
 

 

 From Bugs to Drugs: Harnessing the Cardioprotective Metabolome for Next-Generation 1 

Cardiovascular Therapeutics: A Narrative Review. 2 

 3 

 4 

Abstract: 5 

Background: 6 

Cardiovascular diseases (CVD) remain the primary cause of global mortality, necessitating 7 

innovative therapeutic approaches beyond traditional neurohormonal blockade and lipid-8 

lowering therapies. Recent advancements have highlighted the gut microbiota as a dynamic 9 

endocrine organ that communicates with the host cardiovascular system via small-molecule 10 

metabolites. While deleterious metabolites like trimethylamine N-oxide (TMAO) are well-11 

characterized, a distinct panel of commensal-derived cardioprotective metabolites has emerged, 12 

presenting new avenues for drug discovery. 13 

Objective: 14 

This narrative review synthesizes current evidence (2020–2026) regarding the cardioprotective 15 

metabolome, exploring the mechanisms by which gut microbial derivatives mitigate 16 

atherosclerosis, heart failure, myocardial ischemia-reperfusion injury, and metabolic syndrome, 17 

while highlighting their transition from preclinical discoveries to clinical therapeutics. 18 

Methods: 19 

A comprehensive literature search was conducted across PubMed, Embase, and the Cochrane 20 

Library for articles published between January 2020 and May 2026. Keywords included 21 

combinations of "gut microbiota," "metabolome," "short-chain fatty acids," "urolithin A," 22 

"cardioprotection," and "cardiovascular therapeutics." The review was structured in alignment 23 

with the Scale for the Assessment of Narrative Review Articles (SANRA) guidelines. 24 

 Key Findings: 25 

Short-chain fatty acids (SCFAs) preserve endothelial integrity and lower blood pressure through 26 

G-protein coupled receptors (GPR41, GPR43, Olfr78). Urolithin A preserves myocardial 27 

energetics by activating mitophagy via the Pink1/Parkin pathway. Secondary bile acids like 28 

ursodeoxycholic acid (UDCA) modulate the farnesoid X receptor (FXR) and TGR5 to mitigate 29 

metabolic dyslipidemia. Indole derivatives exert potent anti-inflammatory effects through the aryl 30 

hydrocarbon receptor (AhR). Novel therapeutic modalities, including engineered live 31 

biotherapeutic products (LBPs) and small-molecule gut-restricted enzyme inhibitors, are 32 

currently entering early-phase clinical trials. 33 

 Conclusion: 34 

Harnessing the cardioprotective metabolome represents a paradigm shift in cardiovascular 35 

pharmacology. Transitioning these microbial derivatives from "bugs to drugs" offers highly 36 

specific, targeted therapeutic interventions that complement standard guideline-directed medical 37 

therapies. 38 

 39 

Introduction: 40 

Cardiovascular diseases remain the leading cause of global morbidity and mortality, placing an 41 

immense socioeconomic burden on healthcare systems worldwide (1). For decades, 42 

pharmacological management has relied primarily on neurohormonal modulation—such as 43 

renin-angiotensin-aldosterone system (RAAS) inhibitors and beta-blockers—along with 44 



 

 

intensive lipid-lowering strategies like statins and PCSK9 inhibitors (2). Despite the clinical 45 

efficacy of these interventions, a substantial burden of residual cardiovascular risk persists, 46 

driving the imperative search for novel therapeutic targets (3). 47 

Over the past decade, multi-omics investigations have positioned the human gut microbiome as 48 

a central metabolic hub that dynamically interacts with host physiology (4). The intestinal 49 

microbiota functions essentially as a bioreactor, fermenting dietary substrates and endogenous 50 

compounds into a diverse array of small-molecule metabolites (5). These microbial derivatives 51 

enter the systemic circulation and act as signaling molecules, binding to specific host receptors 52 

across distant organ systems (6). 53 

Initial cardiometabolic research heavily focused on the pathological consequences of dysbiosis 54 

and the generation of pro-atherogenic metabolites (7). Most notably, the microbial processing of 55 

dietary choline and L-carnitine generates trimethylamine (TMA), which is subsequently oxidized 56 

by hepatic flavin-containing monooxygenases to form trimethylamine N-oxide (TMAO) (8). 57 

Elevated systemic levels of TMAO are robustly associated with accelerated atherosclerosis, 58 

platelet hyperreactivity, arterial stiffness, and adverse remodeling in heart failure (9). 59 

However, a critical paradigm shift has occurred as contemporary research pivots toward 60 

characterizing the *cardioprotective metabolome*—a distinct consortium of symbiotic microbial 61 

metabolites that actively preserve cardiovascular homeostasis (10). These protective molecules 62 

include short-chain fatty acids (SCFAs), urolithins, indole derivatives, and specific secondary 63 

bile acids (11). These compounds directly modulate essential pathophysiological pathways, 64 

including the mitigation of endothelial dysfunction, suppression of vascular neuroinflammation, 65 

regulation of systemic blood pressure, and optimization of myocardial mitochondrial energetics 66 

(12). 67 

The translational trajectory of these discoveries has evolved rapidly between 2020 and 2026, 68 

transitioning from descriptive association studies to mechanistic validation and targeted clinical 69 

trial designs (13). Novel therapeutic platforms are being engineered to harness these pathways, 70 

encompassing postbiotics, targeted dietary interventions, and live biotherapeutic products 71 

(LBPs) designed to selectively colonize the gastrointestinal tract and overproduce specific 72 

protective metabolites (14). Furthermore, direct pharmacological administration of synthetic 73 

metabolite mimetics or gut-restricted enzyme modulators is emerging as a precise therapeutic 74 

strategy (15). This narrative review comprehensively evaluates the molecular mechanisms, 75 

preclinical data, and emerging clinical evidence validating the cardioprotective metabolome, 76 

offering a conceptual blueprint for next-generation cardiovascular therapeutics. 77 

 78 

Methodology: 79 

This narrative review was developed in accordance with the Scale for the Assessment of 80 

Narrative Review Articles (SANRA) guidelines to ensure a structured, transparent, and high-81 

quality synthesis of literature. 82 

Search Strategy and Databases: 83 

A systematic search of electronic databases was executed, encompassing PubMed/MEDLINE, 84 

Embase, and the Cochrane Central Register of Controlled Trials (CENTRAL). The search 85 

strategy was restricted to peer-reviewed articles published from January 2020 to May 2026 to 86 

capture the most recent advancements in cardiometabolic omics and therapeutic translations. 87 

Search Terms and Keywords: 88 



 

 

The search architecture utilized combinations of Medical Subject Headings (MeSH) terms and 89 

free-text keywords. The search string included: ("Gastrointestinal Microbiome"[MeSH] OR "Gut 90 

Microbiota" OR "Dysbiosis") AND ("Metabolome"[MeSH] OR "Short-Chain Fatty Acids" OR 91 

"Urolithins" OR "Indoles" OR "Bile Acids and Salts"[MeSH]) AND ("Cardiovascular 92 

Diseases"[MeSH] OR "Atherosclerosis" OR "Heart Failure" OR "Endothelial Dysfunction" OR 93 

"Myocardial Ischemia") AND ("Therapeutics"[MeSH] OR "Drug Discovery" OR "Clinical Trials"). 94 

 Inclusion and Exclusion Criteria: 95 

Studies were selected based on pre-specified criteria: 96 

   ―Inclusion Criteria:‖  Mechanistic in vitro studies; preclinical in vivo animal models of 97 

cardiovascular disease; human observational cohorts evaluating microbial metabolites; and 98 

early-phase (Phase I–III) clinical trials investigating microbiome-targeted cardiovascular 99 

therapies. Only articles published in the English language were included. 100 

   ―Exclusion Criteria:‖ Dissertations, conference abstracts, editorials, and studies focusing 101 

strictly on gastroenterological pathologies without cardiovascular endpoints. 102 

A total of 64 high-quality references were selected based on relevance, methodological rigor, 103 

and impact on the field to construct this comprehensive review. 104 

 105 

   Discussion: 106 

    Short-Chain Fatty Acids and Endothelial Integrity: 107 

Short-chain fatty acids (SCFAs), predominantly acetate, propionate, and butyrate, are 108 

generated via the bacterial fermentation of non-digestible dietary fibers within the cecum and 109 

colon (16). Once absorbed into the portal and systemic circulation, SCFAs serve as key 110 

signaling molecules by binding to specific G-protein coupled receptors (GPCRs), most notably 111 

GPR41 (free fatty acid receptor 3, FFAR3), GPR43 (free fatty acid receptor 2, FFAR2), and 112 

olfactory receptor 78 (Olfr78) (17). Endothelial dysfunction, characterized by impaired nitric 113 

oxide (NO) bioavailability and a pro-inflammatory vascular state, represents the primary step in 114 

atherogenesis (18). 115 

Recent mechanistic studies demonstrate that butyrate directly preserves endothelial barrier 116 

function by upregulating tight junction proteins, including claudin-5, occludin, and zonula 117 

occludens-1 (ZO-1), via the inhibition of histone deacetylases (HDACs) (19). Furthermore, 118 

acetate and propionate activation of endothelial GPR43 induces the phosphorylation of 119 

endothelial nitric oxide synthase (eNOS) at the Ser1177 residue, enhancing the basal 120 

production of NO and promoting vasodilation (20). This signaling cascade counteracts the 121 

vasoconstrictive effects of angiotensin II and limits the endothelial expression of intercellular 122 

adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1) (21). 123 

In vivo models of hypertension have confirmed that chronic administration of propionate 124 

significantly dampens vascular inflammation and reduces arterial wall thickening (22). Crucially, 125 

the interaction between SCFAs and Olfr78 in the renal afferent arterioles regulates renin 126 

secretion, creating a complex feedback loop that modulates systemic blood pressure (23). 127 

Collectively, these findings establish that restoring systemic SCFA concentrations represents a 128 

viable pharmacological strategy to rescue endothelial function and mitigate early-stage 129 

atherogenesis. 130 

 131 

   Urolithin A and Myocardial Mitochondrial Energetics: 132 



 

 

The myocardium requires an immense and continuous supply of adenosine triphosphate (ATP), 133 

rendering cardiomyocyte function critically dependent on mitochondrial health and energetic 134 

efficiency (24). Urolithin A (UA) is a gut microbiota-derived natural compound produced via the 135 

transformation of ellagitannins and ellagic acid, polyphenols abundant in pomegranates, 136 

walnuts, and berries (25). Emerging data highlight Urolithin A as a potent inducer of 137 

mitophagy—the selective autophagic elimination of damaged, dysfunctional mitochondria (26). 138 

Mechanistically, UA activates mitophagy independently of nutritional status by upregulating the 139 

PTEN-induced kinase 1 (Pink1)/Parkin pathway, alongside the mitochondrial division ring 140 

proteins (27). In the context of myocardial ischemia-reperfusion (I/R) injury and chronic heart 141 

failure, mitochondrial fragmentation and the accumulation of reactive oxygen species (ROS) 142 

drive cardiomyocyte apoptosis and adverse ventricular remodeling (28). Oral administration of 143 

UA in preclinical models of myocardial infarction demonstrated a significant preservation of left 144 

ventricular ejection fraction (LVEF), accompanied by a reduction in infarct size and decreased 145 

release of cardiac troponin I (29). 146 

At the cellular level, UA treatment restores the mitochondrial membrane potential (\Delta\Psi_m) 147 

and increases total ATP production within cardiomyocytes, effectively shifting the failing heart 148 

away from inefficient glycolysis and back toward optimal oxidative phosphorylation (30). Clinical 149 

translation has accelerated, with Phase I/II human clinical trials confirming that UA 150 

supplementation is safe, bioavailable, and significantly improves skeletal muscle mitochondrial 151 

biomarkers—a finding currently being extended to heart failure cohorts with preserved ejection 152 

fraction (HFpEF) (31). 153 

 154 

   Secondary Bile Acids as Metabolic Regulators: 155 

Bile acids are synthesized from cholesterol in the liver, conjugated to glycine or taurine, and 156 

secreted into the duodenum to facilitate dietary lipid absorption (32). Upon reaching the distal 157 

ileum and colon, commensal bacteria—specifically those expressing bile salt hydrolase (BSH) 158 

enzymes—deconjugate and dehydroxylate primary bile acids into secondary bile acids, 159 

including ursodeoxycholic acid (UDCA) and lithocholic acid (LCA) (33). These secondary bile 160 

acids act as highly powerful systemic ligands for the farnesoid X receptor (FXR) and the 161 

membrane-bound G-protein coupled bile acid receptor 5 (TGR5) (34). 162 

The activation of TGR5 on enteroendocrine L-cells triggers the secretion of glucagon-like 163 

peptide-1 (GLP-1), which subsequently optimizes pancreatic insulin secretion, reduces systemic 164 

insulin resistance, and exerts direct cardioprotection via myocardial GLP-1 receptors (35). 165 

Concurrently, secondary bile acids modulate hepatic FXR signaling, which suppresses sterol 166 

regulatory element-binding protein 1c (SREBP-1c) and downregulates hepatic de novo 167 

lipogenesis (36). This dual receptor activation exerts a profound lipid-lowering effect, lowering 168 

circulating low-density lipoprotein cholesterol (LDL-C) and triglycerides (37). 169 

Clinical trials evaluating UDCA in patients with chronic heart failure have demonstrated 170 

significant improvements in peripheral blood flow and endothelial-dependent vasodilation (38). 171 

Moreover, novel synthetic dual TGR5/FXR agonists are undergoing rigorous clinical 172 

development, demonstrating a capability to match or exceed the atheroprotective profiles of 173 

traditional metabolic interventions, thereby providing a dual metabolic and cardiovascular 174 

therapeutic benefit (39). 175 

 176 



 

 

    Indole Derivatives and Vascular Anti-Inflammatory Pathways: 177 

Tryptophan metabolism by gut microbes yields a structurally diverse array of indole derivatives, 178 

including indole-3-propionic acid (IPA), indole-3-aldehyde (IAld), and indole-3-acetic acid (I3A) 179 

(40). These compounds function as endogenous ligands for the aryl hydrocarbon receptor 180 

(AhR), a ligand-activated transcription factor widely expressed in immune and vascular cells 181 

(41). Chronic vascular inflammation, orchestrated by macrophages and T-lymphocytes within 182 

the arterial intima, drives plaque instability and triggers acute coronary syndromes (42). 183 

Systemic delivery of IPA has been shown to suppress the activation of the nucleotide-binding 184 

domain, leucine-rich-containing family, pyrin domain-containing-3 (NLRP3) inflammasome 185 

within macophages (43). This inhibition blocks the cleavage of pro-caspase-1 and prevents the 186 

subsequent maturation and secretion of interleukins IL-1$\beta$ and IL-18, two foundational 187 

drivers of plaque rupture (44). Furthermore, IPA promotes cholesterol efflux from foam cells by 188 

upregulating the expression of ATP-binding cassette transporters ABCA1 and ABCG1 via a liver 189 

X receptor (LXR)-dependent pathway (45). 190 

In apolipoprotein E-deficient (ApoE^{-/-}) mouse models, chronic treatment with IPA resulted in 191 

a marked stabilization of advanced atherosclerotic lesions, characterized by increased collagen 192 

content, thickened fibrous caps, and a significantly reduced necrotic core area (46). Human 193 

metabolomic screening cohorts have consistently demonstrated an inverse correlation between 194 

plasma IPA concentrations and the incidence of acute myocardial infarction, confirming that 195 

indole-mediated AhR activation represents a critical endogenous defense mechanism against 196 

atherothrombosis (47). 197 

 198 

  Microbial Metabolites in Heart Failure and Remodeling: 199 

The progression of heart failure (HF) is inextricably linked to alterations in intestinal perfusion 200 

and barrier function, a phenomenon termed the "gut-heart hypothesis" (48). Intestinal 201 

congestion secondary to right heart failure induces local hypoxia, disrupting the mucosal barrier 202 

and facilitating the translocation of bacterial endotoxins into the portal circulation (49). This 203 

endotoxemia triggers a systemic, low-grade inflammatory state that accelerates myocardial 204 

fibrosis and adverse left ventricular remodeling (50). 205 

Concurrently, this dysbiotic state causes a severe reduction in the populations of beneficial, 206 

obligate anaerobic bacteria, leading to a marked deficiency in systemic cardioprotective 207 

metabolites (51). Studies evaluating the therapeutic restoration of the SCFA butyrate in HF 208 

models have revealed a profound suppression of cardiac fibroblast activation (52). Butyrate acts 209 

directly on cardiac fibroblasts to inhibit the transformation into alpha-smooth muscle actin 210 

(\alpha-SMA)-positive myofibroblasts by blocking the transforming growth factor-beta 1 (TGF-211 

\beta1)/Smad3 signaling axis (53). 212 

Additionally, the preservation of gut barrier integrity using targeted postbiotics prevents the 213 

systemic influx of lipopolysaccharides (LPS), thereby suppressing toll-like receptor 4 (TLR4) 214 

signaling within the myocardium (54). This double-pronged mechanism—reducing systemic 215 

endotoxin exposure while amplifying local cardioprotective signaling—mitigates cardiomyocyte 216 

hypertrophy and prevents the transition from compensated hypertrophy to dilated, 217 

decompensated heart failure (55). 218 

 219 

  Translational Pharmacology: Small Molecules and Engineered Biotics 220 



 

 

Translating the cardioprotective metabolome from preclinical validation into clinically applicable 221 

therapeutics requires innovative pharmacological platforms (56). The traditional paradigm of 222 

direct oral metabolite supplementation faces substantial pharmacokinetic hurdles, including 223 

rapid first-pass hepatic metabolism and low systemic bioavailability (57). To circumvent these 224 

limitations, current biotechnology pipelines are advancing along two primary frontiers: small-225 

molecule gut-restricted enzyme inhibitors and engineered live biotherapeutic products (LBPs) 226 

(58). 227 

Small-molecule strategies focus on selectively inhibiting bacterial enzymes responsible for 228 

generating harmful metabolites, such as using non-lethal choline analogues like 229 

iodomethylcholine (IMC) to inhibit microbial choline TMA-lyase, thereby shifting the metabolic 230 

balance toward protective pathways (59). Conversely, engineered LBPs involve modifying non-231 

pathogenic, commensal bacterial strains (e.g., *Lactobacillus* or *Bifidobacterium* species) to 232 

overexpress specific biosynthetic operons, such as the *bsh* gene for bile acid deconjugation or 233 

the *bna* cluster for butyrate production (60). These living therapeutics are formulated with acid-234 

resistant, colon-targeted encapsulation systems to ensure precise distal intestinal delivery (61). 235 

Furthermore, synthetic biology platforms have successfully designed "smart" biotics that 236 

modulate their metabolic output in response to real-time microenvironmental cues, such as 237 

intestinal inflammation or oxidative stress (62). Phase I clinical trials initiated between 2024 and 238 

2026 have demonstrated that these engineered strains safely colonize the human GI tract 239 

without altering systemic ecological biodiversity, providing a sustained, controlled release of 240 

cardioprotective metabolites directly into the portal circulation (63). 241 

 242 

Guideline Alignment and the Therapeutic Horizon: 243 

As microbiome-derived therapeutics advance toward clinical standard-of-care, their integration 244 

must align with current guideline-directed medical therapies (GDMT) established by major 245 

international societies, including the American Heart Association (AHA), European Society of 246 

Cardiology (ESC), and National Comprehensive Cancer Network (NCCN) guidelines for 247 

managing treatment-related cardiotoxicity (64). Rather than seeking to replace foundational 248 

agents like SGLT2 inhibitors, ARNIs, or high-intensity statins, metabolome-targeted drugs are 249 

being developed as complementary, synergistic add-on therapies (65). 250 

For instance, combining SGLT2 inhibitors—which optimize systemic glucose excretion and 251 

ketone utilization—with Urolithin A-mediated mitophagy could provide an unprecedented dual 252 

boost to cardiomyocyte energetic efficiency (66). Similarly, secondary bile acid modulators can 253 

complement PCSK9 inhibitors by clearing intracellular cholesterol via distinct hepatic pathways, 254 

potentially addressing the persistent residual lipid risk seen in high-risk coronary artery disease 255 

cohorts (67). 256 

In cardio-oncology, where anthracycline- or immune checkpoint inhibitor-induced cardiotoxicity 257 

severely limits cancer treatment longevity, preclinical models show that pre-treatment with 258 

indole-3-propionic acid dramatically limits chemotherapy-induced cardiomyocyte apoptosis 259 

without compromising oncological efficacy (68). This strategic alignment with established clinical 260 

pathways positions the cardioprotective metabolome not as an alternative medical curiosity, but 261 

as a critical, precision-medicine frontier in next-generation cardiovascular care. 262 

 263 

  Future Directions and Recommendations: 264 



 

 

The transition of the cardioprotective metabolome from bench to bedside requires addressing 265 

several scientific, technical, and regulatory challenges. The following recommendations outline 266 

key priorities for the field over the next decade: 267 

 ―Establishment of Standardized Biomarker Panels:”  Future clinical trials must implement 268 

standardized, high-throughput liquid chromatography-mass spectrometry (LC-MS/MS) assays to 269 

establish definitive reference intervals for cardioprotective metabolites (e.g., butyrate, urolithin 270 

A, indole-3-propionic acid) in diverse patient populations. 271 

   ―Deciphering Inter-Individual Metabotype Variation:” Given that human populations 272 

possess distinct gut microbiome compositions ("metabotypes"), individuals vary in their capacity 273 

to convert dietary precursors into active cardioprotective molecules (e.g., "urolithin responders" 274 

vs. "non-responders"). Future therapeutic strategies should employ a precision-medicine 275 

approach, utilizing baseline metagenomic sequencing to stratify patients before initiating 276 

treatment. 277 

   ―Optimization of Targeted Delivery Systems:” To overcome the poor pharmacokinetics of 278 

raw metabolites, investment should be directed toward developing advanced biomaterials, such 279 

as pH-dependent polymeric nanoparticles or microencapsulated hydrogels, capable of safely 280 

bypassing the stomach and upper small intestine to release active compounds directly in the 281 

cecum and colon. 282 

   ―Expansion of Dedicated Cardio-Microbiome Trials:” Large-scale, multicenter, randomized 283 

controlled trials are urgently needed to evaluate hard cardiovascular endpoints (e.g., major 284 

adverse cardiovascular events [MACE], cardiovascular mortality) rather than relying solely on 285 

surrogate metabolic or inflammatory biomarkers. 286 

    ―Regulatory Framework Definition:”  Regulatory bodies (such as the FDA and EMA) must 287 

establish clear, streamlined pathways specifically tailored for Live Biotherapeutic Products 288 

(LBPs) and postbiotics, defining strict parameters for strain stability, purity, viable cell count 289 

shelf-life, and off-target ecological safety within the native gut flora. 290 

 291 

Conclusion: 292 

The exploration of the human gut microbiota has revealed a sophisticated biochemical network 293 

where microbial metabolites serve as critical systemic messengers regulating cardiovascular 294 

health. The historical focus on detrimental microbial outputs, such as TMAO, has evolved into a 295 

balanced understanding that includes the cardioprotective metabolome. As detailed in this 296 

review, short-chain fatty acids, urolithin A, secondary bile acids, and indole derivatives exert 297 

significant protective effects by preserving endothelial function, maintaining cardiomyocyte 298 

mitochondrial integrity, regulating systemic lipid levels, and suppressing chronic vascular 299 

inflammation. 300 

The successful transition of these discoveries from "bugs to drugs" requires moving past 301 

generic probiotic designs toward precision pharmacology. This shift includes the deployment of 302 

gut-restricted small-molecule enzyme inhibitors and genetically engineered live biotherapeutic 303 

products. When properly aligned with established guideline-directed medical therapies, these 304 

microbiome-targeted interventions offer a complementary approach to cardiovascular care. 305 

Targeting this microbial-mammalian symbiotic interface provides a promising therapeutic 306 

frontier, offering opportunities to reduce residual cardiovascular risk and improve long-term 307 

clinical outcomes for patients worldwide. 308 
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