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ABSTRACT

Artificial intelligence (AI) is one of the important tools in modern drug development processes, which can work through large bodies of data and build predictive models. This aids in identifying suitable drug candidates and predicting possible interactions between drugs and specific targets as well as exploratory therapeutic areas—all of which lead to a simpler and more efficient drug development cycle at minimal cost. In this review article, we examine the state of AI in drug discovery and discuss its applications where it provides support during target identification, validation stages including the drug-designing stage, as well as clinical research. This paper also discusses challenges associated with using AI in drug discovery, such as problems with the quality and interpretability of data/models or regulatory concerns. The review also considers the future of AI-driven drug discovery, with far-reaching implications for personalized medicine, and the expansion of therapeutic repertoire in recalcitrant diseases.
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Introduction

The growth of artificial intelligence (AI) in drug discovery has been exponential, driven by the need for more efficient, cost-effective, and accurate drug development processes. Over the past decade, AI has transitioned from a novel concept to a cornerstone of modern pharmaceutical research.1 It is estimated that the expansion of AI in the drug discovery market between 2023 and 2032 will have a compound annual growth rate (CAGR) of 29.6%. It is also anticipated that the market will experience substantial growth from USD 1.9 billion (Figure 1).2 The North American AI in the drug discovery market is estimated to hold the largest share of USD 2.08 billion by 2022 because this region saves on expenses, reduces time frames, and improves patient outcomes through AI-based platforms for drug discovery. The drug discovery and biotechnology applications continued to expand significantly in 2022, accounting for 72% of U.S. funding during the year, with Europe taking second place by market share distribution. Asia Pacific shows the highest growth rate on account of the rising incidence of chronic diseases and the presence of a well-established pharmaceutical industry. Conversely, growth is expected to be slower in the Middle East, Africa, and Latin America as a result of limited healthcare spending and fewer manufacturers entering these regions.3
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Fig 1 | Market trend showing AI in drug discovery (2023–2032)



The discovery of drugs is being revolutionized by AI as it accelerates the identification and development of new therapeutic agents, reduces costs, and improves the efficiency of clinical trials. AI greatly improves drug discovery efficiency by optimizing different phases of the drug development process, such as target identification, lead optimization, and toxicity prediction.4 Machine learning, deep learning (including artificial and deep neural networks), fuzzy logic, and neuro-fuzzy logic, in combination with genetic algorithms, can analyze large datasets within a short time, reducing the required timescales of drug discovery as well as related costs to run experiments for each new molecule identified. By predicting molecular properties and target interactions, these algorithms aid in selecting potential drug candidates to a great extent over the ability of predictive modeling of drug discovery studies.5 The generation of new molecular structures and evaluation of their therapeutic efficacy have also become more effective through the application of AI methods in structure-based virtual screening and ligand-docking-based approaches.6 The high-dimensional data exploration tasks such as antibiotic discovery and generative models designing compounds with antibacterial activity have been addressed efficiently by deep learning methods, aiding antimicrobial research.7 Relatively same models are used for cancer drug response prediction, which gives us very accurate predictions and suggests optimal personalized treatments.8 A major case study here is the use of AI to predict protein structures using methods such as AlphaFold, which would improve drug development much further with a great degree of precision.9 An overview of AI in drug discovery is illustrated in Figure 2.
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Fig 2 | Role of AI in drug discovery



Moreover, utilizing AI in computer-assisted drug design (CADD) enhances the accuracy of identifying potential compounds, making the screening process more efficient and enhancing the chances of success in subsequent development phases.10 CADD utilizes AI and big data methodologies to overcome traditional drug design limitations, improving the identification of binding sites, property prediction, and overall drug development processes.11 These computational techniques allow for the analysis and identification of biologically active molecules, streamlining the drug discovery process and contributing to improved patient care. AI in CADD assists in the orientation of new chemical entities and screening for suitable modifications in the molecular structure that will improve the pharmacological effectiveness of lead compounds while at the same time decreasing the possibility of adverse reactions. This optimization process uses machine learning methods for predicting the structure−activity relationships on the basis of which research can be directed to the specific and probable regions. The integration of AI with CADD also facilitates drug repositioning, which is crucial for addressing complex diseases like COVID-19 and cancer, making the process faster and more cost-effective.12 CADD approaches are also valuable in designing anticancer drugs, using in silico tools to develop innovative and selective small molecules for therapeutic applications.13 Additionally, AI-driven CADD techniques are crucial in the development of targeted therapies for neurodegenerative diseases, such as Alzheimer’s, where computational models help identify promising drug candidates.14

AI improves high-throughput virtual screening and de novo drug design by accurately predicting molecular interactions and biological activity better than traditional methods. By integrating in silico techniques and deep learning, AI systems can automate various stages of drug design, such as the identification of potential inhibitors for specific diseases, including chronic myeloid leukemia and COVID-19. These can evaluate multiple biological activities at a time and thus reduce the search for molecules in possible candidates.15 Also, AI-virtual screening and de novo design tools broaden the landscape for molecular design through learning from existing data to understand relationships within molecules as well as inter-molecular interactions, thereby aiding in the better identification of drug candidates. This is evident in applications such as designing dual-target ligands for complex diseases, where AI-generated models have shown high success rates in meeting biological activity objectives.16 AI-driven methods provide a powerful alternative to traditional drug discovery, enabling faster, more cost-effective, and precise identification of new therapeutic agents, revolutionizing the landscape of computational drug design. Numerous pharmaceutical companies have effectively utilized AI in drug discovery to create new medications for a range of illnesses, such as cancer, fibrosis, psychiatric disorders, and rare diseases, leading the way in the industry (Table 1). Many large pharmaceutical companies continuously monitor AI-driven collaborations to progress their research and development projects and identify potential partners and consultants.










	Table 1 | AI-Driven Innovations by Pharmaceutical Companies




	Company
	AI Platform/Technology
	Key Achievements
	Partnerships



	Insilico Medicine
	GENTRL (Generative Tensorial Reinforcement Learning)
	Developed a molecule for fibrosis in 46 days
	Pfizer



	Exscientia
	An AI platform for novel molecular design
	Focus on psychiatric disorders and cancer
	Sumitomo Dainippon Pharma, Celgene



	Relay Therapeutics
	An AI platform for protein motion targeting drugs
	Lead candidate RLY-1971 in phase I for solid tumors
	–



	BenevolentAI
	Benevolent Platform
	Two targets for chronic kidney disease (CKD) and idiopathic pulmonary fibrosis (IPF)
	AstraZeneca



	Valo Health
	Logica
	A multi-program agreement for small-molecule optimization
	Pioneering Medicines, Charles River Laboratories



	Tempus
	AI technologies for precision medicine
	For advances in drug discovery and precision oncology
	Pfizer, GSK, AstraZeneca



	Receptor.AI
	A platform focused on protein isoform selectivity
	Developing technologies with high selectivity for protein variants
	–





AI in Target Identification and Validation

Without exception, when it comes to the development of new drugs and management of diseases, AI plays a very vital role in identifying targets in many fields. In cancer studies, AI techniques such as machine learning and deep learning assist and consider vast datasets. This also renders it easier to identify possible drugs and the likelihood of success of a research agenda.17 Some of these AI tools are mentioned in Table 2. In the field of orphan diseases, it implements genotypes and phenotypes into the understanding of diseases at the same time. The sources of prospective targets are generated using machine learning models, and the targets generated are checked to confirm the effectiveness of the models.18 In the same manner, AI-based solutions help prioritize novel cancer therapeutic targets that should balance the levels of novelty, confidence, and commercial practicability in order to enhance the drug discovery processes and the consequences.19









	Table 2 | AI-Integrated Tools Used in Target Identification and Validation




	Tools
	Description
	References



	BioMap
	The method integrates AI algorithms for enhancing leads and identifying targets, along with real-time data analytics and predictive modeling, to accelerate drug development.
	26



	deepDTnet
	Identifies new targets and repurposing drugs
	27



	GENTRL
	Discovers potent inhibitors of discoidin domain receptor 1 (DDR1)
	28



	KDeep
	Predicts protein−ligand absolute binding affinity using 3D-convolutional neural networks
	29



	KG-DTI
	A deep learning approach using knowledge graphs for predicting drug−target interactions and repositioning drugs for Alzheimer’s disease.
	30



	LibINVENT
	A tool for de novo drug design
	31



	PIGNet
	A deep learning model informed by physics for predicting drug−target interactions in a generalized manner
	32



	Reinvent
	A tool for de novo drug design
	33



	RELATION
	A complex generative model for creating new drugs based on structure
	34





AI has also been used in the search and confirmation of new drug targets in diseases, such as endometriosis and glioblastoma. For example, the AI process helped determine ENDO01 and ENDO02 as therapeutic targets for endometriosis following in vitro and in vivo validation.20 In glioblastoma studies, technology such as PandaOmics has been useful in finding drug target dualism that could be useful in addressing aging, as well as glioblastoma multiforme.21 In addition, pharmacophore comparison using only AI and reverse ligand-protein docking have been found useful in establishing the protein targets for herbal ingredients, hence providing a glimpse of the mode of action of these ingredients.22

With the help of an AI-powered tool, researchers created inhibitors for the BMX protein implicated in cancer and immune diseases.23 For the 13-thioesterase (TE) domain of the polyketide synthase, which is essential for mycobacteria survival, Reinvent 4, pKCSM, KDeep, and SwissADME have been employed.24 The identification of potential drugs and natural compounds for liposarcoma (LPS) treatment was done through in silico analysis with Kantify’s Zeptomics, in which 10,000 drugs and natural compounds were analyzed.25 Using this strategy, it was possible to identify seven compounds that effectively inhibited LPS cell viability, with an IC50 value between 1 µM and the nanomolar (nM) scale. The compounds typically exist in the concentrations of 5 µM to nM scales.

AI in Drug Design

Different stages of drug discovery have been improved by AI in drug design, as shown in Figure 3. Big data analysis, predicting molecular interactions and lead optimization using various AI procedures, can be used by researchers. Applications of DeepChem and Chemistry 42 are common in drug design to help make processes more efficient and results in biomedical chemistry better. These tools enable the enhanced creation of small molecules to have a high computed binding propensity to particular targets to make drug discovery more rapid and efficient.35 Moreover, the AI application is also involved in the analysis of high-content screening data, synthesis, and molecular design to help in discovering regions of chemical space.36 Broudy et al. have endeavored to find inhibitors for Casitas B-lymphoma proto-oncogene-b (Cbl-b) by using a generative AI tool known as the REINVENT design engine in parallel with medicinal chemistry in addition to structure-based engineering techniques.37 The decision to introduce multiple rounds of in silico structure-based drug design into the design–make–test–analyze cycle significantly changed the “design” phase. Shirani and Hashemianzadeh employed an ANI-1x neural network model to predict the potential energy surface of the antiparkinsonian drug levodopa (L-3,4-dihydroxyphenylalanine).38 Importantly, this model was able to do all calculations in a short time, making it a potential instrument for computationally efficient and effective drug design.
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Fig 3 | Different stages of the AI-integrated drug discovery process



AI in Clinical Studies

The quantitative systems pharmacology (QSP) approach is extensively utilized in drug discovery and development to address critical questions, such as elucidating therapeutic mechanisms of action, patient stratification, and mechanistic insights into disease progression. Using a QSP model to generate virtual patients, it was demonstrated that nonsteroidal mineralocorticoid receptor antagonists (MRAs), such as finerenone and apararenone, present a lower hyperkalemia risk compared to the steroidal MRA eplerenone.39 Prospective simulations using QSP models offer a valuable tool for prioritizing drug candidates in clinical development and validating mechanism-based pharmacological concepts before large-scale clinical trials. Williamson et al. have presented the possibility of AI in advancing recruitment strategies specifically in the context of the many trials that are currently being conducted in the advanced stage of age-related macular degeneration with geographic atrophy.40 In a similar vein, a group of researchers proposed that by using an AI model, high-risk patients can be first flagged to significantly decrease the number of patients needed or the time required to achieve the clinical trial end points.41

Recent Trends in the Applications of AI in Drug Discovery

Multi-Omics Integration

Using Omics, where the aim is to develop a hypothesis for discovery biology, is the best way to come up with targets for drug development. In this method, researchers collect data from significantly different biomolecular levels, such as DNA, RNA, proteins, metabolites, and epigenetic modifications, to substantiate systems biology approaches and define how living organisms work and interact.42 Many of the new methods that were developed and implemented in the last few years involve the use of data and have been employed to address the complexity of multi-omics in oncology, particularly with regard to patient profiling, biomarker discovery, and drug repositioning for personalized medicine.43 According to the research, Mycobacterium tuberculosis omics technologies might be helpful in the early stages of creating rational antimicrobial drugs for tuberculosis.44

Robotics and Automation in Drug Synthesis

Self-optimized synthesis processes can benefit from the applications of AI. Software that relies on algorithms could quickly analyze and enhance inadequate responses using a learning model based on previous reactions found in the literature. The robotic arm that is linked can be programmed to execute the best response automatically. For instance, the iChemFoundry platform, created at the ZJU-Hangzhou Global Scientific and Technological Innovation Center, is an intelligent automated platform for high-throughput chemical synthesis that will change the traditional disciplines’ mindset, encourage disruptive technique innovation, redefine chemical synthesis speed, and revolutionize material manufacturing methods.45

Enhanced Predictive Modeling

Recent enhancements in the ability to model AI have been seen to increase the reliability of predictions whenever in harmony with clinical investigation, a key factor in the applicability of AI in personalized medicines.46 Machine learning has become important in bettering predictive modeling through fast analysis of large chemical libraries while arriving at higher hit prediction and better assessment of molecular frameworks. This leads to improved evaluations of the safety and effectiveness of drugs, thus speeding up the drug discovery process.47 Additionally, AI methods, which encompass both machine learning and deep learning, play a substantial role in improving predictive models and enhancing the efficiency of the drug discovery process.48 The merging of AI and big data boosts predictive modeling abilities, leading to advancements and accuracy in the drug discovery process. This combination has had a significant effect in areas such as cardiovascular pharmacology, where the use of predictive modeling and the integration of big data are changing drug development processes and patient care.49 AI’s transformative power is demonstrated in the field of retro drug design, where it aids in developing new small-molecule drugs with specific properties, making the discovery of therapeutic agents more efficient.50

Personalized Medicine

It is advantageous to integrate AI within the approach of personalized medicine because of the complexity of diseases, such as cancer and genetic disorders, where standard therapies are nonproductive.51,52 Personalized medicine is a process in which drug treatments are developed for a particular person by taking into consideration the genetic profile, biomarkers, and other characteristics of the client. AI enhances this process through the optimization of drug development, patient eligibility, dose regimes, and biomarker discovery through the use of modeling algorithms.46 Moreover, the involvement of AI also has a part in customizable medicine, such as employing patient-derived models, including the organoids of a tumor, for swift drug screening. These models are individualized treatment options, particularly for patients who have undergone all the conventional clinical approaches.53

Challenges of AI in Drug Discovery

While there have been significant advancements, several research areas still lack adequate information. A significant barrier to the development of AI in drug discovery is that many pharmaceutical datasets are proprietary and, therefore, not publicly available to allow researchers a suitable volume of training data with which they can validate their models. Not only that, the data is often unreliable or incomplete and may suffer from sampling issues—it might be biased (not a true representation of society)and records can exist in different units across sites and could fail complete standardization between sources.

Sophisticated biological systems can be difficult for AI to adequately model, frequently leading to oversimplifications in the predictions. Moreover, such models may not be able to capture the inherent dynamical behavior of bio-networks where interactions could evolve in complex manners depending on different factors other than time (such as condition variation and disease). An additional challenge for AI in drug discovery is regulation. Government agencies such as the US Food and Drug Administration (FDA) need a great deal of proof and have very strict rules around validation, which even AI-created drugs must follow. The validation of AI models and their predictions is a moving target but a far more nuanced process, which may delay regulatory approval for the discovery of new drugs by AI.

Yet another challenge is the integration of AI with existing drug discovery pipelines. Traditional processes for drug discovery are well defined and go through a lot of phases, starting from target identification to clinical trials. The integration of AI into this process will mean drastic changes in workflows, collaborative work between AI experts and domain scientists, and resistance to change in organizations. The development and deployment of AI models in drug discovery come at extremely high costs. Other components that could be costly are high-performance computing, domain-specific software, and access to large datasets. In addition, updates for training the model with new data may also escalate the cost further. Moreover, AI might lead to an affinity of models to a compound type, target, or patient population, causing biased results in drug development.



Conclusion

The integration of AI into the course of drug discovery is drastically changing the future of medicine. AI is advancing at a fast pace, enriching the processes of personalized medicine, making a large number of data analyses fast, assessing the potential of drugs, and enhancing treatment plans. This technology is helping to speed up the process of coming up with new medications and delivering treatment that is more personalized by considering the genes of an individual and even the molecular composition of the body. As discussed above, the rising application of AI in the field of drug discovery is expected to revolutionize health care in terms of predictiveness, preventiveness, and personalization in the near future. There is a good chance that AI’s role in medicine’s future will enable better cures, superior patient outcomes, and the likelihood of conquering complex diseases more efficiently than at present.
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