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ARTICLE INFO ABSTRACT
Article history A large proportion of the medicines used by humans are extracted directly or indirectly from
plant secondary metabolites. These complex compounds, which include groups such as
Submitted: 2026-09-23 alkaloids, flavonoids, terpenes, and phenolic compounds, have demonstrated significant
therapeutic properties, including anticancer, antibacterial, anti-inflammatory, and potent
Revised: 2026-08-03 antioxidant effects. However, the increasing pressures of environmental stressors, climate
Accepted: 2026-09-30 change, and overexploitation of natural resources have placed many plant speciesespecially

valuable medicinal plantsat risk of extinction. Under these critical conditions, traditional and
direct extraction of these compounds from nature has become an unsustainable and unreliable
approach. In such a scenario, plant biotechnology knowledge-particularly tissue culture
techniques-has emerged as a promising solution. Methods such as suspension culture of plant
cells, callus culture, production of hairy roots using Agrobacterium rhizogenes, genetic
metabolic engineering of plants, and the use of advanced bioreactor systems enable the large-
scale, controlled, and sustainable production of secondary metabolites in laboratory settings. In
addition, these approaches provide precise control over the quality and purity of the final
product and help prevent potential contaminants that may occur during traditional extraction

KEYWORDS processes. Overall, the development and application of these biotechnological strategies not
) ) only contribute significantly to the conservation of biodiversity, but also ensure a sustainable
Bioactive compounds, and cost-effective supply of materials to meet pharmaceutical and industrial needs for future

Metabolic pathways, Plant  societies. They offer a clear pathway toward the responsible use of plant resources.
physiology, Sustainable
agriculture.
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(Jinetal., 2017) Kinsenoside Anoectochilus roxburghii
(Ahlawat and Abdin, 2017) Withanolides Withania somnifera

(Ahmad et al., 2016)

Antioxidants

Stevia rebaudiana

(Alonso et al., 2015)

Monoterpene and sesquiterpene

Vitis species

(Mahajan et al., 2015) Rohitukine Dysoxylum binectariferum
(Fazal et al., 2014) Antioxidants Prunella vulgaris
(Sabir et al., 2013) Withanolides Withania somnifera

(Escoriaza et al., 2013) Nerolidol Vitis species

(Navarre et al., 2013)

Chlorogenic acid

Solanum tuberosum

(Vialart et al., 2012)

Umbelliferone

Ruta graveolens

(Huang et al., 2012)

Withanolides

Nicotiana tabacum

(Karam et al., 2011)

Pyrrolizidine alkaloid

Senecio species

(Szakiel et al., 2011)

Saponins

Medicago sativa

(Barbosa-Ferreria et al., 2011)

Protodioscin

Brachiaria species

(Lin-Wang et al., 2011)

Anthocyanins

Malus species

(Santos et al., 2011)

Tannins and flavonoids

Eugenia uniflora

(Anjos et al., 2010)

Pyrrolizidine and Monocrotaline

Crotalaria retusa

(Lucenaetal., 2010)

Pyrrolizidine alkaloid

Echium plantagineum

(Keles et al., 2010)

Lactones and flavonoids

Vernonia species

(Gobbo-Neto et al., 2010)

Lactones and flavonoids

Lychnophora species

(Rhee et al., 2010)

Decursinol angelate .Decursin

Angelica gigas

(Patel et al., 2010)

Deoxyartemisinin

Lavandula officinalis

(Zuzarte et al., 2010)

Essential oils

Lavandula pedunculata

(Georgiev et al., 2010)

Volatiles

Lavandula vera

(Zhang et al., 2010)

Shikonin

Lithospermum erythrorhizon

(Trujillo — Villanueva et al., 2010)

Sanguinarine

Argemone Mexicana

(Sood and Chauhan, 2010)

Picoside—I

Picrorhiza kurroa

(Zabala et al., 2010)

Peruvoside

Thevetia peruviana

(Karwasara et al., 2010)

Glycyrrhizin

Abrus precatorius
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