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Drug-Drug 
Interactions
An ADME-DMPK 
Perspective

CYP1A2
Metabolizes various

substrates, including 

caffeine & certain 

antipsychotics.

CYP2B6
Involved in the 

metabolism of drugs 

like bupropion 

& efavirenz.

CYP2D6
Metabolizes many 

cardiovascular and 

psychiatric drugs.

CYP3A4/5
The most abundant 

CYP enzymes, 

metabolizing 

approximately 

50% of all drugs.

CYP2C8, CYP2C9 
CYP2C19

Metabolize a wide 

range of drugs, 

including nonsteroidal 

anti-inflammatory 

drugs    (NSAIDs) & 

anticoagulants.

Introduction
Drug-drug interactions (DDIs) are a significant concern in pharmacology, as they can alter the pharmacokinetics (PK) and 

pharmacodynamics (PD) of co-administered drugs, leading to adverse effects or therapeutic failures. A comprehensive 

understanding of DDIs is essential for drug discovery and development, ensuring the safety and efficacy of therapeutic 

agents.

ADME-DMPK Overview
The ADME-DMPK framework encompasses the study of Absorption, Distribution, Metabolism, Excretion, and Drug Metab-

olism and Pharmacokinetics. This paradigm is crucial for evaluating how drugs are absorbed into the body, distributed to 

various tissues, metabolized, and eventually excreted. Understanding these processes helps in predicting drug interac-

tions and optimizing drug design.

Cytochrome P450 Enzymes mediated interactions
Cytochrome P450 (CYP) enzymes are a superfamily of enzymes that play a pivotal role in the oxidative metabolism of many 

drugs. They are primarily located in the liver and intestines and are involved in the phase I metabolism of xenobiotics. The 

major CYP isoforms involved in drug metabolism include:



CYP Inhibition
Inhibition of CYP enzymes can lead to decreased metabolism of substrates, resulting in increased plasma concentrations 
and potential toxicity. Inhibitors can be classified as:

An example of a reversible inhibitor is cimetidine, which inhibits CYP1A2, CYP2C9, CYP2C19, CYP2D6, CYP2E1, and 

CYP3A4. An example of an irreversible inhibitor is mibefradil, which forms a covalent bond with CYP3A4, leading to 

prolonged enzyme inhibition. 

Mechanisms of CYP-Mediated DDIs
DDIs involving CYP enzymes can occur through two primary mechanisms:

Transporter Families
Drug transporters are membrane-bound proteins that facilitate the uptake and efflux of drugs across cellular mem-

branes. They play a crucial role in the absorption, distribution, and elimination of drugs. Transporters are classified into 

two major families:

CYP Induction
Induction of CYP enzymes leads to increased enzyme activity, enhancing the metabolism of substrates and potentially 

reducing their efficacy. Inducers can activate nuclear receptors such as the Pregnane X Receptor (PXR) and the Constitu-

tive Androstane Receptor (CAR), leading to increased transcription of CYP genes.

Rifampicin is a potent inducer of CYP enzymes, including CYP2B6, CYP2C8, CYP2C9, CYP2C19, and CYP3A4. It can 

decrease the plasma concentrations of co-administered drugs, such as warfarin and oral contraceptives, by enhancing 

their metabolism. 

ATP-Binding Cassette (ABC) Transporters: Efflux transporters that pump substrates out of cells. 

Key members include:

Transporter-Mediated Drug Interactions

Reversible Inhibitors: 
Bind to the enzyme 

temporarily, reducing 
its activity.

Irreversible Inhibitors: 
Bind covalently to the 
enzyme, permanently 

inactivating it.

Mechanism-Based 
Inhibitors (MBIs):

Undergo metabolic 
activation to form 

reactive intermediates 
that inactivate 
the enzyme. 

P-glycoprotein 
(P-gp): 

Expressed in the 
intestines, liver, and 

blood-brain 
barrier.

Breast Cancer 
Resistance Protein 

(BCRP): 
Expressed in the 

intestines and 
placenta.

Multidrug 
Resistance 

Proteins (MRPs): 
Expressed in various 

tissues, including 
the liver and 

kidneys.



DDIs involving transporters can occur when one drug acts as a substrate, inhibitor, or inducer of a transporter, affecting 

the pharmacokinetics of co-administered drugs. For example:

Mechanisms of Transporter-Mediated DDIs

Organ-on-a-Chip: An Emerging model to predict DDIs
Organ-on-a-chip devices are microfluidic platforms that simulate the physiological functions of human organs. These 

systems often integrate multiple organ types, such as liver, heart, kidney, and cancer cells, to mimic human metabolism 

and emerged as a promising tool for evaluating drug-drug interactions (DDIs), offering a more human-relevant and 

ethical alternative to traditional animal models.

Multidrug and Toxin 
Extrusion (MATE) 
Transporters: Expressed 
in the kidneys. 

Solute Carrier (SLC) Transporters: Uptake transporters that facilitate the entry of substrates into cells. 

Key members include:

Organic Anion 
Transporting Polypeptides 
(OATPs): Expressed in the 

liver and brain.

Organic Cation 
Transporters (OCTs): 
Expressed in the liver 
and kidneys.

Advantages

Additionally, integrating pharmacokinetic-pharmacodynamic (PK-PD) models with organ-on-a-chip systems has shown 

promise in predicting the outcomes of DDIs, aiding in the design of safer drug regimens

Human-Relevant Models:

They provide more accurate 

representations of human 

physiology compared to 

traditional animal models.

Ethical Considerations: 
Reduce the need for 

animal testing, aligning 

with the 3Rs principle 

(Replacement, 

Reduction, Refinement).

Predictive Power: 
Enable early identification 

of potential DDIs, improving 

drug safety profiles. 

Inhibition: 
Grapefruit juice contains 
furanocoumarins that inhibit CYP3A4 
and P-gp, leading to increased plasma 
concentrations of drugs  metabolized 
by these proteins. This can  enhance 
drug efficacy but also increase  the risk 
of toxicity. 

Induction: 
Rifampicin induces the expression of 
P-gp, leading to increased efflux of drugs 
from cells and  decreased drug 
absorption and efficacy.



Drug-drug interactions (DDIs) present significant clinical challenges, but advancements in artificial intelligence (AI) and 

machine learning (ML) are offering promising tools to assist in identifying and managing these interactions. AI and ML 

models can analyze complex datasets to predict potential DDIs, offering several advantages:

In Vitro to In Vivo Extrapolation (IVIVE): IVIVE is a modeling approach that uses in vitro data to predict in vivo outcomes, 

such as drug clearance and potential DDIs. Machine learning models have shown promise in this area:

• ML vs. Mechanistic Models: In a study comparing ML models with traditional mechanistic models for predicting  

   human intrinsic clearance, ML models using in vitro data alone outperformed mechanistic models, achieving a lower 

   average absolute fold error. 

• Integration of Data: ML models can integrate various data sources, including in vitro assays, to provide more accurate 

   predictions of in vivo drug behavior.

CYP inhibition/induction 
assays (e.g., in human liver 

microsomes or hepatocytes)

Advanced 

ML algorithms can 

manage imperfections in 

real-world datasets, 

ensuring reliable predic-

tions even with missing 

or inconsistent data. 

By incorporating 
patient-specific data, 
AI models can predict 
individualized risks of 
DDIs, enabling health-

care providers to custom-
ize treatments more 

effectively. 

These models can 
continuously learn and 
improve as new data 
becomes available, 

adapting to emerging 
drug interactions. 

Transporter assays 

(e.g., Caco-2, DCK-MDR1, 

HEK293-OATP)

PBPK (Physiologically Based 
Pharmacokinetic) models to 

predict DDIs

Quantitative structure–

activity relationship (QSAR) 

models

General Tools for DMPK DDI Assessment

AI and ML in DDI Prediction

In vitro
assays

Human DDI studies in 
clinical development 

(e.g., FDA/EMA guidance)

In vivo 
studies

In silico 
modeling



•  Adverse Drug Reactions (ADRs): DDIs can result in unexpected side effects or enhance the severity of known 
side effects. For instance, combining certain drugs may prolong the QT interval, increasing the risk of life-threaten-
ing arrhythmias. 

•  Altered Drug Efficacy: Interactions may reduce the therapeutic effectiveness of medications. For example, some 
drugs can inhibit enzymes responsible for metabolizing other drugs, leading to subtherapeutic levels and 
potential treatment failure. 

•  Increased Risk of Toxicity: Certain DDIs can elevate drug concentrations to toxic levels, necessitating dose 
adjust  ments or careful monitoring. 

•  Polypharmacy Concerns: In settings like hospitals, patients often receive multiple medications, increasing the 
likelihood of DDIs. Monitoring and managing these interactions are crucial to patient safety.

Clinical Implications of DDIs

Significant advancements have been made on in vitro assays and predictions for DDIs. This information not only 
helps to identify the associated risk with multiple drug therapy but also provides mechanisms driving these interac-
tions. Based on the challenges learnt from this assessment has advanced our understanding for the need to consid-
er interindividual variation and the incorporation of physiologically relevant conditions. Future research focus on 
integration of refined methodologies like combining organ-on-a-chip technology with artificial intelligence to 
enhance the data analysis and predictive power that closely reflects the complexities of in vivo interactions.

Conclusion
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