice fed a diet poor in n-3 polyunsaturated fatty 
acids with or without inulin-type fructans and detected an 
improvement in endothelial function by ameliorating NO 
bioavailability [72]. These findings were accompanied by 
an increased abundance of beneficial bacteria (Erysipel-
otrichaceae, Akkermansia) and lower concentrations of 
deleterious species (Lachnospiraceae, Ruminococcaceae, 
Desulfovibrionales) ultimately affecting the production of 
secondary bile acids [72]. In another study in diabetic Wistar 
rats, the administration of β-glucan, isolated from Saccha-
romyces cerevisiae, leads to improvements in glycemic and 
lipidemic indices and suppression of inflammation compared 
to the n-3 supplementation [72].

There are few clinical studies directly addressing the 
impact of prebiotics on human cardiometabolic diseases. In 
a small pilot clinical study, beta glycans treatment was found 
to protect against ischemia/reperfusion injury (lower leak-
age of myocardial enzymes postoperatively) in 48 patients 
who underwent coronary artery bypass grafting [73]. In 
another human trial involving CAD patients, the adminis-
tration of chitosan oligosaccharides led to improvements in 
left ventricular ejection fraction, lipid profiles (the serum 
levels of TG, TC, and LDL-C were reduced while high-
density lipoprotein-cholesterol (HDL-C) was increased) and 
increased the abundance of specific genera like Faecalibac-
terium, Alistipes, Escherichia, Lactobacillus, Lactococcus, 
and Phascolarctobacterium [74].

Synbiotics

Synbiotics, a cutting-edge approach in the realm of nutrition 
and gut health, consists of a combination of prebiotics and 
probiotics. Their aim is to offer a synergistic approach to 
fostering a healthy gut microbiome, making them a promis-
ing avenue for addressing and preventing cardiometabolic 
conditions.

Limited data is available on the preclinical level regard-
ing the cardiometabolic effects of synbiotics. In the in vivo 
study of Méndez-Albiñana et al., a symbiotic mixture con-
taining fructooligosaccharides, a mixture of Lactobacillus 
casei PXN 37, Lactobacillus rhamnosus PXN 54, Strepto-
coccus thermophilus PXN 66, Bifidobacterium breve PXN 
25, Lactobacillus acidophilus PXN 35, Bifidobacterium 
infantis PXN 27, and Lactobacillus bulgaricus PXN 39, was 
administered to male spontaneously hypertensive rats. This 
intervention led to ameliorated blood pressure levels that 
were accompanied by enhanced production of SCFAs, arte-
rial nitric oxide release, and suppressed oxidative stress [75]. 
This formulation was also proven effective in improving 
serum triglycerides, insulin resistance, and blood pressure, 
along with improved endothelial function in another study 
performed in male Wistar rats on a high-fat diet [76]. How-
ever, no changes in other lipid parameters such as LDL-C or 
weight gain were noted [76].

As far as the in-human data of synbiotic administration is 
concerned, we should begin by stating that the existing clini-
cal evidence is scarce. In a randomized, double-blind, among 
60 patients with T2DM and CAD, a 12-week intervention 
using a synbiotic mixture resulted in improved glycemic 
status and HDL-C levels, while other cardiovascular risk 
factors remained unchanged [77]. Efforts to reduce hyper-
glycemia in diabetes through similar studies yielded varying 
outcomes [78]. In one small randomized, placebo-controlled 
human trial, the 12-week use of a synbiotic led to a modest 
reduction in total cholesterol and LDL-C [79]. Similarly, 
another randomized controlled trial also demonstrated 
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benefits in lipid metabolism [80]. A meta-analysis of ran-
domized control trials revealed that the use of symbiotic 
supplementation in individuals with metabolic syndrome 
resulted in significant reductions in serum insulin levels, TG, 
TC, LDL-C, body weight, and systolic blood pressure, while 
increasing HDL-C levels and reducing serum IL-6 [81••]. 
Finally, it is hypothesized that the blood pressure-lowering 
effect of synbiotics may be proportional to the stimulation of 
SCFA production, which may represent a potential surrogate 
marker of treatment effectiveness [82].

Fecal Transplantation

Fecal microbiota transplantation (FMT), a groundbreak-
ing medical procedure, has gained significant attention 
in recent years for its potential to impact cardiometabolic 
disease. This innovative approach involves the transfer 
of healthy gut bacteria from a donor into a recipient’s 
digestive system, offering promising insights into the 
intricate relationship between the gut microbiome and 
cardiometabolic health. In the preclinical setting, FMT 
in diabetic db/db mice enhanced the abundance of cer-
tain bacterial species (Ruminococaceae, Porphyromon-
adaceae), restored the intestinal barrier integrity, and 
ameliorated inflammation [83]. Moreover, FMT admin-
istration in  BTBRob/ob mice, a model of diabetic kidney 
disease, abrogated weight gain, inflammation, and insulin 
resistance compared to the control group, a finding that 
was accompanied by an increased abundance of Odorib-
acteraceae [84]. As the cardiometabolic effects of FMT 
are beginning to be unveiled, future preclinical studies 
are expected to examine its efficacy in lipid metabolism, 
arterial hypertension, and atherosclerosis, among others.

Concerning FMT in men with metabolic syndrome, 
the transfer of gut microbiota from lean donors led to 
improved insulin sensitivity, accompanied by an increase 
in butyrate-producing intestinal bacteria such as Rose-
buria intestinalis and Eubacterium hallii [85]. How-
ever, a subsequent randomized controlled trial involving 
male patients with metabolic syndrome, who received 
either vegan donor or their own fecal transplant, did not 
show significant reductions in TMAO levels or vascu-
lar inflammation, despite observing changes in the gut 
microbiota toward a vegan type [86]. No obvious clini-
cal effects of FMT were noted in female patients with 
metabolic syndrome who were randomized to this inter-
vention compared to the control group in the study of da 
Ponte Neto et al. [87]. We should also note the results 
of a recent meta-analysis assessing the role of FMT in 
patients with obesity or metabolic disorders [88]. The 
investigators observed an improvement in obesity metrics, 
insulin resistance, and glycemia [88], a finding which 
could be critical should it be replicated in large-scale, 

appropriately designed, randomized controlled trials. 
Moreover, it should be further clarified whether repeated 
FMTs are required, as this strategy was shown to be more 
effective in providing a greater percentage of the donor 
microbiota [89•].

Challenges and Future Directions

Despite the rapid advancements in our understanding of 
the gut microbiome’s role in cardiometabolic disease, 
several challenges remain on the path toward translating 
this knowledge into effective clinical practice. To begin 
with, the gut microbiome is a highly complex ecosystem 
comprising trillions of microorganisms and thousands of 
species. Characterizing this diversity and understanding 
its functional relevance is a formidable task. High inter-
individual variability in microbiome composition further 
complicates efforts to identify consistent disease-asso-
ciated patterns. Moreover, standardization of sampling, 
sequencing, and analysis methods is essential for reliable 
comparisons across studies. Lack of consistency in these 
approaches can introduce variability and hinder the repro-
ducibility of findings.

We should also state that, while numerous associations 
between the gut microbiome and cardiometabolic diseases 
have been identified, establishing causality remains chal-
lenging. Mechanistic insights explaining how specific 
microbial populations or metabolites influence disease 
pathogenesis are often lacking. Multiple approaches are 
often used to strengthen the evidence. To begin with, 
longitudinal studies may be warranted to demonstrate 
the impact of changes in the microbiome over time on 
the progression of atherosclerosis. Moreover, studies on 
interventions that modulate gut microbiome can provide 
further evidence on its effect in disease development. 
Mendelian randomization studies may also play a role by 
using genetic variants associated with the microbiome as 
instrumental variables to assess causality. However, this 
approach assumes that the genetic variants affect the out-
come only through the exposure of interest, and it may 
not be applicable if the microbiome is influenced by other 
factors that also impact atherosclerosis. In the future, inte-
grating evidence from multiple approaches will provide a 
more robust understanding of the relationship between the 
microbiome and atherosclerosis.

Concerning the optimal timing and duration of micro-
biome-targeted interventions, it also represents an ongo-
ing challenge. The dynamic nature of the microbiome, 
which can be influenced by diet, lifestyle, and medica-
tions, makes it difficult to pinpoint the most opportune 
moments for therapeutic interventions. Finally, as micro-
biome-based therapies emerge, ethical and regulatory 
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issues must be addressed. Questions regarding safety, 
informed consent, and long-term effects of microbiome 
interventions require careful consideration.

The remarkable variability in individual gut microbiomes 
presents both a challenge and an opportunity in the pursuit 
of personalized medicine for cardiometabolic disease. Each 
person’s microbiome is unique, shaped by genetics, envi-
ronment, diet, and other factors. This variability extends to 
the microbiome’s response to interventions, complicating 
efforts to develop one-size-fits-all treatments. To overcome 
this challenge, future research must focus on tailoring inter-
ventions to individual patients based on their microbiome 
profiles, genetics, and clinical characteristics. Personalized 
approaches may involve selecting specific dietary interven-
tions, probiotics, or other treatments based on a patient’s 
microbiome composition. Advanced omics technologies, 
such as metagenomics and metabolomics, hold promise 
for characterizing individual microbiomes and predicting 
patient responses to interventions. Machine learning and 
artificial intelligence techniques can help identify patterns 
and correlations within large datasets, aiding in the develop-
ment of personalized treatment strategies.

The rapidly evolving field of gut microbiome research 
opens up exciting avenues for future investigation. Inte-
grating multiple omics data (genomics, metagenomics, 
transcriptomics, proteomics, metabolomics) can provide 
a more comprehensive understanding of microbiome-host 
interactions. This holistic approach can uncover novel 
therapeutic targets and biomarkers. The development 
of microbiome-based diagnostics, including biomark-
ers for disease risk and progression, is an emerging area 
of research. These diagnostics could revolutionize early 
disease detection and monitoring. In all, the integration 
of microbiome data with a patient’s clinical history and 
genetic information may offer a more complete picture 
of disease risk and treatment response. This interdiscipli-
nary approach could lead to highly personalized treatment 
strategies. Tailoring microbiome interventions to indi-
vidual patients may involve analyzing their microbiome 
profiles and selecting interventions that target specific 
microbial imbalances or functions associated with their 
disease. Critically, advances in technology may allow for 
real-time monitoring of a patient’s microbiome, enabling 
healthcare providers to adjust treatments as needed and 
track the effectiveness of interventions.

Ongoing clinical trials and research initiatives are 
exploring the feasibility and efficacy of personalized 
microbiome-based approaches in cardiometabolic dis-
ease management. These studies provide valuable insights 
into the practicality of personalized interventions. As 
we navigate these challenges and explore these exciting 
future directions, the potential for personalized medicine 

targeting the gut microbiome in cardiometabolic disease 
remains a tantalizing prospect. With continued research 
and innovation, we inch closer to harnessing the full thera-
peutic power of this intricate microbial ecosystem.

Conclusion

In conclusion, the intricate interplay between the gut micro-
biome and cardiometabolic disease presents a captivating 
frontier in modern medicine. While challenges persist, 
including the complexity of the microbiome and the need 
for personalized approaches, our expanding knowledge 
offers immense therapeutic potential. As we delve deeper 
into microbiome research, the prospect of tailored inter-
ventions based on individual microbiome profiles becomes 
increasingly attainable. By harnessing the power of this 
microbial world within us, we hold the promise of trans-
forming the landscape of cardiometabolic disease treatment.
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