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1 | INTRODUCTION

The integration of artificial intelligence (Al) into clinical pharmacology
heralds a transformative era in healthcare, promising greater efficien-
cies in drug discovery, personalized medicine and patient care. Al,
defined as the simulation of human intelligence by machines, encom-
passes various subsets including machine learning (ML) and deep
learning (DL). ML involves algorithms that enable computers to learn
from and make predictions based on data, while DL, a subset of ML,
utilizes neural networks with many layers to analyse complex data-
sets. Al's capacity to process vast datasets exceeds that of the con-
ventional methodologies, providing new insights into drug efficacy
and patient outcomes. These large datasets are crucial for work with
Al algorithms and include types of data analysis particularly relevant
for pharmacology such as natural language processing (NLP), large lan-
guage models (LLMs), voice recognition, numerical data, multi-omic
data integration and image processing. This spotlight commentary
explores the multifaceted roles of Al in clinical pharmacology
(Figure 1), addressing its potential in accelerating drug discovery, opti-
mizing clinical trials and navigating the ethical landscape associated
with its adoption by highlighting a few relevant recent publications on
the topic.

We start the overview with the paper by Saikin et al. (2019)* who
advocated integration of Al and ML tools into a unified, closed-loop
discovery platform. This approach may be crucial for transforming
early-stage drug development, where the ability to rapidly test
hypotheses and iterate findings can significantly shorten the time to
discovery. Closed-loop systems utilize Al not only to design experi-

ments and predict outcomes but also to automatically adjust the

experimental parameters based on real-time data. This results in a
highly efficient cycle of hypothesis generation, testing and learning
which is much faster than traditional drug discovery methods. By inte-
grating diverse Al tools—from predictive analytics to robotic process
automation—these platforms could handle complex datasets and
experimental conditions, improving the accuracy and speed of identi-
fying viable drug candidates.

Furthermore, Lou and Wu (2021)? focused on the application of
Al in identifying new drug-target pairs, particularly for diseases with
well-understood mechanisms and drugs exhibiting medium chemical
novelty. The use of Al in this context would allow for the exploration
of vast chemical spaces and biological interactions more comprehen-
sively and rapidly than human capabilities allow. Al algorithms analyse
existing data to predict how new compounds would interact with spe-
cific targets, which is crucial for the development of targeted thera-
pies. By leveraging pattern recognition and ML, Al tools can uncover
nonobvious relationships between compounds and biological targets,
thereby opening up new avenues for therapy that might not have
been discovered through conventional research methods. This
approach could be very helpful in drug repurposing, where Al iden-
tifies novel therapeutic uses for existing drugs, potentially accelerating
the drug development process and reducing costs.

While the repurposing of antiviral and anti-inflammatory drugs
for COVID-19 did not yield successful outcomes despite extensive
data and Al efforts, recent advancements in Al have significantly
impacted drug discovery and development. Zakeri (2024) highlighted
how Al-assisted experiments in adeno-associated virus gene therapy
research have identified novel pathways and mechanisms, paving the

way for new therapeutic approaches. Similarly, Verma et al. (2024)*
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FIGURE 1 Artificial intelligence (Al) in clinical pharmacology: opportunities, risks and future challenges.

demonstrated the potential of Al in drug repositioning, where existing
drugs are repurposed for new therapeutic uses by uncovering novel
targets and mechanisms of action. Satpathy (2024)° further empha-
sized the role of advanced Al algorithms in drug design and develop-
ment, showcasing their effectiveness in classifying and screening of
compounds. This has led to the discovery of new drug candidates with
higher success rates in preclinical trials. Moreover, Vairamani et al.
(2024)° discussed the application of Al-driven predictive models in
CNS drug discovery, which have enhanced the efficiency of the pro-
cess by accurately predicting drug efficacy and safety profiles, thereby
reducing clinical trial failures.

Al is revolutionizing clinical trial design by identifying subjects
most likely to respond to treatments and using targeted biomarkers
to reduce trial sizes, significantly lowering Phase Il study costs as
reported by Askin et al. (2023).” Al analyses extensive datasets to
predict positive responders and develop biomarkers for patient
stratification, enhancing trial efficiency. However, this targeted
approach might limit result generalizability, as traditional large-scale
trials provide broader demographic insights into drug efficacy and
safety. To mitigate these concerns, Al could integrate diverse data
sources, simulate outcomes for varied populations and function as a
continuous learning system that evolves with new data. Incorporat-
ing diverse data ensures demographic representation, while simula-
tions could offer insights into broader applicability. Continuous
learning would keep Al models accurate and relevant. Additionally,
ethical and regulatory frameworks would be essential to ensure Al-
driven trials are efficient, cost-effective and ethically sound. By
addressing generalizability issues and maintaining rigorous standards,
Al holds promise for improving clinical trial precision, reducing costs
and ultimately enhancing patient outcomes and drug development
efficiency.

Vora et al. (2023)8 in their recent article provided a detailed anal-
ysis of how Al is revolutionizing pharmaceutical technologies and drug
delivery systems. Their research highlights Al's role in designing
drug formulations that optimize the therapeutic impact while minimiz-
ing side effects. One key application is the development of nano-drug
delivery systems, where Al models simulate how nanoparticles inter-
act with different types of cells and tissues. These models help in
designing nanoparticles that can precisely target diseased cells,
thereby increasing the efficacy and safety of treatments. Additionally,

Al is used to optimize the manufacturing processes of these

formulations, ensuring that they are produced with high precision and
consistency. By integrating Al into both the design and production
stages, pharmaceutical companies can achieve higher levels of cus-
tomization and scalability in their product offerings.

Al could also play a pivotal role in refining clinical trials, particu-
larly in the optimization of study designs and enhancement of data
analysis capabilities. In their recent BJCP article, Ryan et al. (2024)°
highlighted how Al algorithms would be capable of simulating clinical
trial outcomes based on historical data, which could predict the effi-
cacy and safety profiles of new drugs before actual clinical testing.
This predictive capability could significantly reduce the risk and costs
associated with clinical trials by identifying potential failures early in
the drug development process. Furthermore, Al-driven tools are being
developed to monitor patient compliance and adverse events in real-
time during clinical trials, ensuring that any significant issues can be
addressed promptly to maintain the integrity and validity of the trial
results.

Furthermore, Al has the potential to revolutionize the manage-
ment of approved medicines through several key avenues. Firstly, Al
could optimize prescribing by analysing electronic health records to
tailor medication plans to individual patient needs, thereby enhancing
treatment efficacy and reducing adverse reactions as suggested by
Khan et al. (2023).2° In managing polypharmacy, Al systems could
rationalize medication regimens by identifying and mitigating drug-
drug and drug-food interactions, as well as assessing risks associated
with multiple medications as suggested by O'Reilly et al. (2023).1
Additionally, Al would enhance pharmacovigilance by leveraging data
from electronic health records, social media and other sources to
detect and analyse adverse drug reactions in real-time as reported by
Chalasani et al. (2023).*? This capability would allow for more rapid
and precise monitoring of drug safety, ultimately improving patient
outcomes and ensuring safer prescribing practices. For instance, Al
solutions can increase medication adherence in patients with noncom-
municable diseases by organizing and mining data from unstructured
electronic medical records as reported by Babel et al. (2021).*° Fur-
thermore, Blasiak et al. (2020) show that the development of Al tools
like CURATE.AI showcases how personalized medicine can be opti-
mized by identifying patient-specific care strategies through health
data analytics.* The integration of Al into medication management
represents a significant advancement toward more personalized and

efficient healthcare.
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By contrast, Terranova and Venkatakrishnan (2024)%°

explored
the transformative potential of ML in oncology, particularly in model-
ling disease trajectories and predicting treatment outcomes. Their
research emphasized the use of high-dimensional biomarker data,
such as circulating tumour DNA and radiomics profiles, which are criti-
cal for understanding the complex dynamics of cancer progression. By
employing ML algorithms, clinicians could predict survival outcomes
with greater accuracy, personalize treatment plans and monitor the
effectiveness of interventions in real-time. Their model's informed
precision medicine approach was pivotal not only in enhancing the
efficacy of treatments but also in minimizing unnecessary side effects
by accurately predicting which patients were most likely to benefit
from specific therapies. The integration of ML in these processes rep-
resents a major leap toward more dynamic and responsive cancer
care, where decisions can be continually adjusted based on real-time
data analysis, providing hope of significantly improving patient
outcomes.

Despite its vast potential, the integration of Al into healthcare
systems is fraught with challenges that must be carefully managed.
Kelly et al. (2019)*¢ outlined several key hurdles, including the transla-
tion of Al applications into clinical practice, ensuring patient safety
and navigating complex regulatory landscapes. These challenges are
compounded by Al systems' “black box” nature, where decision-
making processes are not always transparent, making clinical valida-
tion particularly difficult.

Moreover, Al's reliance on extensive data sets introduces risks of
algorithmic bias and data privacy concerns. These issues necessitate
robust clinical evaluations and the development of intuitive metrics
that focus not only on technical accuracy but also on quality of care
and patient outcomes. As Buzandi¢ et al. (2024)'7 noted, while Al can
support clinical reasoning and decisions, its limitations, including ambi-
guities and inaccuracies, underscore its role as a supplementary tool
rather than a standalone decision-maker.

In terms of ethics, Belenguer (2022)'8

highlights how it remains
crucial to consider the potential for Al bias, as the output of Al sys-
tems heavily relies on input, which can inherently carry biases. The
robust debate surrounding this issue varies significantly depending on
whether one's perspective is philosophical or technical. Philosophical
approaches might emphasize the ethical implications and moral
responsibilities, while technical perspectives focus on mitigating bias
through improved algorithms and data management practices.
Addressing Al bias necessitates a multidisciplinary effort to ensure
ethical and unbiased Al applications across different fields.

The implementation of Al in clinical pharmacology raises signifi-
cant ethical concerns, particularly the potential for its misuse in the
synthesis of bioweapons and toxins, as highlighted by Rubinic et al.
(2024).1? Al's ability to process complex biological data not only accel-
erates drug discovery but also poses risks if repurposed for creating
harmful biological agents. This dual-use nature of Al technologies
underscores the necessity for stringent ethical standards and robust
legal frameworks specifically tailored to oversee Al's application in
sensitive areas. Ethical standards for Al should mandate transparency,

accountability and secure access to prevent misuse and need regular

updates to keep pace with technological advancements. Education on
these topics is also of high importance as highlighted by Watari and
Tokuda (2023).2° Additionally, robust legal frameworks remain essen-
tial to enforce these ethical standards, with strict penalties for viola-
tions and provisions to align Al use with health regulations and
international standards. These laws should also facilitate international
cooperation to manage the global implications of Al misuse effec-
tively. Addressing these issues requires a collaborative approach
involving ethicists, legislators, scientists and industry leaders. Such
collaboration would be crucial for developing comprehensive strate-
gies that balance the benefits of Al with potential risks, ensuring Al's
potential is harnessed responsibly and safely in clinical pharmacology.
This collaborative effort would help in establishing an environment
where technological advancements contribute positively without
compromising ethical standards or public safety.

Moreover, it is essential to recognize that advanced statistical
algorithms, such as Bayesian methods, nonlinear mixed effects model-
ling and quantitative systems pharmacology, have long been estab-
lished as powerful tools for design, analysis and interpretation in
clinical pharmacology. These methodologies, underpinned by robust
mechanism-based principles, have been shown to enhance efficacy
and reduce attrition in drug development. Regulatory agencies and
clinical pharmacologists in pharmaceutical research and development
increasingly recommend these approaches, as evidenced by several
guidelines that advocate their use.22"2% In this context, Al can play a
supportive role, particularly in automating some of the more time-
consuming and computationally intensive steps involved in these
advanced methodologies. However, it is imperative to distinguish
between the roles of Al in early drug discovery—where its utility in
hypothesis generation is clear—and the more nuanced processes of
hypothesis testing and inferential reasoning. The current Al tools
often lack the sophistication required for these complex inferential
steps, leading to concerns about the mechanical application of Al
without sufficient consideration of data quality, validation and inter-
pretation. As the field advances, clinicians and researchers must
remain vigilant in ensuring that Al is integrated thoughtfully, comple-
menting rather than replacing the rigorous quantitative methods that
have long been the cornerstone of clinical pharmacology.

Further complicating the ethical landscape is the need for ade-
quate Al education within pharmacy and medical curricula. Busch
et al. (2024)%* reported that while students were generally positive
about Al in medicine, those with prior Al coursework felt better pre-
pared for its professional application. This underscores the importance
of integrating Al education into healthcare training programmes to
equip future professionals with the necessary skills and ethical under-
standing to use Al responsibly.

Al holds transformative potential for clinical pharmacology, offer-
ing significant advancements in drug discovery, clinical trials and per-
sonalized medicine.2>?® However, realizing this potential requires
overcoming substantial challenges, including ethical issues, data biases
and integration hurdles. One crucial strategy for effective implemen-
tation involves integrating all Al tools and technologies into a single

platform, which could streamline processes, decrease redundancies
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and enhance data interoperability. Such consolidation would be
essential for harnessing the full capabilities of Al, allowing for more
cohesive and efficient advancements in drug development. Future
directions should focus on developing educational programmes that
address these integration needs and establishing guidelines that
ensure Al's ethical and effective implementation in healthcare set-
tings. As we move forward, it is crucial to continue evaluating Al's
impact on patient outcomes and to adapt our approaches based on
these insights. Collaboration between technologists, clinicians and
ethicists will be crucial in harnessing Al's full potential while safe-

guarding against its risks.
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