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ABSTRACT

Environmental toxins—including heavy metals, organic pollutants, mycotoxins, and airborne toxicants—pose
significant threats to human health by inducing oxidative stress, inflammation, mitochondrial dysfunction, and
genomic damage. Current detoxification strategies are limited in efficacy and safety, creating demand for
complementary approaches. This review summarizes the protective and detoxification mechanisms of medicinal
plants against environmental toxins, with emphasis on molecular pathways and translational evidence. We
examined experimental and clinical studies addressing the role of medicinal plants in mitigating toxin-induced
damage, focusing on antioxidant activity, xenobiotic metabolism, chelation, and anti-inflammatory effects. Key
phytochemicals—include silymarin (Silybum marianum), curcumin (Curcuma longa), catechins (Camellia
sinensis), sulforaphane (Brassica spp.), allicin (Allium sativum), and resveratrol (Vitis vinifera)—exert protective
effects via multiple mechanisms: Activation of Nrf2—ARE signaling and induction of detoxification enzymes,
chelation of toxic metals (lead, cadmium, mercury), suppression of NF-kB—mediated inflammation, stabilization
of mitochondria and cell membranes, and support of glutathione metabolism. Several plants, such as broccoli
sprouts and garlic, show measurable benefits in human trials (e.g., increased excretion of benzene metabolites,
and reduced lead burden). However, limitations include variability in phytochemical content, poor bioavailability
(e.g., curcumin, and resveratrol), and potential herb—drug interactions. Medicinal plants offer promising, multi-
targeted strategies for mitigating the adverse health effects of environmental toxins. While robust preclinical
evidence supports their use, large-scale, standardized clinical trials are essential to validate efficacy, optimize
dosing, and ensure safety. Integration of phytomedicine with modern detoxification strategies may provide a
sustainable approach to environmental health challenges.
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INTRODUCTION

Environmental pollution has emerged as one of the most pressing public health challenges of the 21% century.
Industrialization, urbanization, agricultural intensification, and widespread use of synthetic chemicals have
significantly increased human exposure to diverse environmental toxins (Gheibi et al. 2020). These toxins include
heavy metals such as lead, cadmium, mercury, and arsenic; organic pollutants such as polycyclic aromatic
hydrocarbons (PAHS), pesticides, and dioxins; naturally occurring contaminants such as mycotoxins; and airborne
toxicants such as particulate matter, ozone, and volatile organic compounds (Barzi et al. 2020; Vahabi Barzi et al.
2022). Current strategies for managing environmental toxin exposure remain limited and often inadequate.
Conventional chelation therapies are effective for acute heavy metal poisoning, but can cause significant side
effects and are unsuitable for long-term or low-level exposure scenarios (Rahimzadeh et al. 2017). Similarly,
pharmaceutical antioxidants have had limited clinical success, in part due to poor bioavailability and inability to
address the complex, multi-targeted nature of toxin-induced damage. This therapeutic gap has stimulated interest
in complementary and integrative approaches that harness the body’s intrinsic defense systems. Among these,
medicinal plants and their bioactive phytochemicals have gained considerable attention as potential modulators
of toxin-induced pathophysiology (Mohammadi et al. 2024). Medicinal plants have been used for centuries in
traditional systems of medicine, including Ayurveda, Traditional Chinese Medicine, and Unani, for the prevention
and treatment of diseases associated with “poisoning” or systemic imbalance (Islamova et al. 2025; Jumagaliyeva
et al. 2025). Modern pharmacological and toxicological research has begun to validate many of these practices,
demonstrating that plant-derived compounds can directly scavenge reactive oxygen species (ROS), chelate toxic
metals, modulate phase | and phase Il detoxification enzymes, and regulate key signaling pathways such as the
nuclear factor erythroid 2-related factor 2 (Nrf2) and nuclear factor-xB (NF-xB). Importantly, these mechanisms
do not act in isolation, but often function synergistically, enabling plants to provide multi-layered protection
against diverse toxic insults (Eftekhari 2020). A growing body of experimental evidence illustrates these
protective roles. Silybum marianum (milk thistle), rich in silymarin, stabilizes hepatocyte membranes and activates
Nrf2-dependent antioxidant defenses, reducing liver injury from aflatoxin and industrial solvents. Curcuma longa
(turmeric), through curcumin and related curcuminoids, demonstrates both chelating activity against heavy metals
and suppression of NF-kB—mediated inflammation, thereby mitigating damage induced by cadmium, lead, and
microcystins (Jeon et al. 2021). Polyphenols from Camellia sinensis (green tea) and sulforaphane from Brassica
spp. (broccoli sprouts) enhance the expression of detoxification enzymes such as glutathione S-transferases and
UDP-glucuronosyltransferases, promoting clearance of benzene metabolites and other electrophiles. Garlic,
Allium sativum, a widely used culinary and medicinal plant, reduces lead burden in occupationally exposed
individuals, while Vitis vinifera (grapes/resveratrol) and Rosmarinus officinalis (rosemary) offer antioxidant and
anti-inflammatory benefits in models of pesticide and PAH exposure. Together, these examples underscore the
therapeutic promise of phytomedicine in environmental health (Alrekaby et al. 2023). Phytochemical variability
due to cultivation conditions, extraction methods, and processing complicates standardization. Poor oral
bioavailability of certain compounds, such as curcumin and resveratrol, limits therapeutic efficacy. Safety
concerns also persist, particularly with concentrated extracts that may interact with pharmaceutical drugs or cause
toxicity when consumed at high doses. These limitations highlight the need for rigorous human studies,
standardized formulations, and advanced delivery systems, including nanotechnology-based carriers, to fully
realize the detoxification potential of medicinal plants (Kandezi et al. 2020; Miri et al. 2025). The scientific and
clinical relevance of this topic is further reinforced by global epidemiological trends. Populations in industrial and
urban environments are increasingly exposed to mixtures of toxins rather than single agents, creating cumulative
and synergistic risks. Vulnerable groups, including children, pregnant women, and occupational workers, are
disproportionately affected. Public health systems urgently require accessible interventions that can reduce toxin
burden and mitigate long-term health risks. Medicinal plants, acting through multi-targeted and adaptive
mechanisms, are uniquely positioned to complement conventional strategies for environmental health protection
(Sharifnia, Eftekhari & Mortazavi 2024). Given these considerations, the objective of this review is to synthesize
current knowledge on the role of medicinal plants in mitigating the harmful effects of environmental toxins.
Specifically, we will (i) classify the major environmental toxins and their mechanisms of toxicity, (ii) highlight
the protective and detoxification pathways activated by medicinal plants, (iii) summarize experimental and clinical
evidences for key species, and (iv) discuss translational challenges, safety considerations, and future research
directions. By integrating mechanistic insights with evidence from preclinical and clinical studies, this review



aims to provide a comprehensive framework for understanding how phytomedicine can contribute to the
prevention and management of toxin-induced diseases (Gheibi et al. 2020).

Medicinal Plants as Natural Defenses Against Environmental Toxins
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Fig. 1. Medicinal plants protect the body from environmental toxins via various mechanisms.
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Fig. 2. Medicinal plants provide multi-targeted defense against environmental toxins through antioxidant, detoxification,

chelation, and anti-inflammatory mechanisms.

Environmental toxins and their toxicity mechanisms
Human exposure to environmental toxins is virtually unavoidable in modern societies, owing to industrial
processes, agricultural practices, and urbanization. These toxins exert harmful effects through diverse but
overlapping molecular pathways, including oxidative stress, inflammation, mitochondrial dysfunction, and
genomic damage. The following subsections summarize the major categories of environmental toxins and their
mechanisms of toxicity (Amanpour et al. 2024).

Heavy Metals (Pb, Cd, Hg, and As)

Heavy metals are among the most pervasive environmental pollutants, with substantial evidence linking exposure
to multiple chronic diseases. Lead (Pb), cadmium (Cd), mercury (Hg), and arsenic (As) are particularly concerning
due to their persistence in the environment, bioaccumulation, and lack of physiological function in humans
(Plaman et al. 2019; Amanpour et al. 2024).

Mechanisms of toxicity

Oxidative stress. Heavy metals catalyze the production of reactive oxygen species (ROS) through Fenton-like
reactions (especially Cd and Pb indirectly), leading to lipid peroxidation, protein carbonylation, and DNA strand
breaks (Zeng et al. 2023).

Enzyme inhibition. Metals interact with sulfhydryl groups of critical enzymes, disrupting antioxidant defenses such
as glutathione peroxidase (GPx), catalase, and superoxide dismutase (SOD; van Berkel & van Delft 2018).



DNA and protein adduct formation. Arsenic and cadmium can bind to DNA and histones, altering gene expression
and contributing to mutagenesis (Jumagaliyeva et al. 2025).

Disruption of calcium and zinc homeostasis. Lead competes with calcium in neuronal signaling, impairing synaptic
function, while cadmium displaces zinc in metalloproteins, destabilizing their activity (Amanpour et al. 2024).
The clinical consequences include neurotoxicity (lead), nephrotoxicity (cadmium), hepatotoxicity (arsenic), and
neurodevelopmental impairment (methylmercury). Chronic exposure even at low doses contributes to
carcinogenesis, cardiovascular dysfunction, and metabolic disorders.

Organic pollutants (PAHSs, pesticides, dioxins, and solvents)

Organic pollutants encompass a wide range of synthetic chemicals, many of which are classified as persistent
organic pollutants (POPSs) due to their resistance to degradation and long biological half-lives. Polycyclic aromatic
hydrocarbons (PAHS), pesticides, dioxins, and industrial solvents are prominent representatives (Ramezanifar et
al. 2023).

Mechanisms of toxicity

Carcinogenesis via DNA adduct formation. PAHs such as benzo[a]pyrene undergo bioactivation by cytochrome
P450 enzymes into reactive metabolites that covalently bind DNA, leading to mutations and cancer initiation
(Barzi et al. 2020).

Mitochondrial dysfunction. Organophosphates and solvents impair electron transport chain complexes, depleting
ATP and increasing ROS production.

Endocrine disruption. Many pesticides (e.g., organochlorines, glyphosate derivatives) and dioxins interact with
nuclear hormone receptors such as the estrogen receptor (ER), androgen receptor (AR), or aryl hydrocarbon
receptor (AhR), leading to reproductive toxicity and altered developmental signaling (Gheibi et al. 2020).
Immune modulation. Dioxins, particularly TCDD, activate the AhR pathway, suppressing immune function and
contributing to carcinogenesis.

The health impacts include elevated risks of lung and skin cancers, neurodegeneration, endocrine disorders, and
reproductive abnormalities. Agricultural workers and populations living near industrial sites are
disproportionately exposed (Amanpour et al. 2024).

Mycotoxins (Aflatoxin, Microcystins, Ochratoxin A)

Myecotoxins are toxic secondary metabolites produced by fungi, commonly contaminating food crops and water
sources. Aflatoxin B1, microcystins, and ochratoxin A represent the most clinically significant mycotoxins with
established links to human disease (Yu et al. 2022).

Mechanisms of toxicity

Hepatotoxicity and carcinogenesis. Aflatoxin B; undergoes metabolic activation via CYP3A4 to form an epoxide
that covalently binds DNA, particularly at codon 249 of the TP53 gene, a mutational hotspot in hepatocellular
carcinoma (HCC; Haider & Hussein 2022).

Inhibition of protein phosphatases. Microcystins strongly inhibit serine/threonine phosphatases (PP1 and PP2A),
leading to hyperphosphorylation of cytoskeletal proteins and hepatocyte necrosis (Campos & Vasconcelos 2010).
Genotoxicity and nephrotoxicity. Ochratoxin A induces oxidative stress, forms DNA adducts, and interferes with
mitochondrial respiration, contributing to kidney injury and urothelial cancers (Khoi et al. 2021).

Mycotoxin exposure is of particular concern in tropical and subtropical regions, where food storage conditions
favor fungal growth. Chronic intake is linked to liver cancer, kidney damage, and impaired immune function.

Airborne pollutants (PM, Benzene, Acrolein, and Ozone)

Airborne pollutants represent one of the most widespread toxin categories, contributing significantly to the global
burden of non-communicable diseases. Fine particulate matter (PM.5 and PMyg), benzene, acrolein, and ozone
are among the most studied toxicants in this category (Thangavel et al. 2022).

Mechanisms of toxicity

Oxidative and nitrosative stress. Inhaled particles generate ROS and reactive nitrogen species (RNS),
overwhelming antioxidant defenses and damaging lipids, proteins, and nucleic acids.

Inflammation. Air pollutants activate toll-like receptors (TLRs) and NF-«kB signaling in airway epithelial cells and
macrophages, leading to secretion of pro-inflammatory cytokines (IL-6, TNF-a, and IL-1p; Noshadirad et al.
2023).



Mitochondrial dysfunction and apoptosis. Benzene metabolites impair mitochondrial respiration, while acrolein
forms adducts with proteins and DNA, triggering cell death (Hikisz & Jacenik 2023).

Immune dysregulation. Ozone exposure promotes airway hyperreactivity and exacerbates asthma through Th2-
mediated immune responses (Chu et al. 2019).

These processes contribute to chronic respiratory diseases, cardiovascular morbidity, neurological impairment,
and cancer. Notably, the World Health Organization (WHO) attributes millions of premature deaths annually to
air pollution exposure, making it a leading environmental risk factor worldwide.

Emerging toxins (Nanoparticles, microplastics, endocrine disruptors)

In recent years, novel environmental contaminants such as engineered nanoparticles, microplastics, and
endocrine-disrupting chemicals (EDCs) have emerged as toxins of concern. Although the field is still developing,
early evidence indicates significant biological impacts.

Mechanisms of toxicity

Nanoparticles (NPs). Due to their small size and large surface area, NPs (e.g., titanium dioxide, silver nanoparticles)
can penetrate biological membranes, generate ROS, and accumulate in organs, leading to oxidative stress, DNA
damage, and inflammation (Kumar et al. 2025).

Microplastics (MPs). Microplastics and nanoplastics can translocate across the gut barrier, adsorb other pollutants
(e.g., PAHSs, and metals), and induce oxidative stress and inflammatory responses in the gastrointestinal and
immune systems.

Endocrine disruptors. Chemicals such as bisphenol A (BPA), phthalates, and perfluoroalkyl substances (PFAS)
mimic or block natural hormones by binding to estrogen, androgen, or thyroid receptors. They interfere with
hormone synthesis, transport, and signaling, leading to developmental, reproductive, and metabolic disorders
(Guarnotta et al. 2022). Although definitive human epidemiological data remain limited, the ubiquity of these
emerging contaminants and their potential for bioaccumulation warrant urgent investigation.

Environmental Toxins - Mechanisms of Toxicity - Health Outcomes
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Fig. 3. A schematic diagram showing how environmental toxins trigger molecular mechanisms of toxicity (oxidative stress,
inflammation, mitochondrial dysfunction, DNA damage, endocrine disruption), which ultimately lead to health outcomes
such as neurotoxicity, hepatotoxicity, cancer, cardiovascular disease, and reproductive disorders.

Protective and detoxification mechanisms of medicinal plants

Antioxidant defense. ROS scavenging and enzyme upregulation

Oxidative stress is a central mechanism of toxicity for most environmental pollutants, including heavy metals,
organic xenobiotics, and airborne particulate matter. Medicinal plants provide protection by directly neutralizing
reactive oxygen species (ROS) and reactive nitrogen species (RNS) through phenolics, flavonoids, carotenoids,
and vitamins. Additionally, many plant-derived compounds enhance the activity of endogenous antioxidant
enzymes such as superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx). For example,
polyphenols from Camellia sinensis (green tea) and resveratrol from Vitis vinifera not only scavenge free radicals



but also increase enzymatic defenses, thereby reducing lipid peroxidation and DNA damage induced by toxins
(Lin et al. 2022; Widoyo et al. 2022).

Activation of the Nrf2-ARE Pathway

The nuclear factor erythroid 2-related factor 2 (Nrf2) is a master regulator of antioxidant and detoxification
responses. Under stress conditions, Nrf2 dissociates from its inhibitor Keapl and translocates into the nucleus,
where it binds to antioxidant response elements (ARE) in target gene promoters. Many medicinal plant
constituents—including sulforaphane from broccoli sprouts, curcumin from turmeric, and silymarin from milk
thistle—activate the Nrf2-ARE axis, resulting in the upregulation of cytoprotective enzymes such as heme
oxygenase-1 (HO-1), NAD(P)H quinone oxidoreductase 1 (NQO1), glutathione S-transferases (GSTs), and UDP-
glucuronosyltransferases (UGTSs). Collectively, these enzymes enhance cellular resilience against electrophiles
and oxidative damage induced by heavy metals, pesticides, and mycotoxins (Laurindo et al. 2023).

Chelation and binding of heavy metals

Heavy metal toxicity arises from their ability to generate ROS, displace essential metals in enzymes, and form
stable complexes with DNA and proteins. Certain plant-derived molecules possess chelating properties that reduce
the bioavailability and systemic burden of toxic metals. Garlic, Allium sativum contains sulfur compounds that
bind lead and cadmium, facilitating their excretion. Polyphenols such as tannins and flavonoids also form
complexes with metal ions, thereby attenuating Fenton-type reactions that generate hydroxyl radicals. This natural
chelation mechanism offers a safer alternative to synthetic chelators, which may cause depletion of essential
micronutrients (Mehrandish et al. 2019).

Modulation of xenobiotic metabolism

Medicinal plants can regulate xenobiotic-metabolizing enzymes, thereby influencing the activation and clearance
of toxins. Cytochrome P450 (CYP) enzymes (phase | metabolism) are often responsible for converting pro-
carcinogens such as benzo[a]pyrene into reactive intermediates. Phytochemicals such as curcumin, quercetin, and
genistein inhibit CYP1A1 and CYP1B1, thereby reducing carcinogen activation. Conversely, phase Il enzymes—
including GST, UGT, and sulfotransferases—are frequently induced by phytochemicals, facilitating conjugation
and elimination of electrophiles. For instance, isothiocyanates from cruciferous vegetables strongly upregulate
phase |1 detoxification enzymes, contributing to enhanced clearance of environmental carcinogens (Nandekar &
Sangamwar 2012).

Anti-inflammatory pathways

Chronic inflammation is both a consequence and amplifier of toxin-induced tissue injury. Many medicinal plants
exert anti-inflammatory effects through suppression of the nuclear factor kB (NF-xB) signaling pathway, which
regulates cytokine and adhesion molecule expression. Curcumin, resveratrol, and boswellic acids have been
shown to inhibit NF-kB activation, reduce pro-inflammatory cytokines (TNF-a, IL-1p, and IL-6), and enhance
anti-inflammatory mediators. By limiting toxin-induced inflammation, these compounds prevent secondary
damage to tissues and reduce the risk of fibrosis, cancer, and cardiovascular complications (Karaman et al. 2012).

Mitochondrial and membrane protection

Environmental toxins frequently impair mitochondrial structure and function, leading to reduced ATP synthesis,
increased ROS leakage, and initiation of apoptosis. Polyphenols, flavonoids, and terpenoids from medicinal plants
help preserve mitochondrial membrane potential, stabilize electron transport chain activity, and prevent
cytochrome c release. In addition, membrane lipids are particularly vulnerable to peroxidation, a process mitigated
by lipid-soluble antioxidants such as carotenoids (-carotene, and lycopene) and vitamin E. Through these effects,
medicinal plants help sustain cellular bioenergetics under toxic stress.

Epigenetic and signaling effects

Beyond classical antioxidant and anti-inflammatory mechanisms, medicinal plants also exert long-term protective
effects through modulation of signaling pathways and epigenetic regulation. Resveratrol activates sirtuin 1
(SIRTY), a key regulator of mitochondrial biogenesis and cellular stress resistance. Flavonoids and polyphenols
influence AMP-activated protein kinase (AMPK) and mitogen-activated protein kinase (MAPK) signaling,
thereby affecting autophagy, apoptosis, and survival responses. Moreover, certain phytochemicals modulate DNA
methylation, histone acetylation, and microRNA expression, offering epigenetic resilience against toxin-induced
genomic instability (Bejenaru et al. 2024).



Medicinal plants with documented protective effects

A growing body of evidence highlights the potential of medicinal plants to counteract the adverse health impacts
of environmental toxins through diverse mechanisms, including antioxidant activity, chelation, modulation of
detoxification enzymes, and signaling pathway regulation. We summarize selected plants with well-documented
protective effects as follows (Table 1).

Milk thistle, Silybum marianum

Milk thistle, rich in the flavonolignan complex silymarin, is among the most extensively studied hepatoprotective
plants. Experimental models show its ability to protect against aflatoxin Bi—induced hepatotoxicity by enhancing
glutathione synthesis and inhibiting lipid peroxidation. Silymarin also supports regeneration of hepatocytes
exposed to organic solvents, likely through upregulation of antioxidant enzymes and membrane stabilization
(Valkova et al. 2020).
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Fig. 4. The mechanistic diagram showing how medicinal plants act through antioxidant defense, Nrf2 activation, chelation,
xenobiotic metabolism, anti-inflammatory effects, mitochondrial protection, and epigenetic modulation — leading to
protective processes (reduced oxidative stress, enhanced detoxification, preserved mitochondria, reduced inflammation) —
ultimately yielding health outcomes like neuroprotection, hepatoprotection, cardiovascular health, respiratory resilience, and
anti-cancer effects.

Turmeric, Curcuma longa

Curcumin, the active polyphenol of turmeric, exerts pleiotropic protective effects against toxic insults. It
demonstrates strong metal-chelating properties, reducing the bioavailability of cadmium and lead. Additionally,
curcumin inhibits NF-kxB—mediated inflammation and scavenges reactive oxygen species (ROS). These combined
effects make turmeric a promising intervention against heavy metals and organic pollutant toxicity (Shakour et
al. 2021).

Green tea, Camellia sinensis

Green tea catechins, especially epigallocatechin gallate (EGCG), exhibit both detoxification and antioxidant
activity. Animal studies indicate that green tea attenuates pulmonary inflammation caused by fine particulate
matter (PM_s) and reduces oxidative DNA damage from benzene exposure. Moreover, its polyphenols can chelate
heavy metals such as iron and cadmium, thereby lowering systemic toxicity (Sun et al. 2023).

Broccoli sprouts, Brassica spp.

Broccoli sprouts are rich in glucosinolates that are metabolized to isothiocyanates, particularly sulforaphane, a
potent Nrf2 activator. Human intervention studies in China demonstrated that broccoli sprout beverage enhanced
urinary excretion of benzene and acrolein metabolites, indicating improved detoxification of air pollutants.
Additionally, sulforaphane protects against aflatoxin-induced genotoxicity by inducing phase Il detoxification
enzymes such as GST and UGT (Li et al. 2024).

Garlic, Allium sativum

Garlic organosulfur compounds, including allicin and diallyl sulfide, provide significant protection against heavy
metal toxicity. Experimental models show that garlic supplementation enhances lead excretion and restores
glutathione levels in the liver and kidneys. Its sulfur compounds also support endogenous antioxidant enzymes,
contributing to systemic detoxification (Eftekhari 2020).



Schisandra, Schisandra chinensis

Lignans derived from schisandra berries, such as schisandrin B, are known for their hepatoprotective properties.
These compounds improve mitochondrial glutathione status, stabilize membranes, and inhibit oxidative stress
caused by hepatotoxins such as carbon tetrachloride and acetaminophen. Their mitochondrial protection suggests
therapeutic potential in toxin-induced organ injury (Addissouky et al. 2024).

Licorice, Glycyrrhiza glabra

Licorice roots contain glycyrrhizin and flavonoids that exhibit anti-inflammatory and hepatoprotective properties.
Experimental studies report attenuation of dioxin-like toxicity and reduced membrane lipid peroxidation. Licorice
extracts also enhance detoxifying enzyme activity, suggesting utility against persistent organic pollutants
(Safdarpour et al. 2022; Dang et al. 2024).

Rosemary, Rosmarinus officinalis

Rosemary polyphenols, notably carnosic acid and rosmarinic acid, possess strong antioxidant activity. Preclinical
studies show that rosemary extract mitigates benzo[a]pyrene-induced DNA adduct formation, highlighting its
protective effect against PAHSs. Its free radical-scavenging properties contribute to membrane stabilization and
chemopreventive potential (Mohamed et al. 2022).

Grapes/Resveratrol, Vitis vinifera

Resveratrol, a stilbene found in grapes, is widely studied for its ability to modulate xenobiotic metabolism and
inflammatory signaling. In pesticide- and dioxin-exposure models, resveratrol reduced oxidative stress, inhibited
NF-«kB activation, and enhanced mitochondrial biogenesis. Its pleiotropic actions underscore its relevance in
toxin-associated carcinogenesis prevention (Prud’homme et al. 2022).

Ginger, Zingiber officinale

Gingerols and shogaols in ginger exhibit broad detoxifying potential. Studies indicate protection against
organophosphate-induced neurotoxicity, as well as reduced cadmium and arsenic accumulation in tissues.
Mechanisms include ROS scavenging, improved phase 1l enzyme activity, and modulation of inflammatory
mediators (Liew et al. 2020).

Table 1. Medicinal plants with documented protective effects against environmental toxins.

Medicinal Plant Major Bioactive  Principal Mechanisms Targeted Toxins/Models
Compounds

Milk  thistle,  Silybum  Silymarin (silibinin) Antioxidant, hepatoprotective, Nrf2  Aflatoxin, solvents,

marianum activation, membrane stabilization hepatotoxins

Turmeric, Curcuma longa ~ Curcumin, Metal chelation, NF-xB inhibition, ROS  Heavy metals, pesticides
demethoxycurcumin scavenging

Green tea, Camellia Catechins (EGCG), Antioxidant, CYP modulation, DNA Air pollutants, heavy metals

sinensis theaflavins protection

Broccoli sprouts, Brassica  Sulforaphane, indole-3-  Potent Nrf2 inducer, phase Il detox enzyme  Aflatoxin, benzene, dioxin-

spp. carbinol activation like toxicants

Garlic, Allium sativum Allicin, S-allyl cysteine Glutathione support, chelation, antioxidant Lead, cadmium,

organophosphates

Schisandra,  Schisandra  Schisandrin, lignans Mitochondrial ~ stabilization, antioxidant, Carbon tetrachloride,

chinensis hepatoprotective hepatotoxins

Licorice, Glycyrrhiza  Glycyrrhizin, flavonoids Membrane stabilization, CYP modulation,  Dioxins, solvents, PAHs

glabra anti-inflammatory

Rosemary,  Rosmarinus  Carnosic acid, rosmarinic  ROS  scavenging, lipid peroxidation PAHSs, oxidative pollutants

officinalis acid inhibition

Grapes/Resveratrol, Vitis  Resveratrol, Antioxidant, sirtuin  activation, anti- Pesticides, dioxin models

vinifera proanthocyanidins inflammatory

Ginger, Zingiber officinale  Gingerols, shogaols Anti-inflammatory, ROS  scavenging, Organophosphates, heavy

mitochondrial protection metals

Cilantro, Coriandrum  Linalool, polyphenols Possible chelation, antioxidant Heavy metals (controversial)

sativum

Chanca piedra, Lignans, flavonoids Antioxidant, hepatoprotection, enzyme Aflatoxin, hepatotoxins

Phyllanthus niruri modulation

Cilantro, Coriandrum sativum
Cilantro has been traditionally promoted for its chelating activity against heavy metals, particularly lead and
mercury. While some experimental models support increased metal excretion following cilantro administration,



clinical evidence remains inconsistent. Its role in chelation therefore remains debated, though its antioxidant and
anti-inflammatory effects provide additional protective value (Mehrandish et al. 2019).

Chanca Piedra, Phyllanthus niruri

Traditionally used in hepatobiliary disorders, Phyllanthus niruri demonstrates hepatoprotective effects against
chemical-induced liver injury. Its polyphenols reduce lipid peroxidation and enhance antioxidant enzyme activity,
while also modulating inflammatory pathways. Evidence suggests that it may protect against oxidative stress
caused by xenobiotics and support hepatic detoxification (Dey et al. 2020).

Translational and clinical evidence

Broccoli sprouts and air pollutants

One of the most compelling examples of translational success comes from clinical trials on broccoli sprout
beverages in populations exposed to airborne toxins. A landmark randomized trial in Qidong, China, demonstrated
that daily consumption of broccoli sprout extract significantly increased urinary excretion of benzene and acrolein
metabolites, reflecting enhanced detoxification capacity via glutathione conjugation. Subsequent follow-up
studies confirmed that sulforaphane-rich preparations activate Nrf2-driven cytoprotective pathways in humans,
providing strong proof-of-concept for using plant-based interventions against air pollution (Chen et al. 2019).

Milk thistle and aflatoxin risk

Silymarin from Silybum marianum has been tested in human cohorts with chronic aflatoxin exposure. In clinical
studies conducted in high-risk regions of China, supplementation with silymarin reduced biomarkers of aflatoxin-
induced DNA damage and liver injury. These findings are consistent with silymarin’s hepatoprotective effects
observed in preclinical studies and support its use in mitigating risks of hepatocellular carcinoma associated with
aflatoxin exposure (Pickova et al. 2020).

Garlic and occupational lead exposure

Garlic supplementation has also shown translational promise in human populations. In randomized controlled
trials involving workers with chronic occupational lead exposure, garlic extract significantly reduced blood lead
levels and improved clinical symptoms compared to placebo. These benefits are attributed to garlic’s sulfur
compounds, which enhance metal chelation and glutathione synthesis (Kianoush et al. 2012).

Other candidates

Clinical evidence is emerging for green tea catechins in protecting DNA integrity in populations exposed to
smoking and air pollution. Similarly, trials with resveratrol and curcumin have reported improvements in oxidative
stress markers and inflammatory mediators, though their direct evaluation in environmental toxin exposure
remains limited (Tanaka et al. 2022).

Bioavailability and formulation challenges

A major translational barrier in the clinical application of phytochemicals lies in their pharmacokinetic limitations.
Many plant-derived compounds exhibit poor oral bioavailability, undergo rapid metabolism, and display restricted
tissue distribution. Curcumin, despite extensive preclinical evidence supporting its therapeutic effects,
demonstrates low systemic absorption in humans. To overcome this limitation, a variety of formulations—
including nanoparticle encapsulation, liposomal delivery, and adjuvant combinations with piperine—have been
explored, with some approaches yielding improved clinical outcomes (Dosoky & Setzer 2018).

Drug interactions and safety considerations

Medicinal plants with detoxification potential may also interact with drug-metabolizing enzymes and transporters,
raising important safety concerns. Several phytochemicals, including curcumin, resveratrol, and garlic-derived
compounds, have been shown to modulate cytochrome P450 enzymes (CYPs), thereby altering the metabolism
of co-administered drugs and increasing the risk of therapeutic failure or toxicity. For example, garlic may
potentiate bleeding risk when combined with anticoagulant therapies due to its intrinsic antiplatelet activity.
Similarly, green tea catechins can reduce the bioavailability of drugs such as nadolol and simvastatin through
interactions with intestinal transporters. Licorice, although hepatoprotective, may interfere with cortisol
metabolism and disturb potassium balance, complicating treatment in patients receiving corticosteroids or



diuretics. These observations underscore the importance of carefully evaluating drug-herb interactions before
recommending medicinal plants as adjunctive therapies in toxin-exposed populations (Shen & Yin 2021).

Future directions

The growing recognition of medicinal plants as modulators of toxin-induced damage underscores the need for
systematic strategies to translate experimental findings into real-world applications. While substantial preclinical
evidence demonstrates antioxidant, anti-inflammatory, and detoxification properties of diverse phytochemicals,
several critical gaps remain. Addressing these will not only strengthen scientific understanding but also facilitate
integration of plant-based interventions into public health frameworks.

Standardization of phytochemical preparations and dosing

One of the foremost challenges in advancing medicinal plants lies in the heterogeneity of preparations used across
studies. Extracts often vary in composition depending on plant part, geographical origin, cultivation practices, and
processing methods. Moreover, inconsistent dosing regimens hinder meaningful comparisons across clinical
trials. Future research must prioritize the standardization of bioactive constituents through validated analytical
techniques such as high-performance liquid chromatography (HPLC) and mass spectrometry. Establishing
pharmacopeial standards for key phytochemicals (e.g., silymarin, sulforaphane, and curcumin) will enable
reproducibility and comparability of results. Dose—response studies are also essential to define therapeutic
windows that optimize efficacy while minimizing risks of toxicity or drug—herb interactions.

Omics approaches to elucidate detoxification mechanisms

Modern high-throughput technologies offer unprecedented opportunities to unravel the systems-level effects of
medicinal plants. Integration of transcriptomics, proteomics, and metabolomics can provide comprehensive
insights into how phytochemicals modulate detoxification pathways, stress responses, and cellular signaling.

For instance, RNA sequencing has revealed Nrf2-driven transcriptional reprogramming following sulforaphane
treatment, while metabolomics has identified shifts in glutathione conjugation and xenobiotic clearance after
garlic supplementation. Multi-omics approaches can also uncover interindividual variability in response to
phytochemicals, potentially driven by genetic polymorphisms, microbiome composition, or environmental
factors. Such approaches will facilitate precision phytotherapy, enabling targeted interventions tailored to
populations with specific toxin exposures or genetic susceptibilities.

Synergistic plant combinations and dietary interventions

Traditional medicine systems have long emphasized polyherbal formulations, where multiple plants act
synergistically to enhance therapeutic outcomes. Emerging evidence suggests that combining phytochemicals
may provide broader protection against diverse classes of toxins. For example, combining turmeric and green tea
catechins enhances antioxidant defenses more robustly than either compound alone, while garlic and cilantro
together may improve heavy metal clearance. Similarly, diets rich in cruciferous vegetables, berries, and spices
may provide cumulative benefits that surpass isolated supplements. Future studies should systematically evaluate
synergistic interactions, both at the molecular level (e.g., complementary activation of detox enzymes) and clinical
level (e.g., combined effects on toxin excretion). Designing dietary interventions that incorporate protective plants
into culturally acceptable foods may also represent a cost-effective strategy for at-risk populations (Bahmani et
al. 2014).

Nanotechnology and advanced delivery systems

A major translational bottleneck for many phytochemicals is their poor bioavailability. Advances in delivery
technologies provide promising strategies to address this limitation. Nanoparticles and liposomes have been
employed to encapsulate compounds such as curcumin, resveratrol, and silymarin, resulting in significant
improvements in absorption, stability, and tissue distribution. Similarly, solid lipid nanoparticles and polymer-
based carriers enable controlled release, thereby reducing the requirement for high oral doses. More recently,
targeted delivery systems, including mitochondria-directed nanoparticles, have emerged as particularly valuable
for counteracting toxin-induced mitochondrial dysfunction. Nanotechnology-enabled formulations not only
optimize pharmacokinetics but also broaden therapeutic potential by directing phytochemicals to vulnerable
organs such as the liver, lungs, and brain. However, clinical validation of these platforms remains essential to
translate laboratory advances into tangible public health benefits (Safdarpour et al. 2022; Sharifnia et al. 2023).



Integration with public health strategies

Finally, the future of plant-based detoxification should progress beyond individual interventions and move toward
population-level health strategies. Environmental toxin exposure disproportionately affects vulnerable groups,
including industrial workers, agricultural communities, and residents of highly polluted urban regions.
Incorporating medicinal plant-based approaches into public health frameworks may involve nutritional programs
that encourage the consumption of detoxifying foods such as broccoli, garlic, and green tea. In addition,
occupational health initiatives could provide phytochemical supplements to workers in high-risk sectors, such as
mining and pesticide application. Community-based interventions in toxin-endemic areas, for example in regions
prone to aflatoxin contamination, may rely on affordable and locally sourced plant preparations. At a broader
scale, policy-level support is essential for promoting the evidence-based use of medicinal plants as complementary
tools in environmental health management. Achieving this goal requires close collaboration among biomedical
researchers, nutritionists, policymakers, and public health agencies to ensure that plant-based detoxification
strategies are implemented effectively and equitably.

CONCLUSION

In conclusion, medicinal plants represent a multifaceted and sustainable strategy to counteract the adverse health
impacts of environmental toxins. They bridge traditional knowledge and modern biomedical science, offering not
only therapeutic promise but also preventive potential in vulnerable populations. While challenges remain in
standardization, bioavailability, and clinical validation, the convergence of phytochemistry, biotechnology, and
public health policy can pave the way for evidence-based integration of medicinal plants into global environmental
health strategies. Ultimately, harnessing the detoxification and protective power of medicinal plants may provide
a vital tool in reducing the global health burden of environmental toxins in the 21% century.
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