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Abstract

The gut microbiome is emerging as an important contributor to both cardiovascular disease risk 

and metabolism of xenobiotics. Alterations in the intestinal microbiota are associated with 

atherosclerosis, dyslipidemia, hypertension and heart failure. The microbiota have the ability to 

metabolize medications which can results in altered drug pharmacokinetics and 

pharmacodynamics or formation of toxic metabolites which can interfere with drug response. 

Early evidence suggests that the gut microbiome modulates response to statins and 

antihypertensive medications. In this review we will highlight mechanisms by which the gut 

microbiome facilitates the biotransformation of drugs and impacts pharmacological efficacy. A 

better understanding of the complex interactions of the gut microbiome, host factors and response 

to medications will be important for the development of novel precision therapeutics for targeting 

CVD.

Keywords

metabolomics; pharmacogenetics; drug; statin; gut microbiome; drug response; Cardiovascular 
Disease; Lipids and Cholesterol; Genetics; Hypertension; Pharmacology

Introduction

Cardiovascular disease (CVD) remains the leading cause of death worldwide. While 

evidence-based strategies such as high-dose statins are available, treatment response is 

individual and varied. Many individuals remain at high risk of developing CVD, despite 

adherence to recommended therapies. Genetic contributions have an important role in CVD 

pathogenesis, yet genetic variation alone may only account for 20% of the risk of developing 

CVD.1 Lifestyle factors such as poor diet and physical inactivity are well established 

contributors to the development of CVD,2, 3 however the mechanisms remain incompletely 

understood. Together, these observations suggest that an improved understanding of the 

environmental factors contributing to both CVD pathogenesis and pharmacological 
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variability to cardiovascular drug treatment will enhance our efforts in decreasing CVD 

related morbidity and mortality.

Increasing evidence has linked the activity and composition of the gut microbiome to health 

and disease. The human body is colonized by trillions of microorganisms, collectively 

known as the microbiome. Together, these microbiota possess hundreds of times as many 

genes as coded in the human genome.4 The gut microbiome is a complex community that 

contributes to important host metabolic functions such as processing nutrients and regulation 

of the immune system which are necessary to maintain healthy host physiology.4 Advances 

in high throughput sequencing technology such as 16S amplicon sequencing or shotgun 

metagenomics has allowed for the identification of human-associated microorganisms 

without the need for culturing.5 Alterations in gut microbiome composition are associated 

with pathogenesis of several human diseases such as obesity6, diabetes,7 and cardiovascular 

disease including atherosclerosis,8, 9 dyslipidemia,10, 11 hypertension12 and heart failure.13 

Importantly, intestinal microbiota impacts the metabolism of xenobiotics14, 15 and have been 

shown to be a contributing factor in drug variability.16

The gut microbiota can impact host function through the generation of bioactive metabolites 

such as peptides, antibiotics, amino acids, and bile acids that can mediate host receptor 

activation, signaling and immunomodulatory effects.17, 18 Several categories of gut derived 

metabolites have been linked with CVD such as short chain fatty acids (SCFA) and bile 

acids.19, 20 Most recently, trimethylamine-N-oxide (TMAO), a metabolite derived from 

dietary choline and carnitine by the actions of the gut microbiome, was discovered to be a 

causal contributor to CVD risk.21–24 Microbiome derived metabolites may also affect drug 

response by interfering with drug pharmacokinetics and pharmacodynamics.25, 26

In this review, we provide a brief overview of the contribution of the gut microbiome to the 

development of CVD. We outline how gut microbiome composition influences drug 

metabolism, with specific evidence for cardiovascular drugs, and discuss mechanisms by 

which the microbiome exerts its effects on CVD and variation in drug response.

Contribution of the gut microbiome to cardiovascular disease

There are several lines of evidence suggesting that the gut microbiome contributes to 

cardiovascular disease. Atherosclerotic plaques from patients with coronary artery disease 

contain DNA from a wide range of bacterial species,27 which correlate with bacterial 

abundance in the oral cavity and intestine.8 In mice, gut microbial transplants have 

demonstrated a causal role for microbiota in inducing inflammation and accelerating 

atherosclerosis 28, likely through modulation of SCFA production and inflammatory 

signaling.

Trimethylamine-N-oxide (TMAO), a metabolite derived from dietary choline and carnitine 

by the actions of the gut microbiome associates with incident and prevalent major 

cardiovascular events21, 24 as described in detail in recent reviews29–31 TMAO has also been 

shown to be elevated in patients with heart failure and associated with greater all-cause 

mortality.32, 33TMAO is pro-atherogenic, pro-thrombotic and a causal contributor to CAD 
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risk.22–24 In animal models, TMAO decreases reverse cholesterol transport, 22 the 

mechanism by which macrophages remove cholesterol from peripheral tissue for excretion 

through the bile.

The intestinal microbiota also regulate host lipid metabolism10, 11 with effects that are 

similar in magnitude to that explained by host genetics and independent of body mass index.
10 The mechanism of how the gut microbiome regulates plasma lipid levels is unknown; 

however the role of gut bacteria in bile acid metabolism has been well described.34–37 Since 

microbial enzymes have the potential to create dozens of bile acid metabolites, each with 

differing potential to activate host receptors, further investigation in humans into how gut-

derived metabolites may interface with lipid metabolism is warranted.

Alterations in the gut microbiome have been observed in hypertensive animals12, 38 and 

patients.39 While mechanisms remain unclear, both SCFAs and sodium-dependent 

inflammation have been implicated as microbiome-mediated contributors to hypertension.
12, 40, 41 While the evidence supports a causal role for microbiota in cardiovascular disease, 

many mechanistic questions remain.

Mechanisms by which the gut microbiome impact drug response

The United States spent $333.4 billion dollars on prescription drugs in 2017, accounting for 

10% of total national health spending.42 Individual patients display significant variation in 

response to medication and drug related adverse events result in considerable morbidity and 

mortality.43–45 Therefore there is a strong interest in understanding the host and 

environmental factors underlying the variation in drug response and the occurrence of 

adverse events. Age, sex, nutritional status, disease states, along with genetic and 

environmental exposures can explain how individuals will respond to drug therapies.43, 45, 46 

However, genetic factors associated with drug response or pharmacogenomics has only 

explained variability for a small proportion of drugs. For example, in the most recent 

pharmacogenomic meta-analysis of LDL-C response to statins in 40,000 individuals, only 

four loci reached genome-wide significance (APOE, LPA, SORT1 SLCO1B1), and together 

they explained only ~5% of the variation in LDL-C response to statin treatment.47 The 

microbiome is increasingly recognized as an under-explored contributor to variation in drug 

metabolism and pharmacological efficacy. Greater than 50 drugs display evidence for 

metabolism by the gut microbiome.14 Gut microbiota can directly and indirectly influence 

drug response either by interfering with drug pharmacokinetics or pharmacodynamics.

Pharmacokinetic interactions

Drug absorption is a complex process that is dependent on multiple factors including: drug 

solubility in gastrointestinal (GI) fluids, stability of the drug in the pH of the GI lumen, GI 

transit time, permeability across epithelial membranes and pre-systemic metabolism by host 

and microbial enzyme systems.48 The pH changes along the GI lumen affect not only drug 

stability but provide distinct microenvironments that are amenable to growth of certain 

microbiota. For example, areas with low pH create a harsh environment for bacterial growth 

and limit the diversity of bacteria residing there.48
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Most xenobiotics are metabolized in the liver to more hydrophilic compounds in order to 

facilitate excretion from the body.49 Phase I drug metabolizing enzymes, encoded by the 

cytochrome P450 (CYP P450) system, are involved in oxidation, reduction and hydrolysis 

reactions while phase II enzymes perform conjugation reactions.45 The intestine itself is an 

important drug metabolizing organ as it also expresses many drug metabolizing enzymes 

and drug transporters and contributes to pre-systemic metabolism and drug transport from 

the intestinal lumen. The gut microbiota also possess the genetic machinery necessary to 

produce enzymes that metabolize orally administered drugs which are focused on two main 

reaction types- hydrolysis and reduction. Microbial metabolism transforms hydrophilic 

drugs into more hydrophobic compounds, which enhance their absorption across the gut 

lumen.48

Microbial activity can thus result in altered drug pharmacokinetics, activation of prodrugs, 

unwanted formation of toxic metabolites or inactivation of drugs.50 Therefore inter-

individual differences in intestinal bacterial species also contribute to the variation in drug 

response.14, 16 Examples of microbial biotransformations are listed in the Figure. Since there 

is a paucity of examples within the cardiovascular field, many well-known microbial 

reactions from other areas that impact drug pharmacokinetics and pharmacodynamics are 

described.

Absorption

A classic example in which the gut microbiome can interfere with drug bioavailability is 

with digoxin, a drug used for the treatment of heart failure. In 10% of patients, digoxin is 

converted to the inactive microbial metabolite dihydrodigoxin by, eggerthella lenta, limiting 

the amount of active drug that is absorbed into the systemic circulation. 51 Recent studies 

have identified a cytochrome-encoding operon, termed the cardiac glycoside reductase (cgr) 
that is activated by digoxin and is present in some strains of E. lenta but absent from 

nonreducing strains.52 The presence of the cgr operon but not the abundance of E. lenta 
itself predicts digoxin inactivation by the gut microbiome. Clinically coadminstration of 

digoxin with antibiotics53 or arginine rich diet52 will impair this microbial reaction and 

result in increased systemic digoxin levels and clinically relevant fluctuations in drug levels.

Distribution

In the treatment of inflammatory bowel disease, prodrugs are formulated with azo-bonds to 

overcome the acidic environment of the stomach and degradative enzymes of the small 

intestine in order to deliver drug to the colon. Microbiota of the colon produces 

azoreductases capable of reducing azo-bonds, and thereby releases the active drug at the 

desired site of action. Sulfasalazine, a prodrug, is converted to its pharmacologically active 

form, 5-amino 5-salicylic acid by the action of microbial azoreductases.54 The introduction 

of azo bonds has been applied to enhance drug distribution of additional drugs used to treat 

inflammatory bowel disease including olsalazine and balsalazide.50

Metabolism

Nitrazepam, a benzodiazepine, used for the treatment of anxiety and insomnia, undergoes 

nitro reduction by gut microbiota to 7-amino-nitrazepam, a teratogenic metabolite.55 
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Similarly, another sedative clonazepam is metabolized to 7-aminoclonazapam by the gut 

microbiome.48 Both of these reduction reactions are inhibited in the presence of antibiotics. 
48 Other types of microbial reactions are listed in the Figure.

Excretion

The intravenous chemotherapeutic prodrug irinotecan, used to treat colorectal cancer is 

activated by hydrolysis by host enzymes to SN-38. In the liver SN-38 is inactivated by phase 

II enzymes by the glucuronidation pathway and the glucuronide metabolite is excreted to the 

intestine via the biliary route where it is exposed to gut bacteria56 Bacteria expressing β-

glucuronidases remove the glucuronide group and reactivates the drug in the intestine 

resulting in severe diarrhea. Oral administration of a specific inhibitor of the β-

glucuronidase enzyme in mice was shown to reduce irinotecan induced toxicity.57

Indirect effects

The gut microbiome can produce small molecules that can be metabolized by the same host 

drug metabolizing enzymes used for xenobiotics.15 The analgesic drug acetaminophen is 

primarily metabolized in the liver by phase II enzymes to the inactive acetaminophen sulfate 

and acetaminophen glucuronide. A minor metabolite of acetaminophen, N-acetyl p-

benzoquinone imine (NAPQI) results in liver toxicity.58 A metabolomics study in 90 human 

subjects identified a microbial derived metabolite p-cresol that is systemically absorbed and 

undergoes sulfation in the liver.15 Both acetaminophen and p-cresol are substrates for the 

human cytosolic sulfotransferases 1A1 (SULT1A1). This competitive binding can impede 

the ability for the liver to detoxify acetaminophen, leading to NAPQI accumulation.

In addition to their direct effects on drug metabolism, the gut microbiota can regulate the 

expression of several CYP P450 enzymes and nuclear receptors. An RNA sequencing study 

comparing the transcript levels of phase I and phase II drug metabolizing enzymes and 

transporters in the liver of germ-free mice with conventional mice showed significant 

differential expression in many of these genes.59 Most notably, cyp3a11 the mouse ortholog 

of CYP3A4 in the human, which metabolizes more than 40% of the drugs on the market,45 

was significantly decreased in the livers of germ-free mice. This means that any 

environmental factors known to perturb the gut microbiota such as antibiotics, prebiotics or 

diet may alter not only the bacteria themselves, but can have consequences on the host 

ability to metabolize many xenobiotics.

Pharmacodynamic Interactions

The microbiome can also modify the host response to drug efficacy and toxicity. Although 

not as well described for cardiovascular drugs, the mechanism by which the microbiome 

modifies both the toxicity and efficacy of chemotherapeutic drugs has recently described 

using a mechanistic framework called TIMER-- Translocation, Immunomodulation, 

Metabolism, Enzymatic degradation and Reduced diversity.60 For example in mice, 

cyclophosphamide causes intestinal villi shortening and translocation of commensal 

bacteria. This translocation resulted in a reduction in the bacterial species required to 

mediate the beneficial type 17 T helper (TH17) anti-tumor response.61 Furthermore, long-
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term treatment with vancomycin, commonly used for the treatment of gram-positive 

infections in the hospital, inhibited the antitumor effects of cyclophosphamide.

The gut microbiome has been shown to influence the antitumor immune responses in the 

treatment of melanoma with checkpoint inhibitors which target programmed cell death 

protein (PD-1).62 In 112 patients with melanoma undergoing treatment with anti-PD-1 

therapy, the fecal microbiome of responders were enriched with Faecalibacterium and those 

with a high abundance had a significantly prolonged progression free survival compared 

with those with a low abundance. Additionally, fecal overabundance of the Bacteroidetes 

phylum was correlated with decreased occurrence of immune-mediated colitis, a common 

side effect seen with checkpoint inhibitor therapy.63 A favorable microbiome profile may 

help predict response and minimize toxicity with anti-PD-1 immunotherapy and further 

evaluation of modulating the gut microbiome in patients receiving checkpoint blockade is 

warranted.

The impact of the gut microbiome on cardiovascular therapeutics

The knowledge of how the microbiome influences drug response is still in its infancy and 

interaction of the gut microbiome with cardiovascular medications is only now being 

uncovered. Metagenomic sequencing of stool samples in 1135 participants from a cohort 

study in the Netherlands, revealed that the use of several pharmaceutical agents had a 

significant impact on the gut microbiome, including statins, beta-blockers, angiotensin-

converting enzyme inhibitors, and platelet aggregation inhibitors.64 Some of these 

associations have been replicated in another cross-sectional study of 2700 individuals from 

the British TwinsUK cohort, confirming the association of several bacterial taxa with 

medications use, including beta-blockers and alpha blockers.65 At this time the specific 

effects and mechanisms are unknown (Table) and interventional studies will be required to 

clarify the potential bi-directional effects of drug-microbiota interactions.

Gut microbiome and statin response

Interindividual variation to statin response is well known. High dose statins are expected to 

reduce LDL-C by at least 50%, however treatment response is individual and varied, with a 

high proportion of individuals exhibiting a suboptimal outcomes (<30% reduction in LDL-

C).74 A meta-analysis of statin interventional trials encompassing 32,258 patients from 37 

trials, showed the standard deviation of LDL-C reduction for all statins and doses ranged 

from 12.8 to 17.9% and the percentage of patients experiencing suboptimal responses ranged 

from 5.3 to 53.3%.74 This variability was not related to specific statin or dose. In the Jupiter 

study75, where healthy subjects with a median baseline LDL-C of 108 mg/dL (IQR 94–119 

mg/dL) received rosuvastatin 20 mg, 46% experienced a LDL-C reduction of ≥50%, 43% 

experienced a LDL-C reduction between 0% and 50%, and 11% experienced no reduction or 

an increase in LDL-C compared with baseline. Genome-wide association (GWA) analysis 

has been applied to understanding the genetic basis of the variation in LDL-C lowering 

response, but has identified only a handful of variants.47, 76–78

Simvastatin, rosuvastatin and atorvastatin, three of the most commonly prescribed statin 

medications, display evidence for modulation by the gut microbiome. In a study involving 
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plasma metabolomic profiling in 100 human subjects, baseline concentrations of three 

secondary, bacterial-derived bile acids, lithocholic acid, taurolithocholic acid and 

glycolithocholic acid, positively predicted the magnitude of simvastatin induced LDL-C 

lowering.66 In addition pre-treatment concentrations of chenodeoxycholic acid and 

deoxycholic acid were correlated with on-treatment plasma simvastatin concentrations. The 

authors showed that plasma levels of seven bile acids, including the previously mentioned 

lithocholic acid and taurolithocholic acid, were higher in minor allele carriers of the SNP 

rs4149056 in the gene encoding the organic anion transporter SLCO1B1. This is the same 

nonsynonymous variant identified in genome-wide association analysis associated with 

increased risk of simvastatin induced myothpathy.51 This SNP has been shown to reduce the 

activity of the transporter in vitro52 and has a strong impact on simvastatin 

pharmacokinetics.53 The mechanism(s) of the association of bile acids with LDL-C response 

to statin medications remains unknown. Gut derived bile acids may directly influence drug 

pharmacokinetics, and therefore drug response, by competing with drug transport 

mechanisms across the gut lumen, or by influencing uptake in the liver. Statins may also 

directly alter the abundance of specific bacterial species, modulating the abundance of 

bacteria encoding enzymes involved in bile acid metabolism; however these hypotheses 

remain to be tested.

A proof-of-concept study in human subjects with hyperlipidemia showed that 4–8 weeks of 

rosuvastatin treatment significantly altered the gut microbiome and the abundance of 

specific bacterial taxa which was correlated to the LDL-C lowering response of the drug.67 

The phyla Firmicutes and Fusobacteria were negatively associated with LDL-C levels, but 

Cyanobacteria and Lentisphaerae were positively associated. However, this observational 

study lacked a control group, and the bacterial sequencing was performed only after 

treatment, thus the investigators were unable to assess the change in the microbiome. It has 

been hypothesized that the LDL-C response to statins may be due to the activity of bacteria 

containing bile salt hydrolases (bsh). A randomized placebo controlled clinical trial of 127 

participants, treatment with Lactobacillus reuteri, a bacteria with elevated bile salt hydrolase 
(bsh) activity, was shown to significantly reduced LDL-C levels.79 In addition, individual 

changes in LDL-C were inversely correlated with circulating bile acids. Bile salt hydrolase 

activity has been characterized in Firmicutes,80 a species associated with LDL-C in response 

to rosuvastatin identified in the previous study.67 Treatment of mice with rosuvastatin 

modulated the composition of the bacterial species, and reduced hepatic expression of the 

CYP27a1,68 which encodes an enzyme regulating the conversion of 7α-hydroxycholesterol 

to chenodeoxycholic acid, a primary bile acid.35, 81, 82 Rosuvastatin, by inducing gene 

expression changes, altered the concentrations of bile acids which contribute to the 

composition of gut microbiota.

In an animal model, atorvastatin decreased the amounts of secondary bile acids in the small 

and large intestine.69 Treatment of rats fed a high-fat diet with atorvastatin showed 

significant alterations in gut microbial communities towards species similar to healthy 

control rats fed a normal diet.70 A cross-sectional study compared the gut microbiome in 15 

untreated hypercholesterolemia patients, 27 atorvastatin treated hypercholesterolemia 

patients, with 19 healthy subjects.71 The untreated hypercholesterolemia patients showed a 

distinct bacterial signature with species associated with inflammation (e.g. Collinsella, 
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Streptococcus) while atorvastatin treated patients had an increased abundance of putative 

anti-inflammatory species (Akermansia muciniphila, Faecalibacterium prausnitzii).

Rosuvastatin has also been associated with an uncommon side effect of fish odor syndrome 

which is mediated by the gut microbiome.83 Rosuvastatin contains a tertiary amine, which 

competed with TMA for metabolism by FMO3 in the liver, elevating levels of TMA and 

subsequent excretion in the urine, resulting in fish odor syndrome.

Gut microbiome and antihypertensive drugs

The data on the effects of the gut microbiome and specific antihypertensive medications is 

limited and mainly based on animal studies. Amlodipine is a calcium channel blocker that is 

relatively well absorbed across the GI tract with a bioavailability of 60%. The drug is 

primarily oxidized in the liver by CYP3A4 enzymes to inactive metabolites. Amlodipine, 

when incubated ex vivo with human and rat fecal suspensions over a 72 hour period, 

decreased in concentrations while its major metabolite increased.72 Pharmacokinetic 

analysis of orally administered amlodipine in rats showed a significantly increased 

amlodipine area under the curve when pre-treated with ampicillin, indicating enhanced 

absorption across the GI tract as a result of suppression of metabolic activity of the gut 

microbiota. A three day separation between the administration of ampicillin and amlodipine 

was employed to avoid a direct drug-drug interaction with the two medications. Therefore 

any alterations in the gut flora, such as seen with antibiotics, may result in variation in blood 

pressure control

Hypertensive rats treated with captopril reversed the dysbiotic state associated with 

hypertension by decreasing intestinal permeability and fibrosis and improving villi length.73 

Further work is needed to determine which specific bacterial genera are associated with 

inflammation and hypertension and how these are impacted by antihypertensive drugs.

Anticoagulant, anti-platelet and anti-inflammatory drugs

Warfarin is a commonly prescribed anticoagulant used for the treatment of thromboembolic 

disorders and is subject to numerous drug and food interactions.84 Warfarin produces its 

effects by inhibiting the vitamin K dependent activation of clotting factors II, VII, IX and Z. 

Concomitant administration of warfarin and antibiotics has been shown to increase bleeding 

events with warfarin.85 Antibiotics may elevate the bleeding risk by interfering with warfarin 

metabolism through inhibition or induction of CYP enzymes.84 Alternatively, antibiotics 

may disrupt the intestinal flora resulting in an elimination of vitamin K producing bacteria, 

such as bacteriodes, leading to alteration in coagulation status.86

Aspirin is a commonly prescribed antiplatelet drug used to treat and prevent CVD by 

inhibition of cyclooxygenase (COX)-1 enzymes and prostaglandin synthesis. Non-steroidal 

anti-inflammatory drugs (NSAIDs) are known to damage the mucosa of the upper GI tract87 

and gut microbiome composition is a contributing factor.88, 89 The gut microbiome 

composition was associated with use of the NSAIDs including aspirin.90 Four species were 

able to discriminate aspirin users from non-users (Prevotella species, Bacteroides species, a 

member of the Ruminococaceae family and Barnesiella species) with an area under the 

curve of the receiver operating curve 0.96 (95% CI 0.84–1.00). Mechanistic studies in mice 
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reveals a bidirectional effect of another NSAID, indomethacin, on the gut microbiome- 

where indomethacin altered the composition of the microbiome and the microbiome altered 

indomethacin metabolism.89 Gut derived β-glucuronidases deconjugate indomethacin 

metabolites allowing for enterohepatic recycling of the drug, prolonged drug exposure and 

enhanced pharmacological effects. Aspirin resistance has been well-documented in the 

population and occurs in 6–60% of individuals, depending on how it is defined.91 While 

genetic studies have identified several genes associated with variation in response to aspirin,
92 the contribution of the gut microbiome on variation in aspirin response had not been fully 

explored.93

Targeting of the gut microbiome and implications for drug development

While still in the early stages, efforts are ongoing to develop therapeutics which improve 

cardiovascular health through modulation of the microbiome, thus directly targeting 

microbes and microbial metabolism rather than the host. This approach has considerable 

appeal, as a precision medicine strategy that would potentially have far smaller chances of 

side effects compared with drugs that target host metabolism. For example small molecules 

inhibiting the microbial production of the TMAO precursor, trimethylamine, are currently 

being pursued.94, 95 Further, efforts to increase production of anti-inflammatory N-acyl 

phosphatidylethanolamines (NAPEs) have been successful in treating obesity and 

cardiometabolic disease in animal models. 96, 97

Knowledge of microbial reactions may be used in rational drug design as chemical groups 

that are known to be metabolized by the microbial species could be removed or modified to 

control drug delivery. Inhibitors of known microbial enzymes are also being developed. 

Targeting microbial reactions may be beneficial in limiting drug toxicity. For example, 

inhibition of bacterial β-glucuronidase may prove useful for irinotecan associated diarrhea.
57, 60 A systems approach to drug development that incorporates host and microbial 

genetics, environmental inputs (e.g. diet, exercise, alcohol use) along with clinical and 

disease data (e.g. critical illness98) will need to be considered.

Challenges and Future Directions

There is a considerable challenge in understanding how to utilize knowledge of microbiome 

composition and function in clinical practice. Beyond descriptive studies which show 

differences in microbiome composition between groups of patients, we need longitudinal 

and interventional studies to understand the dynamic nature of the microbiome over time, 

particularly during development of disease, and in response to dietary, lifestyle, or 

pharmacological treatment of disease. Consideration of the microbiome as a factor in drug 

non-response, and in variability of responses will be important in understanding how much 

the microbiome plays a role in drug efficacy. At the same time, effective strategies to alter 

microbiome composition must be tested. Phytochemicals and other dietary substances are 

also metabolized by the gut microbiome, which independently influence disease risk, and 

potentially interact with medications.99 Simultaneous profiling of the gut microbiome along 

with metabolomics and other omics profiling, in conjunction with functional interrogation, 
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will allow us to pinpoint the mechanisms by which the gut microbiome interacts with the 

host to modulate drug metabolism and response.25

Conclusion

Several drugs used for the treatment of CVD show evidence for an interaction with the gut 

microbiome. Our current understanding of microbial-host interactions and their impact on 

CVD and drug response is still superficial. Comprehensive deep phenotyping studies are 

required to understand the directionality and complex relationship between the host, the 

microbiome, and medications. Well-controlled clinical studies to investigate the impact of 

differences in microbiome composition on outcomes in response to treatment of disease are 

still needed. A deeper understanding of the molecular mechanisms by which the gut 

microbiome contributes to CVD risk and drug response will enable us to improve outcomes 

for patients with cardiovascular disease, and move towards microbiome-informed precision 

medicine.
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Abbreviations

bsh bile salt hydrolase

cgr cardiac glycoside reductase

COX cyclooxygenase

CVD cardiovascular disease

CYP P450 cytochrome P450

FXR farnesoid X receptor

GI gastrointestinal

NAPEs N-acyl phosphatidylethanolamines

NAPQI N-acetyl p-benzoquinone imine

NSAIDs Non-steroidal anti-inflammatory drugs

PD-1 programmed cell death protein

SCFA short chain fatty acids

SULT1A1 sulfotransferases 1A1

TH17 type 17 T helper

TMAO trimethylamine-N-oxide
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Figure 1. 
Mechanisms by which the gut microbiome influence drug response. A. The gut microbiota 

produce enzymes that can directly metabolize drugs via biochemical reactions (acetylation, 

β-glucuronidation, deconjugation, dihydroxylation, denitration, hydrolysis, reduction, etc) 

interfering with drug pharmacokinetics. These reactions can biotransform prodrugs to 

activate metabolites, inactive compounds or lead to the formation of toxic metabolites. B. 

The gut microbiota can indirectly influence response to medication by the generation of 

microbial metabolites that can compete with host transport or detoxification systems, impact 

host receptor signaling pathways and alter host gene expression. Additional opportunities for 

microbiome-drug interactions exist for medications that undergo biliary excretion.

Tuteja and Ferguson Page 17

Circ Genom Precis Med. Author manuscript; available in PMC 2020 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Tuteja and Ferguson Page 18

Ta
b

le
.

K
no

w
n 

an
d 

pr
op

os
ed

 m
ec

ha
ni

sm
s 

by
 w

hi
ch

 th
e 

gu
t m

ic
ro

bi
ot

a 
m

ay
 in

fl
ue

nc
e 

ca
rd

io
va

sc
ul

ar
 d

ru
g 

ou
tc

om
es

D
ru

g
B

ac
te

ri
a

M
ec

ha
ni

sm
(s

)
O

ut
co

m
e

K
no

w
n 

m
ic

ro
bi

om
e-

dr
ug

 in
te

ra
ct

io
ns

D
ig

ox
in

52
E

gg
er

th
el

la
 le

nt
a

In
ac

tiv
at

io
n 

by
 r

ed
uc

tio
n

B
ac

te
ri

al
 r

ed
uc

ta
se

 a
ct

iv
ity

 d
ec

re
as

es
 a

m
ou

nt
 o

f 
ac

tiv
e 

dr
ug

 r
ea

ch
in

g 
ta

rg
et

 ti
ss

ue
s

Pr
op

os
ed

 m
ic

ro
bi

om
e-

dr
ug

 in
te

ra
ct

io
ns

Si
m

va
st

at
in

66
N

ot
 k

no
w

n
M

ic
ro

bi
al

 d
er

iv
ed

 b
ile

 a
ci

ds
 c

om
pe

tin
g 

fo
r 

ho
st

 u
pt

ak
e 

tr
an

sp
or

te
rs

A
lte

ra
tio

n 
in

 b
ac

te
ri

al
 c

om
m

un
iti

es
 w

ith
 b

ile
 s

al
t h

yd
ro

la
se

 (b
sh

) a
ct

iv
ity

D
ec

re
as

ed
 a

m
ou

nt
 o

f 
dr

ug
 r

ea
ch

in
g 

ta
rg

et
 ti

ss
ue

s
V

ar
ia

bi
lit

y 
in

 F
X

R
 r

ec
ep

to
r 

si
gn

al
in

g

R
os

uv
as

ta
tin

67
, 6

8
N

ot
 k

no
w

n
A

lte
ra

tio
n 

in
 h

os
t g

en
e 

ex
pr

es
si

on
 o

f 
bi

le
 a

ci
d 

m
et

ab
ol

is
m

 p
at

hw
ay

s
A

lte
ra

tio
n 

in
 b

ac
te

ri
al

 c
om

m
un

iti
es

 w
ith

 b
ile

 s
al

t h
yd

ro
la

se
 (b

sh
) a

ct
iv

ity
V

ar
ia

bi
lit

y 
in

 F
X

R
 r

ec
ep

to
r 

si
gn

al
in

g

A
to

rv
as

ta
tin

69
–7

1
N

ot
 k

no
w

n
D

ec
re

as
ed

 a
m

ou
nt

 o
f 

se
co

nd
ar

y 
bi

le
 a

ci
ds

V
ar

ia
bi

lit
y 

in
 F

X
R

 r
ec

ep
to

r 
si

gn
al

in
g

A
m

lo
di

pi
ne

72
N

ot
 k

no
w

n
Pr

e-
sy

st
em

ic
 m

et
ab

ol
is

m
 b

y 
de

hy
dr

og
en

at
io

n
D

ec
re

as
ed

 a
m

ou
nt

 o
f 

ac
tiv

e 
dr

ug
 r

ea
ch

in
g 

ta
rg

et
 ti

ss
ue

s

C
ap

to
pr

il73
N

ot
 k

no
w

n
N

ot
 k

no
w

n
D

ec
re

as
ed

 in
te

st
in

al
 p

er
m

ea
bi

lit
y 

an
d 

im
pr

ov
ed

 v
ill

i l
en

gt
h

FX
R

- 
fa

rn
es

oi
d 

X
 r

ec
ep

to
r

Circ Genom Precis Med. Author manuscript; available in PMC 2020 September 01.


	Abstract
	Introduction
	Contribution of the gut microbiome to cardiovascular disease
	Mechanisms by which the gut microbiome impact drug response
	Pharmacokinetic interactions
	Absorption
	Distribution
	Metabolism
	Excretion
	Indirect effects

	Pharmacodynamic Interactions
	The impact of the gut microbiome on cardiovascular therapeutics
	Gut microbiome and statin response
	Gut microbiome and antihypertensive drugs
	Anticoagulant, anti-platelet and anti-inflammatory drugs

	Targeting of the gut microbiome and implications for drug development
	Challenges and Future Directions
	Conclusion
	References
	Figure 1.
	Table.

