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ABSTRACT

Phytotherapeutic agents - bioactive compounds derived from plants - have long been used in traditional and modern
medicine due to their antioxidant, anti-inflammatory, and therapeutic properties. However, despite their benefits,
there is growing concern regarding their safety profiles, especially at higher doses or prolonged use. Toxicokinetics
- the study of how a substance enters, moves through, and leaves the body - is crucial for understanding both the
therapeutic potential and risk factors associated with these natural compounds. This review examines the
toxicokinetic processes of phytotherapeutic agents, including absorption, distribution, metabolism, and excretion
(ADME), and evaluates how these processes influence safety and efficacy. The article also explores factors affecting
toxicokinetics such as chemical structure, dose, formulation, age, and genetic differences. Common challenges - such
as herb-drug interactions, metabolic transformation to toxic metabolites, and accumulation in tissues - are discussed.
Strategies to improve safety without compromising antioxidant effectiveness include optimizing formulation,
monitoring biomarkers, and applying advanced modeling techniques. By integrating toxicokinetic research with
clinical practice, healthcare professionals and researchers can better balance the antioxidant benefits of plant
compounds with their potential risks, promoting safer and more effective use of phytotherapeutic agents.
Keywords: Phytotherapeutic agents, Toxicokinetics, Antioxidant activity, Safety assessment, Herb-drug
Interactions

INTRODUCTION
Phytotherapeutic agents are plant-derived compounds used for the prevention and treatment of diseases and have
formed the foundation of traditional medical systems across many cultures for centuries [1-57. These agents include
diverse classes of bioactive compounds such as flavonoids, including quercetin and catechins, phenolic acids such as
caffeic acid, terpenoids such as ginsenosides, alkaloids, and carotenoids [6-97]. A key feature of many
phytotherapeutic agents is their antioxidant activity, which enables them to scavenge reactive oxygen species,
chelate pro-oxidant metal ions, and modulate endogenous antioxidant defense systems [10-147. Through these
mechanisms, they play an important role in reducing oxidative stress, a biological process strongly associated with
aging and the pathogenesis of chronic diseases including cardiovascular disorders, diabetes, neurodegenerative
conditions, and cancer [15-187. Despite their widespread use and general perception as safe due to their natural
origin, phytotherapeutic agents can produce complex and sometimes unpredictable biological effects [19-247. Their
safety and efficacy are influenced by factors such as dose, duration of use, formulation, and individual patient
characteristics. Understanding toxicokinetics, which describes the absorption, distribution, metabolism, and
excretion of compounds within the body, is therefore essential [25-307. Toxicokinetic evaluation provides critical
insight into how phytotherapeutic agents achieve therapeutic concentrations, how long they persist in tissues, and
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under what conditions they may pose toxic risks, enabling a more balanced assessment of benefit versus safety [31-
347. This review explores these questions, focusing on the balance between antioxidant benefits and safety concerns
from a toxicokinetic perspective.

2. Core Concepts in Toxicokinetics

Toxicokinetics provides a framework for understanding how chemical substances interact with the body over time
and is central to evaluating the safety of phytotherapeutic agents [35-387. It is commonly described using the
ADME model, which encompasses absorption, distribution, metabolism, and excretion. Each of these processes
determines the concentration of a compound at its site of action and influences both its therapeutic efficacy and
potential toxicity [89-437. Because phytotherapeutic agents are often complex mixtures of bioactive constituents,
their toxicokinetic behavior can be highly variable and influenced by numerous biological and physicochemical
factors.

2.1 Absorption

Absorption refers to the movement of a compound from its site of administration, most commonly the
gastrointestinal tract, into the systemic circulation [44-487. For orally administered phytotherapeutic agents,
absorption is affected by several factors including chemical structure, formulation, and dietary context. Lipophilicity
and molecular size play key roles in membrane permeability, with moderately lipophilic compounds generally
exhibiting better passive diffusion across intestinal epithelial cells [49-507]. However, excessive lipophilicity may
also promote retention within membranes or binding to dietary lipids. Formulation strategies such as encapsulation,
emulsions, or nano-based delivery systems can substantially enhance absorption by improving solubility and
stability. The presence of food may either enhance or inhibit absorption, depending on whether the compound
interacts with dietary fats, proteins, or fibers [51-537. Curcumin illustrates these challenges, as it shows poor
absorption when administered alone, but significantly improved bioavailability when combined with piperine, which
inhibits intestinal and hepatic metabolism [54-577]. While enhanced absorption improves antioxidant efficacy, it may
also increase systemic exposure and the risk of adverse effects at higher doses.

2.2 Distribution

Following absorption, phytotherapeutic agents are distributed throughout the body via the bloodstream.
Distribution is influenced by factors such as tissue perfusion, affinity for specific tissues, and binding to plasma
proteins [58-60]. Compounds that bind extensively to serum proteins such as albumin may have prolonged
circulation times but reduced free concentrations. Some phytochemicals display selective tissue accumulation; for
example, polyphenols may distribute widely, while fat-soluble terpenoids can accumulate in adipose tissue [617].
Such accumulation can extend biological half-life and increase the likelihood of delayed or cumulative toxicity during
long-term use.

2.8 Metabolism

Metabolism, primarily occurring in the liver, converts phytotherapeutic agents into more water-soluble metabolites
to facilitate elimination [167]. Phase I reactions introduce or expose functional groups, while phase II reactions
conjugate these groups with endogenous molecules such as glucuronic acid or sulfate. Although metabolism often
results in detoxification, it can also produce reactive intermediates. Certain flavonoids may form electrophilic
quinones capable of inducing cellular damage if detoxification pathways are overwhelmed [177].

2.4 Excretion

Excretion eliminates parent compounds and metabolites mainly through renal and biliary pathways. Poorly water-
soluble agents may be excreted slowly, increasing the risk of bioaccumulation [187. Biliary excretion can promote
enterohepatic recirculation, prolonging systemic exposure and influencing both efficacy and toxicity [197.
Understanding these processes is essential for predicting safe dosing regimens of phytotherapeutic agents.

4. Toxicokinetic Challenges and Safety Concerns

Although antioxidants from plant sources are widely regarded as beneficial, several toxicokinetic challenges can
limit their safety and therapeutic reliability [207]. These challenges arise from the complex way phytotherapeutic
agents are absorbed, metabolized, distributed, and eliminated, and they become particularly important with high-
dose or long-term use.

4.1 Poor Bioavailability and Variable Absorption

A major limitation of many plant-derived antioxidants is their poor and highly variable bioavailability [217]. Many
polyphenols and related compounds exhibit low solubility, instability in the gastrointestinal tract, or extensive first-
pass metabolism, resulting in limited systemic availability [227]. Consequently, higher oral doses are often required
to achieve measurable biological effects. However, increasing the dose may overwhelm intestinal transporters or
hepatic metabolic pathways, leading to disproportionate increases in systemic exposure [237]. This non-linear
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behavior raises safety concerns, as excessive concentrations can increase the risk of toxicity even for compounds
generally regarded as safe at lower doses.

4.2 Metabolic Transformation to Toxic Metabolites

Metabolism is usually a protective process that facilitates elimination, but it can also generate toxic intermediates
[247]. Some flavonoids undergo oxidative metabolism to form reactive quinones or semiquinones, which can promote
oxidative stress rather than alleviate it. These reactive species may covalently bind to cellular proteins, lipids, or
nucleic acids, potentially leading to cytotoxicity and tissue injury [25]. Similarly, certain alkaloids are metabolized
into compounds that place a heavy burden on hepatic detoxification systems, increasing the risk of liver dysfunction,
particularly with prolonged exposure or in individuals with impaired hepatic function.

4.3 Tissue Accumulation

Lipophilic phytotherapeutic agents or those with slow elimination rates may accumulate in specific tissues such as
the liver, brain, or adipose tissue [267]. Repeated dosing can lead to gradual accumulation, extending biological half-
life and increasing the likelihood of delayed toxicity. Vulnerable populations, including children, elderly individuals,
and patients with compromised liver or kidney function, are particularly susceptible to adverse effects arising from
tissue accumulation [277].

4.4 Herb-Drug Interactions

Herb-drug interactions represent a major safety concern in clinical practice. Many phytotherapeutic agents modulate
the activity of metabolic enzymes and drug transporters [287]. Enzyme induction can accelerate the clearance of
conventional medications, reducing their therapeutic efficacy, while enzyme inhibition can result in elevated drug
concentrations and increased toxicity [297. Well-documented examples include St. John’s Wort reducing plasma
levels of oral contraceptives and grapefruit components increasing systemic exposure to drugs metabolized by
CYPsA4 [30].

4.5 Individual Differences

Interindividual variability further complicates safety assessment. Genetic polymorphisms, age-related changes in
metabolism, and underlying health conditions significantly influence toxicokinetic behavior, underscoring the need
for individualized risk assessment when using phytotherapeutic agents [317].

5. Assessing Safety Using Toxicokinetic Data

The safety evaluation of phytotherapeutic agents increasingly depends on robust toxicokinetic data, which provide
quantitative insight into systemic exposure, tissue distribution, and elimination patterns [327. Integrating
toxicokinetic analysis into safety assessment allows for more accurate prediction of adverse eftects and supports the
establishment of evidence-based dosing guidelines.

5.1 Biomarker Monitoring

Biomarker monitoring plays a central role in toxicokinetic safety assessment. Measuring circulating levels of parent
phytochemicals and their metabolites enables researchers and clinicians to determine whether concentrations remain
within established safe ranges [337]. Monitoring also helps identify the accumulation of potentially harmful
metabolites and assess how long compounds persist in systemic circulation. In addition to measuring phytochemical
levels, biomarkers of organ function, such as liver enzymes or renal clearance indicators, provide early warning signs
of organ stress or toxicity [347]. Together, these biomarkers allow for real-time assessment of both exposure and
biological response.

5.2 Dose-Response Relationships

Understanding dose-response relationships is essential for identifying safe and effective dosing regimens.
Toxicokinetic studies reveal how increasing doses influence absorption, metabolism, and elimination [357. Non-
linear kinetics, in which small increases in dose produce disproportionately high plasma concentrations, suggest
saturation of metabolic or transport mechanisms. Such saturation can markedly increase toxicity risk, particularly
during long-term use or in susceptible individuals [367]. Establishing dose thresholds based on toxicokinetic data
helps prevent unintended overexposure.

5.8 Advanced Modeling Techniques

Advanced modeling approaches, particularly physiologically based toxicokinetic models, are increasingly used to
predict the behavior of phytotherapeutic agents under diverse conditions [877]. These models integrate physiological
parameters such as age, sex, body composition, genetic variability in metabolic enzymes, and potential drug
interactions [387]. PBTK modeling is especially valuable when clinical safety data are limited, enabling informed
risk assessment and guiding future experimental and clinical studies.
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CONCLUSION

Phytotherapeutic agents offer valuable antioxidant and therapeutic effects, but their safety cannot be assumed simply
because they are “natural.” Toxicokinetics - particularly the study of absorption, distribution, metabolism, and
excretion - plays a central role in understanding how these compounds interact with the body at different doses and
in various physiological conditions. By integrating toxicokinetic data with clinical research and advanced modeling,
scientists and healthcare professionals can more effectively balance the antioxidant benefits of phytotherapeutic
agents with their potential risks. Ongoing research, improved formulations, personalized approaches, and vigilant
safety monitoring are essential to ensuring that plant-derived compounds remain both effective and safe for diverse
populations.
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