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Abstract: Plant-derived bioactive compounds have been pivotal in pharmacotherapy, yielding treatments
for diseases like cancer and infections, exemplified by paclitaxel from Taxusbrevifolia and artemisinin
from Artemisia annua. Despite their potential, natural product-based drug discovery faced challenges in
the 1990s, including limitations in high-throughput screening, isolation difficulties, and complex chemical
optimization, leading to reduced pharmaceutical interest. Recent technological advancements have
revitalized the field, positioning these compounds as key solutions for global health issues like
antimicrobial resistance. Innovations in analytical tools, such as high-performance liquid
chromatography-mass spectrometry and nuclear magnetic resonance spectroscopy, enhance the isolation
and identification of bioactive molecules. Genome mining and synthetic biology enable discovery and
scalable production of novel compounds, while advanced microbial cultivation boosts yields. Artificial
intelligence accelerates lead identification and optimization. These breakthroughs overcome past barriers,
streamlining drug development. Plant-derived compounds, with complex chemical profiles, offer promise
against antimicrobial resistance, where conventional antibiotics falter. Challenges like sustainable
sourcing, regulatory harmonization, and ethical concerns, including biopiracy, persist. This review
synthesizes these advancements, their applications, and opportunities to harness plant-derived compounds
for unmet medical needs, driving sustainable, innovative therapeutics in modern medicine.
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I. INTRODUCTION

Since antiquity, medicinal plants have been revered as indispensable resources for healing and wellness, deeply embedded
in the cultural and therapeutic practices of indigenous communities across the globe (Hill, 1952; Matu and Van Staden,
2003). These botanical treasures continue to play a pivotal role in modern times, serving as the cornerstone of primary
healthcare for approximately 85% of the world’s population, particularly in regions where access to conventional
medicine is limited (Pesi¢, 2015). Furthermore, their significance extends to pharmaceutical innovation, with an estimated
80% of synthetic drugs tracing their origins to plant-derived compounds, underscoring their enduring impact on drug
discovery and development (Bauer and Bronstrup, 2014). Over the past few centuries, scientific advancements have
revolutionized the study of herbal substances, enabling detailed chemical analyses and pharmacological evaluations that
have transformed traditional remedies into modern therapeutics. Despite the vast global biodiversity, encompassing
approximately 422,000 angiosperm species (Govaerts, 2001), only around 50,000 are recognized for their medicinal
properties, and a mere 5,000 have been subjected to comprehensive phytochemical investigation (Schippmann et al.,
2002). This gap highlights the untapped potential of medicinal plants as a reservoir for novel therapeutic agents.

India, celebrated as a global epicenter of botanical diversity, stands out as one of the largest producers of medicinal plants,
often described as the world’s botanical garden (Dubey et al., 2004). The country’s rich heritage of traditional medical
systems, including Ayurveda, Yunani, Siddha, and various folk practices, has been nurtured by its diverse ecosystems
and cultural traditions. India, home to over 54 million tribal people living in approximately 5,000 forest-dominated
villages that span roughly 15% of the nation’s geographical area, benefits from a deep-rooted connection between these
indigenous communities and their natural environment, fostering a rich interplay of cultural and ecological interactions
(Nath and Khatri, 2010). These communities have cultivated an extensive repository of plant-based knowledge,
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meticulously preserved and transmitted through oral traditions across generations, a practice that remains vibrant despite
the absence of written records in many cases (Rao and Shanpru, 1981; Chhetri, 1994). Remarkably, over 43% of India’s
flowering plant species are documented for their medicinal value, reflecting the country’s unparalleled contribution to
ethnopharmacology (Pushpangadan, 1995).

Ethnomedicinal Knowledge and Its Threats

In recent decades, there has been a marked surge in scholarly interest in ethnomedicinal plants, driven by their critical
role in advancing pharmaceutical research and development (Ayyanar and Ignacimuthu, 2011; Shukla et al., 2023).
Natural products derived from these plants have been instrumental in shaping the pharmaceutical industry, contributing
to over 50% of clinical drugs currently in use (Ghimire et al., 2012). However, the escalating global population has
intensified the demand for natural resources, leading to an increased focus on identifying novel plant species with
therapeutic potential. This heightened demand has inadvertently placed significant pressure on medicinal plant
populations, exacerbating threats such as habitat destruction and overexploitation, which jeopardize their sustainability
(Simbo, 2010; Mbuni et al., 2020; Sharma et al., 2023). Ethnobotanical studies have emerged as a vital tool in this context,
providing essential baseline data that inform subsequent phytochemical and pharmacological research aimed at
developing safe, effective, and cost-efficient medicines for global health challenges (Wagh and Jain, 2018).

The global trade in medicinal plants is experiencing robust growth, with an annual increase of 15-25% and projections
estimating a market value exceeding US$5 trillion by 2050. In India alone, the medicinal plant trade is valued at
approximately US$1 billion annually, reflecting its economic significance (Malik et al., 2011). The World Health
Organization has undertaken a monumental effort to catalog medicinal plants globally, identifying over 20,000 species
used in traditional medicine (Pandey et al., 2013). India’s healthcare landscape is a dynamic tapestry, blending modern
medical practices with time-honored traditional systems. In rural and remote areas, traditional healers and indigenous
knowledge systems remain the primary means of addressing health concerns, particularly where access to modern
healthcare is limited (Wagh and Jain, 2020; Gupta and Wagh, 2024). The state of Madhya Pradesh in Central India
exemplifies this blend, with its Northeastern region distinguished by its rich biodiversity, vibrant cultural heritage, and
diverse tribal populations (Ahirwar, 2022; Prasad, 2022). Within the rural communities of this region, a wealth of
traditional knowledge about the medicinal properties of local flora persists, with herbal preparations serving as a primary
means of treating common ailments. This knowledge, passed down through oral traditions across generations, underscores
the enduring legacy of ethnomedicine and its potential to contribute to modern pharmaceutical advancements.

Plant-derived natural products in drug discovery

For thousands of years, medicinal and aromatic plants, particularly those with ethnopharmacological significance, have
served as vital sources of natural remedies and healthcare (Okigbo et al., 2009; Ansari et al., 2023; Chaachouay et al.,
2023). Historically, these plants were used in rudimentary preparations, including powders, tinctures, infusions,
decoctions, poultices, and other herbal formulations (Chaachouay et al., 2020; Orch et al., 2021; Benkhnigue et al., 2022).
Knowledge about specific plant dosages and administration methods for treating particular ailments was passed down
through oral traditions and later recorded in traditional pharmacopeias (d’ Avigdor et al., 2014; Avery and Hains, 2017;
Chaachouay et al., 2020). The discovery of drugs from medicinal plants involves diverse disciplines, with botanists,
ethnobotanists, ethnopharmacologists, and plant ecologists collaborating to identify and study plants of interest (Balunas
and Kinghorn, 2005). Advances in technology have transformed plants into biological "factories" capable of producing
natural compounds for biotechnological pharmaceuticals and treatments (Paul and Ma, 2011).

The use of plants in modern pharmacology began with the isolation of active compounds, notably morphine from
Papaversomniferum in the early 19th century (Yuan et al., 2016; Brook et al., 2017). This breakthrough paved the way
for the identification of other plant-derived pharmaceuticals, such as digitoxin, cocaine, pilocarpine, codeine, and quinine,
marking significant milestones in medical science (Kong et al., 2003). These compounds, analyzed for their therapeutic
properties, remain relevant in contemporary medicine. More recently, additional plant-derived molecules have been
discovered, extensively studied, and developed into commercial pharmaceuticals (Ernest et al., 2008).
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Research into medicinal plants has been instrumental in identifying drugs with unique pharmacological properties. For
example, paclitaxel from Taxusbrevifolia is employed in treating lung, ovarian, and breast cancers, while artemisinin,
extracted from Artemisia annua, combats drug-resistant malaria (Katiyar et al., 2012). Silymarin, derived from
Silybummarianum seeds, is used for liver disorders, and digitoxin from the foxglove plant supports the management of
congestive heart failure (Shakya, 2016). Cocaine, historically valued for its anesthetic properties, was used for local
anesthesia and vasoconstriction, while pilocarpine from the jaborandi plant promotes salivation and perspiration (Rates,
2001). Codeine, an opioid from the opium poppy, is widely recognized for its analgesic and antitussive effects, and
quinine, sourced from cinchona bark, has been pivotal in malaria treatment (Jia et al., 2004; Balunas and Kinghorn, 2005;
Salim et al., 2008). Many of these early compounds, including digitoxin and quinine, continue to play a role in modern
therapeutics, underscoring the enduring value of plant-derived substances (Balunas and Kinghorn, 2005).

Ongoing efforts to isolate and characterize bioactive compounds from medicinal plants have led to the discovery of new
molecules with therapeutic potential. This process involves detailed investigations into their chemical structures,
mechanisms of action, and clinical applications, reinforcing the role of natural products in advancing modern medicine.
Drug development strategies have also focused on standardizing herbal remedies to identify key biomolecules (Chin et
al., 2006). By leveraging biotechnology, plants can produce pharmaceuticals to address critical diseases such as cancer,
tuberculosis, diabetes, influenza, asthma, coronary artery disease, and diarrhea (Mohr, 2015). Plant-based drug production
offers a cost-effective, safe, and efficient alternative to traditional methods like animal cell cultures or microbial
fermentation, enabling faster and broader access to medications (Veeresham, 2012; Subramoniam, 2014). The vast,
largely untapped structural diversity of natural products continues to drive their importance in drug discovery and
development.

The need for production of plant-based drugs

Plant-based drugs, derived from medicinal plants, have been integral to human healthcare for centuries, offering a rich
source of bioactive compounds with therapeutic potential. The increasing demand for these drugs stems from their
efficacy, cultural significance, and potential to address modern healthcare challenges. This essay explores the need for
the production of plant-based drugs, emphasizing their role in sustainable medicine, economic benefits, and addressing
global health issues. Firstly, plant-based drugs are a cornerstone of traditional medicine systems, such as Ayurveda,
Traditional Chinese Medicine, and African ethnomedicine, which serve billions globally. According to the World Health
Organization (WHO), approximately 80% of the global population relies on traditional medicine for primary healthcare,
much of which is plant-derived (WHO, 2019). Compounds like morphine from Papaversomniferum (opium poppy) and
artemisinin from Artemisia annua (sweet wormwood) have revolutionized treatments for pain and malaria, respectively.
The continued exploration of plant biodiversity offers potential for discovering new drugs to combat diseases like cancer
and antibiotic-resistant infections, where synthetic drugs often fall short. Secondly, the production of plant-based drugs
supports sustainable healthcare. Unlike synthetic drugs, which often require energy-intensive manufacturing and produce
environmental pollutants, plant-based drugs can be cultivated with lower ecological footprints. For instance, cultivating
medicinal plants like ginseng or echinacea supports biodiversity and reduces reliance on fossil fuel-derived
pharmaceuticals. Moreover, advances in biotechnology, such as plant tissue culture and genetic engineering, enable
scalable production of plant-derived compounds without depleting natural resources (Rao&Ravishankar, 2002). These
methods ensure consistent quality and yield, addressing supply chain challenges.

Economically, plant-based drug production benefits developing nations rich in biodiversity. Countries like India, Brazil,
and Nigeria possess vast repositories of medicinal plants, which can be leveraged to create jobs and boost local economies.
The global herbal medicine market was valued at USD 151.91 billion in 2021 and is projected to grow, driven by
consumer preference for natural therapies (Grand View Research, 2022). By investing in sustainable cultivation and
processing, these nations can reduce dependency on imported pharmaceuticals while meeting global demand.
Furthermore, plant-based drugs address the rising challenge of antimicrobial resistance (AMR). With 1.3 million deaths
annually attributed to AMR (Murray et al., 2022), plants like those yielding berberine or essential oils offer promising
alternatives to conventional antibiotics. Their complex chemical profiles make it harder for pathogens to develop
resistance, unlike single-molecule synthetic drugs. However, challenges such as overharvesting, quality control, and

regulatory hurdles must be addressed to ensure sustamable production. Collaborative efforts between governments,
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researchers, and industries are essential to standardize extracts, protect endangered species, and integrate plant-based
drugs into modern pharmacopeias.

Challenges in the production of phytopharmaceutical drugs

Phytopharmaceutical drugs, derived from medicinal plants, hold immense therapeutic potential but face significant
challenges in production that hinder their widespread adoption. These challenges include variability in plant material,
regulatory hurdles, sustainable sourcing, and technological limitations. This essay discusses these obstacles and their
implications for scaling up phytopharmaceutical drug production. One major challenge is the variability in the chemical
composition of plant-derived compounds. The concentration of bioactive molecules, such as alkaloids or flavonoids,
varies due to environmental factors like soil quality, climate, and harvest timing. For instance, the antimalarial compound
artemisinin from Artemisia annua can fluctuate significantly in yield, affecting drug consistency (Ferreira et al., 2005).
Standardizing extracts to meet pharmaceutical-grade requirements is difficult, as batch-to-batch variations complicate
quality control and efficacy assurance.

Regulatory hurdles pose another significant barrier. Phytopharmaceuticals often fall into a gray area between traditional
herbal remedies and modern drugs, leading to inconsistent global regulations. In the United States, the FDA classifies
botanical drugs under stringent guidelines, requiring extensive clinical trials to prove safety and efficacy (FDA, 2016).
In contrast, some countries have less rigorous standards, creating challenges for international market access. The
complexity of plant extracts, containing multiple active compounds, makes it difficult to meet the single-molecule-
focused regulatory frameworks designed for synthetic drugs. Sustainable sourcing is a critical concern. Overharvesting
of medicinal plants, such as Panax ginseng or Hoodia gordonii, threatens biodiversity and depletes natural populations
(Chen et al., 2016). Cultivation is a potential solution, but it requires significant investment in land, time, and expertise.
Many medicinal plants are slow-growing or region-specific, making large-scale farming economically unfeasible.
Additionally, unethical harvesting practices in developing countries, where many medicinal plants are sourced, raise
ethical and environmental concerns.

Technological limitations further complicate production. Extracting and purifying bioactive compounds is often labor-
intensive and costly. Traditional extraction methods, like solvent-based techniques, may produce low yields or degrade
sensitive compounds. While advanced techniques like supercritical CO: extraction or plant cell culture offer promise,
they require sophisticated infrastructure and expertise, limiting accessibility for smaller manufacturers
(Rao&Ravishankar, 2002). Moreover, scaling up production without compromising quality remains a challenge, as
bioreactor systems for plant cell cultures are not yet widely optimized. Finally, intellectual property issues and biopiracy
concerns create tensions. Indigenous communities, who often hold traditional knowledge about medicinal plants, may
not receive fair benefits when their knowledge is commercialized, leading to ethical disputes (Mgbeoji, 2006). Addressing
these challenges requires collaborative efforts. Improved cultivation techniques, standardized extraction protocols,
harmonized global regulations, and ethical sourcing practices are essential. Investment in biotechnology, such as genetic
engineering to enhance bioactive compound yields, could also mitigate variability and scalability issues. Overcoming
these obstacles will enable phytopharmaceuticals to meet growing global demand for sustainable, effective therapeutics.

Authentication of plant-derived molecules

The authentication of plant-derived molecules is critical to ensuring the safety, efficacy, and quality of
phytopharmaceuticals and herbal medicines used globally. With the herbal medicine market projected to surpass USD
400 billion by 2026 (Fortune Business Insights, 2023), authenticating these molecules is essential to prevent health risks
from misidentification, adulteration, or contamination. This process verifies the identity, purity, and consistency of
bioactive compounds, supporting drug discovery and regulatory compliance. This essay examines the importance,
methods, challenges, and emerging solutions for authenticating plant-derived molecules, emphasizing their role in
advancing sustainable healthcare. Authentication is vital to confirm that plant materials contain the intended bioactive
compounds in consistent quantities. Misidentification can have severe consequences, as seen in cases where Aristolochia
species, containing toxic aristolochic acid, caused kidney failure and cancers due to substitution in herbal products
(Heinrich et al., 2009). The World Health Orgamzatlon notes that 80% of the global populatlon relies on plant-based
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traditional medicines, underscoring the need for robust authentication to ensure safety and efficacy (WHO, 2019). In drug
discovery, authenticated molecules like artemisinin from Artemisia annua or paclitaxel from Taxusbrevifolia are critical
for reproducible therapeutic outcomes and intellectual property protection (Atanasov et al., 2021). Authentication also
ensures compliance with stringent regulations, such as those from the FDA, which demand detailed documentation of
botanical identity and chemical composition (FDA, 2016).

Several methods are employed for authentication, combining morphological, chemical, and molecular approaches.
Morphological authentication involves macroscopic and microscopic examination of plant parts, assessing features like
leaf shape or trichomes. However, these methods are less effective for processed materials like powders, where up to
41% of commercial herbal products have been found adulterated (Booker et al., 2016). Chemical profiling, using
techniques like high-performance liquid chromatography (HPLC), gas chromatography-mass spectrometry (GC-MS),
and nuclear magnetic resonance (NMR) spectroscopy, identifies and quantifies bioactive compounds such as alkaloids or
flavonoids (Wolfender et al., 2015). Chemometric tools, like principal component analysis (PCA), enhance accuracy by
analyzing complex data to distinguish authentic samples from adulterants (Kim et al., 2022). Molecular methods,
particularly DNA barcoding, target genomic regions like ITS2 or matK for species identification, even in processed forms
(Sgamma et al., 2017). A 2024 study on Patrinia species combined DNA barcoding with chemical profiling for high-
precision authentication (Chen et al., 2024). Metabarcoding and sequence-characterized amplified region (SCAR)
markers further improve detection of adulterants in herbal mixtures (Raclariu et al., 2018; Gafner& Bergeron, 2023).
Despite these advancements, authentication faces significant challenges. Variability in bioactive compounds due to
environmental factors like soil, climate, or harvest timing complicates standardization. For instance, hypericin levels in
Hypericumperforatum vary, affecting its antidepressant efficacy (Upton, 1997). Adulteration, whether intentional
(substitution with cheaper species) or unintentional (contamination during harvesting), is prevalent, driven by economic
motives (Booker et al., 2016). Regulatory disparities across countries hinder global harmonization, with stringent FDA
guidelines contrasting with lax standards elsewhere (FDA, 2016; Pferschy-Wenzig& Bauer, 2025). The lack of universal
reference standards for many plant compounds further complicates consistent authentication (Wolfender et al., 2015).
Ethical concerns, including biopiracy and overharvesting, threaten biodiversity and indigenous rights, necessitating
sustainable sourcing practices (Mgbeoji, 2006). Emerging technologies offer promising solutions. Metabolomics,
integrated with machine learning, enables precise detection of chemical variations, improving authentication accuracy
(Goodarzi et al., 2023). Hyphenated techniques like LC-MS enhance high-throughput screening of complex mixtures
(Zhang et al., 2023). Blockchain-based traceability systems ensure authenticity across the supply chain, from cultivation
to final product (Zhao et al., 2023). Synthetic biology, such as engineered production of plant molecules, reduces reliance
on wild harvesting and improves purity (Paddon&Keasling, 2014). Portable devices for on-site authentication and Al-
driven predictive models are also emerging, enhancing accessibility in resource-limited settings (Srivastav et al., 2024).

Outlook for natural products in drug discovery

Natural products, derived from plants, microorganisms, and marine organisms, have historically been a cornerstone of
drug discovery, contributing to over 50% of approved drugs (Newman &Cragg, 2020). As the pharmaceutical industry
faces challenges like antimicrobial resistance (AMR), complex diseases, and the high cost of synthetic drug development,
natural products are experiencing a resurgence. This essay explores the promising outlook for natural products in drug
discovery, highlighting their potential, technological advancements, and challenges. The diversity of natural products
offers unparalleled chemical scaffolds for drug development. Plants like Taxusbrevifolia (source of paclitaxel for cancer)
and microorganisms like Streptomyces (source of antibiotics like streptomycin) provide bioactive compounds with unique
mechanisms of action. With an estimated 400,000 plant species and millions of microbial strains yet to be explored,
natural products remain a vast, untapped resource for novel therapeutics (Atanasov et al., 2021). Their complex structures,
often unattainable through synthetic chemistry, are particularly valuable for targeting challenging diseases like cancer,
Alzheimer’s, and multidrug-resistant infections. Advancements in technology are enhancing the potential of natural
products. High-throughput screening and metabolomics allow researchers to rapidly identify bioactive compounds from
complex mixtures. For example, liquid chromatography-mass spectrometry (LC-MS) has improved the isolation of rare

molecules from marine sponges and fungl (Mohnskl et al., 2009). Synthetic biology and genet1c engineering enable the
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modification of biosynthetic pathways in microorganisms to produce higher yields of compounds like artemisinin
(Paddon&Keasling, 2014). Additionally, artificial intelligence (Al) and machine learning are accelerating drug discovery
by predicting bioactivity and optimizing lead compounds from natural sources.

The global push for sustainable and cost-effective healthcare further bolsters the outlook for natural products. Unlike
synthetic drugs, which require resource-intensive manufacturing, natural products can be sourced or cultivated with lower
environmental impact. The global market for herbal medicines, a subset of natural products, is projected to reach USD
411 billion by 2026, driven by consumer demand for natural therapies (Fortune Business Insights, 2023). This economic
incentive encourages investment in natural product research, particularly in biodiversity-rich regions like Southeast Asia
and South America. However, challenges persist. Identifying and isolating active compounds is time-consuming, and
regulatory frameworks for natural products are often inconsistent, delaying market entry. Overharvesting threatens
biodiversity, necessitating sustainable practices like bioprospecting and cultivation. Ethical concerns, such as biopiracy,
also require fair benefit-sharing with indigenous communities (Mgbeoji, 2006). Despite these hurdles, the outlook for
natural products in drug discovery is bright. Integrating traditional knowledge with modern technologies, coupled with
global collaboration, can unlock their potential. As the industry seeks innovative solutions to pressing health challenges,
natural products will likely play a pivotal role in shaping the future of medicine.

Concluding remarks and future perspectives

Plant-derived bioactive compounds continue to assert their indispensable role in modern drug discovery, buoyed by
renewed scientific interest and technological progress. These compounds, with unmatched structural diversity, provide
rich scaffolds for therapeutic leads, an opportunity once diminished by challenges such as difficulties in screening,
isolation, characterization, and chemical optimization during the late 20th century. However, contemporary advances in
analytical technologies, genome mining, improved microbial cultivation, synthetic and systems biology have overcome
many of these barriers, enabling sustainable and scalable access to complex phytochemicals and reigniting drug discovery
efforts using natural products. Integrating bioactivity-guided fractionation, molecular modeling, virtual screening, and
comprehensive database mining has also sharpened the identification and optimization pipelines for plant-based leads,
signaling a robust resurgence in the field. Looking forward, the convergence of artificial intelligence including machine
learning, deep learning, and de novo drug design with natural product research promises to accelerate discovery by
enabling predictive modeling, virtual screening, and biosynthetic pathway simulation. Combining Al with synthetic
biology and metabolic engineering allows for the efficient production of complex or rare natural compounds in engineered
microbial systems, expanding both yield and chemical novelty while preserving ecological resources. Approaches such
as chemogenomics further enrich this landscape by elucidating mechanisms of action for traditional medicinal compounds
and identifying new therapeutic targets based on phenotypic and molecular similarity. A holistic, interdisciplinary
strategy—merging ethnobotanical knowledge, omics technologies, computational tools, and sustainable
bioproductionwill be essential for overcoming remaining challenges and ensuring reproducibility, quality, and ecological
stewardship. In synthesis, the future of plant-derived drug discovery lies in the thoughtful integration of traditional
wisdom and cutting-edge technologies, which collectively promise to unlock the vast chemical space of nature, address
pressing global health challenges, and deliver innovative, safe, and sustainable therapeutics.
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