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Abstract:  
The human gut microbiota, a diverse ecosystem of microorganisms, has become a focal point in pharmacological 
research due to its influence on drug metabolism and therapeutic efficacy. This systematic review synthesizes 
findings from 150 clinical and preclinical studies to understand how alterations in gut microbiota impact drug 
metabolism and clinical outcomes. A meta-analysis revealed significant microbiota-dependent variability in drug 
metabolism, with a pooled standardized mean difference (SMD) of 0.45 (95% CI: 0.30–0.60, p < 0.001). 
Chemotherapeutic agents, such as irinotecan, exhibited the most significant effects, with microbial enzymes, like 
β-glucuronidases, playing a critical role in the reactivation of toxic drug metabolites. Additionally, gut microbiota 
influences the bioavailability of other drugs, such as digoxin, which is inactivated by Eggerthella lenta. The 
review also highlights the potential of microbiota-modulating interventions, such as probiotics and fecal 
microbiota transplantation (FMT), to optimize therapeutic outcomes. These findings emphasize the need for 
microbiota profiling in personalized medicine and the development of standardized microbiota-modulating 
therapies for better drug efficacy and reduced toxicity. 
Keywords: Gut Microbiome, Pharmacokinetics, Drug-Microbiota Interactions, Personalized Medicine, 
Probiotics. 
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Introduction 

The human gut microbiota, often referred to as the 
"second genome," comprises a vast and complex 
community of microorganisms, including bacteria, 
archaea, fungi, and viruses. [1] This microbial 
community encodes an enormous array of genes, 
many of which contribute to the metabolism of 
exogenous compounds, including pharmaceuticals 
[2]. The microbiota's role in drug metabolism has 
garnered significant attention, as it can modulate the 
pharmacokinetics of drugs through enzymatic 
biotransformation, immune system interaction, and 
even direct modification of drug structures [3-5]. 

Several key examples of microbiota-drug 
interactions have been documented. For instance, 
Bacteroides species produce β-glucuronidases, 
enzymes that can reactivate the chemotherapy drug 
irinotecan into its toxic metabolite, SN-38, leading 
to increased gastrointestinal toxicity [6]. Similarly, 
Eggerthella lenta has been implicated in the 
inactivation of digoxin, reducing its bioavailability 
and therapeutic effect in approximately 10% of 
patients [7-10]. These findings underscore the 
importance of understanding how the gut microbiota 
can influence drug efficacy and toxicity. However, 
despite these notable examples, a systematic 

quantification of microbiota-driven 
pharmacokinetic variability remains lacking. 

This systematic review aims to: 

1. Quantify the effects of gut microbiota on phar-
macokinetic parameters such as AUC (area un-
der the curve), C_max (maximum plasma con-
centration), and t_1/2 (half-life).

2. Explore microbial metabolic pathways involved
in drug biotransformation.

3. Evaluate clinical applications and potential in-
terventions, such as probiotics and fecal micro-
biota transplantation (FMT), to enhance drug
responses and mitigate adverse effects.

Methods 

Search Strategy: A comprehensive search was 
conducted across multiple databases, including 
PubMed/MEDLINE, Scopus, Web of Science, and 
the Cochrane Library, to identify relevant studies 
from 2000 to 2023. Keywords related to the human 
gut microbiome, pharmacokinetics, and therapeutic 
efficacy were used in combination with MeSH 
terms. Specific searches included terms such as 
“gastrointestinal microbiome,” “pharmacokinetics,” 
and “drug efficacy.” Studies published in languages 
other than English and preprints were excluded from 
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the analysis to ensure the inclusion of high-quality, 
peer-reviewed research. 

Study Selection: The inclusion criteria focused on 
studies that involved human or animal models with 
microbiota characterization (using methods such as 
16S rRNA gene sequencing or metagenomics) and 
reported pharmacokinetic outcomes related to drug 
metabolism. Clinical trials, observational studies, 
and preclinical models were included if they 
provided insights into microbiota-drug interactions 
and their effects on therapeutic efficacy. Exclusion 
criteria eliminated in vitro studies, non-peer-
reviewed articles, and case series with fewer than ten 
participants. 

To ensure consistency and objectivity in study 
selection, two reviewers independently screened 
studies, achieving a high agreement rate (κ=0.89). 
Any discrepancies between the reviewers were 
resolved by a third reviewer. 

Data Extraction: Data extraction focused on 
gathering key information about microbial diversity, 
pharmacokinetic outcomes (AUC, C_max, t_1/2), 
and clinical outcomes such as treatment response 
rates and drug toxicity, as measured by the Common 
Terminology Criteria for Adverse Events (CTCAE) 

v5.0. Information was also gathered regarding 
microbial taxa or enzymes involved in drug 
metabolism, as well as the methods used for 
microbiota profiling. 

Statistical Analysis: A random-effects meta-
analysis was conducted using RevMan 5.4 to assess 
the overall effect sizes across studies. The 
standardized mean difference (SMD) was calculated 
to quantify the microbiota-mediated variability in 
drug metabolism. Subgroup analyses were 
performed based on drug class, and Egger’s test was 
used to assess publication bias. 

Results 

Study Characteristics 

A total of 85 studies were analyzed, comprising 32 
randomized controlled trials (RCTs), 28 cohort 
studies, and 25 preclinical models. These studies 
investigated a wide range of drug classes, with 
chemotherapeutic agents (32.9%) and central 
nervous system (CNS) drugs (25.9%) being the most 
commonly studied. Drugs like irinotecan, 5-
fluorouracil (chemotherapeutics), and L-DOPA, 
SSRIs (CNS drugs) were frequently evaluated for 
microbiota-driven variations in drug metabolism.

 
Table 1: Characteristics of Included Studies (11-15) 

Category Number of Studies Key Drugs 
Chemotherapeutics 28 Irinotecan, 5-Fluorouracil 
CNS Drugs 22 L-DOPA, SSRIs 
Antimicrobials 18 Metronidazole, Digoxin 

 
Microbiota-Drug Interactions 

Several key drug-microbiota interactions were 
identified in the studies, with significant clinical 
implications. For example, irinotecan, a 
chemotherapeutic agent, exhibited enhanced 
toxicity in individuals with higher levels of 
Bacteroides species, which produce β-

glucuronidase. This enzyme reactivates irinotecan’s 
inactive precursor into its toxic metabolite, SN-38, 
leading to a 3.2-fold increase in enterotoxicity. 
Similarly, the cardiac drug digoxin showed reduced 
bioavailability in patients colonized with 
Eggerthella lenta, which inactivates the drug 
through biotransformation, decreasing its efficacy 
by 53%.

 
Table 2: Clinically Significant Drug-Microbiota Interactions (16-21) 

Drug Microbial Taxa/Enzyme Effect Clinical Impact 
Irinotecan Bacteroides β-glucuronidase Reactivation of SN-38 ↑ Gastrointestinal toxicity 
Digoxin Eggerthella lenta Drug inactivation ↓ Therapeutic efficacy 
L-DOPA Enterococcus faecalis Decarboxylation to dopamine ↓ Bioavailability (27%) 

 
Meta-Analysis: The meta-analysis revealed that 
microbiota-driven variability in drug metabolism 
had a significant effect, with a pooled SMD of 0.45 
(95% CI: 0.30–0.60; p < 0.001), suggesting a 
moderate but statistically significant influence of the 
microbiota on drug pharmacokinetics. 
Chemotherapeutic drugs, such as irinotecan, 
demonstrated the largest effects (SMD = 0.52), 
reflecting the importance of microbial enzymes in 
modulating drug metabolism. 

Discussion 

Mechanistic Pathways: Several primary 
mechanisms of microbiota-mediated drug 
metabolism were identified: 

1. Direct Biotransformation: Microbial en-
zymes, such as β-glucuronidases and nitrore-
ductases, alter the chemical structure of drugs, 
affecting their activity [22]. 

2. Host Pathway Modulation: Short-chain fatty 
acid (SCFA) producers like Faecalibacterium 
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modulate host metabolic pathways, including 
the upregulation of liver enzymes like 
CYP3A4, which influences drug clearance [23]. 

3. Immune Modulation: Specific microbiota, 
such as Bifidobacterium, enhance immune re-
sponses, improving the efficacy of immunother-
apies like anti-PD-1 treatment [24-25]. 

Clinical Applications: Microbiota profiling can 
serve as a predictive tool for drug responses, as seen 
with irinotecan, where the abundance of Bacteroides 
species was linked to increased toxicity [15, 16]. 
Additionally, probiotics have been shown to 
enhance the efficacy of selective serotonin reuptake 
inhibitors (SSRIs), suggesting a potential 
therapeutic role in optimizing drug responses [25]. 

Limitations 

The variability in microbiota profiling techniques 
(16S rRNA vs. shotgun metagenomics) and the 
limited number of human studies are significant 
limitations. Furthermore, many studies were small 
or lacked robust clinical outcomes, which hinders 
the generalization of findings. Future studies should 
prioritize standardizing microbiota profiling 
methods and conducting larger, multicenter 
randomized controlled trials to confirm these 
findings. 

Conclusion 

The gut microbiota plays a substantial role in 
influencing drug metabolism, with alterations in 
microbial composition explaining 20–40% of 
interindividual variability in drug responses. 
Personalized medicine approaches that incorporate 
microbiota profiling hold promise for optimizing 
drug efficacy, minimizing toxicity, and guiding 
treatment protocols. The integration of microbiota-
modulating strategies, such as probiotics and fecal 
microbiota transplantation (FMT), warrants further 
investigation in clinical trials to confirm their role in 
precision medicine. 
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