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ABSTRACT
Artificial Intelligence (AI) is rapidly transforming the pharmaceutical industry through its 
integration into pharmacovigilance, drug discovery, predictive analytics, and healthcare 
governance systems. Traditional pharmacovigilance frameworks rely heavily on spontaneous 
reporting systems and manual signal detection processes, resulting in delayed identification 
of adverse drug reactions, fragmented healthcare datasets, and under-reporting. AI-driven 
technologies such as Machine Learning (ML), Natural Language Processing (NLP), and predictive 
analytics provide scalable solutions capable of improving adverse drug reaction detection, 
automated signal identification, and clinical decision-making efficiency. This review critically 
evaluates the role of AI in pharmaceutical systems with specific emphasis on pharmacovigilance, 
drug discovery, sustainability, ESG integration, ethical governance, and regulatory preparedness. 
The study also analyses challenges associated with AI implementation, including algorithmic bias, 
lack of transparency, data privacy risks, and uneven applicability in emerging healthcare systems 
such as India. The findings demonstrate that AI has the potential to shift pharmaceutical systems 
from reactive compliance-based frameworks toward predictive and data-driven healthcare 
infrastructures. However, sustainable implementation requires strong governance mechanisms, 
explainable AI models, ethical accountability, and continuous human oversight.

Keywords: Algorithmic Bias, CIOMS, Clinical Decision Support, Data Privacy, Digital Health, Drug 
Discovery, Electronic Health Records.

INTRODUCTION

The pharmaceutical industry is currently undergoing a profound 
structural metamorphosis driven by the rapid integration of 
Artificial Intelligence (AI), Machine Learning (ML), and Natural 
Language Processing (NLP). Historically, pharmaceutical research 
and Pharmacovigilance (PV) were defined by manual, reactive 
processes that struggled to keep pace with the sheer volume and 
complexity of global healthcare data (Aronson, 2022; Bate and 
Luo, 2022). Today, global safety teams and drug developers must 
manage millions of data points annually, originating from clinical 
trials, Electronic Health Records (EHRs), biomedical literature, 
and unstructured real-world data like social media (Luo et al., 
2017; Bate and Hobbiger, 2021).

The economic and operational scale of this technological shift is 
staggering. The McKinsey Global Institute estimates that AI could 
generate $60 billion to $110 billion a year in economic value for 
the pharmaceutical and medical-product industries by boosting 

productivity, accelerating the discovery of new compounds, and 
streamlining regulatory approvals (McKinsey Global Institute, 
2024). In the realm of drug safety alone, the global PV market is 
projected to exceed $22 billion by 2034, with the AI-integrated 
safety solutions market growing at a compound annual rate 
of over 20%, reaching nearly $2 billion in the same timeframe 
(Ball and Dal Pan, 2022). This rapid growth underscores a 
paradigm shift: AI is no longer a speculative technology but 
a mission-critical infrastructure necessary to transition the 
pharmaceutical industry from reactive compliance to proactive, 
predictive science (Kompa et al., 2022).

METHODOLOGY

This study was conducted using a structured narrative literature 
review methodology to evaluate the role of Artificial Intelligence 
(AI) in pharmacovigilance and pharmaceutical systems. The 
review focused on the applications of AI in adverse drug reaction 
detection, predictive analytics, drug discovery, regulatory 
governance, sustainability, and healthcare data management.

A comprehensive review of secondary literature was carried out 
using peer-reviewed journal articles, review papers, regulatory 
guidelines, conference publications, and global health reports. 
Scientific literature was collected from major academic databases 
including PubMed, Scopus, Google Scholar, and ScienceDirect. 
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Regulatory and policy-related information was additionally 
obtained from publications and official reports issued by the U.S. 
Food and Drug Administration (FDA), European Medicines 
Agency (EMA), Council for International Organizations of 
Medical Sciences (CIOMS), and the World Health Organization 
(WHO).

The literature search was performed using combinations of 
keywords including “Artificial Intelligence in pharmacovigilance,” 
“machine learning in drug safety,” “AI in adverse drug reaction 
detection,” “predictive analytics in pharmaceuticals,” “AI 
governance in healthcare,” “Explainable AI,” and “digital 
pharmacovigilance.” Relevant articles published primarily 
between 2017 and 2025 were prioritised to ensure inclusion of 
recent technological and regulatory developments.

Selection criteria included studies addressing AI applications 
in drug discovery, pharmacovigilance systems, healthcare 
data analytics, sustainability frameworks, and ethical or 
regulatory considerations associated with AI implementation. 
Articles lacking relevance to pharmaceutical systems, duplicate 
publications, non-English literature, and studies with insufficient 
scientific validity were excluded from the review (Figure 1).

The collected literature was systematically analysed and 
categorised into major thematic domains including AI-driven 
drug discovery, ethical and regulatory challenges, ESG integration, 
sustainability concerns, emerging economy challenges, and 
governance frameworks. Comparative synthesis was used to 
evaluate differing viewpoints, identify recurring challenges, and 
highlight research gaps related to explainability, algorithmic 
bias, region-specific datasets, and sustainable Al implementation 
(Table 1).

This methodology enabled a holistic evaluation of both the 
technological capabilities and practical limitations of AI-enabled 
pharmaceutical systems while maintaining critical emphasis on 
governance, ethics, sustainability, and patient safety.

AI in Drug Discovery (Molecule Screening, Prediction 
Models)

The traditional drug development lifecycle remains one of the 
most resource-intensive, risk-laden processes in the healthcare 
sector. Developing a new drug and bringing it to market typically 
takes 10 to 12 years and requires navigating a clinical pipeline 
fraught with high failure rates. The financial burden is equally 
immense; the median cost of bringing a new drug to market is 
approximately $708 million, while the mean cost can reach $1.31 
billion due to high-cost outliers.

To combat these long-standing inefficiencies, AI and ML are being 
integrated into the earliest stages of molecular discovery and 
preclinical testing. AI accelerates early discovery by integrating 

clinical, genomic, and phenotypic datasets to uncover novel 
disease mechanisms and biomarkers. AI algorithms, particularly 
Deep Neural Networks (DNNs), are utilized for secondary 
drug screening to predict the biological activity, toxicity, and 
physicochemical properties of compounds long before they reach 
human trials (Basile et al., 2019; Kompa et al., 2022). Tools like 
TargeTox and PrOCTOR utilize ML to predict drug toxicity, 
ensuring that safer drugs reach patients faster and reducing costly 
preclinical attrition (Basile et al., 2019) (Table 2).

Virtual screening processes are also heavily augmented by 
AI. Structure-based virtual screening utilizes 3D structural 
modeling, auto-docking, and molecular dynamics simulations 
to predict how a chemical library will interact with target 
proteins. Meanwhile, advanced generative AI platforms, such 
as MilliporeSigma’s AIDDISON, bridge virtual molecule design 
with real-world manufacturability (Warner, 2025). By analyzing 
billions of possibilities against decades of experimentally 
validated datasets, these platforms identify compounds that 
possess the key properties of successful drugs-such as solubility, 
stability, and non-toxicity-and even propose optimal synthesis 
routes. Furthermore, interpretable deep learning frameworks 
allow researchers to identify specific molecular substructures 
associated with Adverse Drug Reactions (ADRs), offering a 
promising solution to mitigate risks early in the pipeline.

Sustainability Concerns in Pharma Manufacturing

As the pharmaceutical industry scales its use of computational 
modeling and automated manufacturing, the environmental 
footprint of these technologies has come under scrutiny. 
Training large, complex AI models-particularly deep learning 
and generative architectures-consumes massive amounts 
of computational power and energy, raising significant 
sustainability concerns. To mitigate the environmental impact 
of AI, researchers are increasingly focusing on "Green and 
Sustainable AI." (World Health Organization, 2021). This 
includes the development of more energy-efficient algorithms 
and the deployment of "TinyML"-machine learning models 
designed to operate on low-power devices, thereby reducing the 
overall energy consumption of digital health and manufacturing 
initiatives (Warner, 2025).

(Note: While the provided sources briefly mention "Green and 
Sustainable AI" and energy consumption, broader information 
regarding environmental sustainability in pharmaceutical 
manufacturing such as water waste management, supply chain 
carbon footprint reduction, and chemical runoff mitigation is 
not detailed in the text. Independently verifiable industry reports 
indicate that pharma companies are adopting green chemistry 
principles, continuous manufacturing to reduce waste, and 
renewable energy integration to meet global climate goals and 
reduce their overall environmental impact).
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Ethical Concerns (Data Bias, Transparency, 
Regulation)

The implementation of AI in pharmaceuticals, while highly 
beneficial, introduces a host of complex legal and ethical 
challenges. Because patient lives and public health are at stake, the 
deployment of AI algorithms must navigate issues of data privacy, 
algorithmic bias, model transparency, and strict regulatory 
compliance.

Data Privacy and Security: AI systems require vast datasets, 
often involving sensitive Electronic Health Records (EHRs) 
and genomic profiles. Integrating this data raises the risk of 
re-identification and data breaches, necessitating stringent 
compliance with privacy laws like the General Data Protection 
Regulation (GDPR) in Europe and the Health Insurance 
Portability and Accountability Act (HIPAA) in the United States 
(World Health Organization, 2021; European Union, 2024; U.S. 
Food and Drug Administration, 2025).

Algorithmic Bias and Fairness: Machine learning models are 
only as reliable as the data they are trained on. If an AI system is 
trained on historically biased, incomplete, or non-representative 
data, its predictions will inherently skew. For instance, if an 
algorithm is trained primarily on demographics from developed 
Western nations, it may fail to accurately predict safety signals or 
therapeutic efficacy for underrepresented minority populations 
or the elderly. Addressing these biases requires rigorous testing, 
diverse training datasets, and techniques like oversampling to 
ensure non-discrimination and equity in patient safety outcomes 
(Ward et al., 2021).

Transparency and the "Black Box" Problem: Deep learning 
models frequently operate as opaque "black boxes," making it 
difficult or impossible for human users to understand how the 
model arrived at a specific conclusion. In a highly regulated 
field like drug safety, this lack of explainability is unacceptable. 
Regulators and clinicians demand to know the rationale behind 
a safety signal or dosage recommendation. Consequently, the 
industry is shifting toward Explainable AI (XAI), utilizing 
frameworks like SHAP (SHapley Additive exPlanations) and 
LIME (Local Interpretable Model-Agnostic Explanations) 
(Ward et al., 2021). These tools decompose the model's output, 
highlighting exactly which patient features or drug variables 
drove the prediction, thereby fostering regulatory trust and 
clinical accountability.

ESG Integration in Pharma Companies

The integration of Environmental, Social, and Governance (ESG) 
criteria is becoming a central pillar of corporate strategy in the 
pharmaceutical sector. AI plays a dual role here: it is both a 
subject of ESG scrutiny and a tool to achieve ESG goals.

(Note: The explicit acronym "ESG" and broad corporate ESG 
frameworks are not directly outlined. However, the 'Social' 

and 'Governance' aspects of AI implementation have been 
synthesized below. Environmental considerations have been 
supplemented from general industry knowledge regarding green 
manufacturing).

Environmental (E)

As previously noted, the shift toward "Green AI" and continuous, 
AI-optimized manufacturing helps reduce energy consumption 
and material waste during drug production.

Social (S)

The 'Social' component is heavily tied to patient safety, health 
equity, and data privacy. By utilizing AI to identify adverse drug 
reactions faster and more accurately, pharma companies directly 
improve public health outcomes. Furthermore, proactive efforts 
to eliminate algorithmic bias ensure that drug efficacy and safety 
are monitored fairly across all demographic groups, promoting 
global health equity.

Governance (G)

Strong governance is the most critical factor for AI adoption. 
Organizations are establishing cross-functional AI governance 
committees to oversee development, validation, and model 
deployment. Algorithmic accountability dictates that 
pharmaceutical companies, not the AI vendors or the algorithms 
themselves remain legally and ethically responsible for patient 
safety decisions and AI outputs.

Challenges in Emerging Economies like India

While AI promises global benefits, emerging economies face 
unique hurdles in its implementation. In the context of the Indian 
healthcare system, the rapid growth of the Pharmacovigilance 
Programme of India (PvPI) has resulted in a massive influx of 
Individual Case Safety Reports (ICSRs) (Murali et al., 2019) 
straining existing infrastructure. India is increasingly scaling 
automation as it serves as a major hub for outsourced case 
processing; however, technological and demographic challenges 
persist.

A primary concern is data applicability and bias. Ready-made 
AI datasets prepared by technology firms in developed countries 
cannot be seamlessly applied to the Indian patient population due 
to significant ethnic variations, differences in local languages, and 
distinct clinical practices. Relying on Western data to monitor 
Indian populations may result in systematic biases, erroneous 
predictions, and missed safety signals.

Furthermore, effective AI requires high-quality, digitized 
healthcare data. Implementing these systems in emerging 
economies requires comprehensive databases that cover both 
public and private healthcare sectors, representing diverse 
therapeutic areas in sufficient sample sizes. Overcoming these 
challenges demands robust financial support, educational 



Journal of Pharmacy Practice and Community Medicine, Vol 12, Issue 4, Oct-Dec, 2026 231

Shah: AI in the Pharmaceutical Industry: A Literature Review

infrastructure, and localized research to train AI models 
specifically on regional data. Additionally, AI can help bridge 
infrastructure gaps in underdeveloped regions by extracting 
safety data from handwritten notes or supporting offline mobile 
health systems (Comfort et al., 2018).

Policy and Governance Recommendations

To navigate the legal and operational complexities of AI, regulatory 
authorities worldwide have established rigorous frameworks. For 
pharmaceutical companies, aligning with these global guidelines 
is imperative for compliance and ethical AI integration.

The U.S. FDA Framework: In January 2025, the FDA released 
draft guidance focusing on a risk-based credibility assessment 
framework. This approach requires that the scrutiny applied to 
an AI model be proportional to its impact on patient safety and 
its "Context of Use" (COU). The FDA emphasizes the need to 
monitor for "model drift"-where algorithm performance degrades 
over time-and stresses the importance of Predetermined Change 
Control Protocols (PCCPs) to manage continuous learning 
models without requiring constant re-approvals (Cherkas et al., 
2022; U.S. Food and Drug Administration, 2025).

The European Approach: The EU AI Act, which classifies AI 
systems used in pharmacovigilance and healthcare as "high-risk," 
imposes strict legal mandates for transparency, traceability, 
and human oversight. The European Medicines Agency (EMA) 
similarly dictates a "life cycle approach," emphasizing that AI 
systems must align with Good Pharmacovigilance Practices 
(GVP) and Good Clinical Practice (GCP) guidelines (European 
Medicines Agency, 2024; European Union, 2024).

FUTURE DIRECTIONS AND RESEARCH GAPS

Future research should prioritize localized healthcare datasets, 
explainable AI systems, continuous monitoring for model drift, 
multilingual healthcare NLP systems, and sustainable Green 
AI computational infrastructures. Stronger interdisciplinary 
collaboration is also required to establish globally harmonized AI 
governance frameworks. Future research should focus on:

	 •	 Developing region-specific data ecosystems to reduce 
bias in emerging economies.

	 •	 Refining Explainable AI (XAI) tools like SHAP and 
LIME to increase clinical and regulatory trust.

	 •	 Long-term monitoring for model drift in continuous 
learning algorithms.

	 •	 Further integration of Green AI principles to reduce the 
carbon footprint of massive computational models.

CONCLUSION

Artificial Intelligence is transforming pharmaceutical systems  
from reactive frameworks into predictive and data-driven 
healthcare ecosystems. Long-term success depends on ethical 
governance, explainability, sustainability, region-specific 
implementation, and strong human oversight. To realize 
the full potential of AI, pharmaceutical companies must 
navigate complex ethical dilemmas regarding algorithmic 
bias, data privacy, and the "black box" nature of deep learning. 
Implementing Explainable AI (XAI), ensuring diverse and 
representative training data-particularly for emerging economies 

AI Tool Application 
Area

Primary Function

TargeTox Drug Discovery Predicts drug toxicity
PrOCTOR Preclinical Safety Safety and toxicity 

assessment
AIDDISON Molecule Design AI-assisted molecule 

generation
SHAP Explainable AI Model interpretation
LIME Explainable AI Local prediction 

explanation

Table 1: AI Tools and Applications in Pharmaceutical Systems.

Framework Region Focus

FDA AI Draft 
Guidance

United 
States

Risk-based monitoring

EU AI Act European 
Union

Transparency and 
accountability

WHO AI Guidance Global Ethical AI governance

CIOMS Working 
Group XIV

Global Responsible AI 
implementation

Table 2:  Regulatory Frameworks for AI in Pharmacovigilance.

Figure 1: Transition from Traditional to Predictive Pharmacovigilance.
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like India-and adhering to stringent global regulations such as the 
EU AI Act and FDA guidelines are non-negotiable imperatives. 
Ultimately, AI is a powerful enabler, but it is not a substitute 
for human clinical expertise. By adopting robust governance 
structures, emphasizing sustainability, and keeping human 
judgment at the center of decision-making, the pharmaceutical 
industry can harness AI to safely accelerate drug development, 
ensure regulatory compliance, and vastly improve global health 
outcomes.
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