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ABSTRACT

Phytochemicals, bioactive compounds derived from plants, have garnered significant attention for their therapeutic
potential in treating a wide array of diseases. However, increasing evidence suggests that certain phytochemicals,
particularly in high doses or with prolonged use, can induce hepatotoxicity, leading to liver damage. The liver, as
the primary organ responsible for detoxifying the body, is particularly susceptible to damage from both endogenous
and exogenous substances, including phytochemicals. This systematic review explores the mechanisms behind
phytochemical-induced hepatotoxicity, focusing on oxidative stress, mitochondrial dysfunction, inflammatory
responses, and gene expression alterations. Additionally, it discusses protective interventions, including the use of
other phytochemicals, antioxidants, and pharmaceutical agents that may mitigate liver damage. Given the growing
use of plant-based medicines and dietary supplements, understanding the hepatotoxic potential of phytochemicals is
crucial for their safe use. The review aims to provide a comprehensive overview of the mechanisms of hepatotoxicity
associated with phytochemicals, highlighting the risks and offering insights into preventive and therapeutic
strategies.
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INTRODUCTION

Phytochemicals, naturally occurring bioactive compounds found in plants, have been utilized for centuries in various
traditional medicine systems worldwide, including Ayurveda, Traditional Chinese Medicine, and Indigenous healing
practices [17. These plant-derived compounds are often lauded for their diverse therapeutic effects, which include
antioxidant, anti-inflammatory, antimicrobial, and anticancer properties [27]. Phytochemicals are commonly
consumed through herbal remedies, teas, dietary supplements, and functional foods, and they have gained popularity
in modern complementary and alternative medicine (CAM) [87]. With an increasing interest in plant-based
treatments, the global use of phytochemicals continues to rise, driven by their perceived natural origins and
therapeutic efficacy.

Among the numerous health benefits attributed to phytochemicals, their hepatoprotective properties are particularly
noteworthy [47]. Certain phytochemicals, such as flavonoids, polyphenols, terpenoids, and alkaloids, are known to
exert protective effects against liver damage caused by various factors, including oxidative stress, alcohol
consumption, and pharmaceutical drugs [57]. However, despite their widespread use and potential health benefits,
phytochemicals also pose significant risks, particularly when consumed in excessive doses or over extended periods.
The liver, as the primary organ responsible for detoxification and metabolism of numerous substances, is highly
susceptible to damage from both endogenous and exogenous compounds, including phytochemicals [[6,77]. Although
most phytochemicals undergo biotransformation in the liver without causing harm, certain compounds have been
shown to induce hepatotoxicity [77]. Hepatotoxicity refers to liver damage caused by chemical substances, and the
liver is vulnerable to various types of injury, including oxidative stress, inflammation, mitochondrial dysfunction,
and fibrogenesis [87]. The hepatotoxic effects of certain phytochemicals, particularly when consumed without
adequate knowledge of dosage or quality control, can lead to conditions ranging from mild liver enzyme elevation
to severe liver injury, including acute liver failure or chronic liver diseases like cirrhosis [97. Understanding the
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mechanisms behind phytochemical-induced hepatotoxicity and exploring potential protective interventions is
essential to ensure the safe use of these plant-based compounds in clinical and therapeutic settings.
Mechanisms of Hepatotoxicity Induced by Phytochemicals
Phytochemicals can cause liver damage through several mechanisms, which often overlap and compound each other.
These mechanisms include oxidative stress, mitochondrial dysfunction, inflammatory responses, and changes in
gene expression. Understanding these pathways is essential to elucidating the hepatotoxic effects of phytochemicals.
1. Oxidative Stress
One of the primary mechanisms behind hepatotoxicity induced by phytochemicals is oxidative stress [107]. Many
phytochemicals, especially polyphenols, flavonoids, and terpenoids, can generate reactive oxygen species (ROS)
during their metabolism in the liver [117. ROS, such as superoxide anions, hydrogen peroxide, and hydroxyl
radicals, can damage cellular components like lipids, proteins, and DNA [127. In the liver, oxidative stress can lead
to hepatocellular injury, inflammation, and fibrosis. For example, compounds like curcumin, a well-known flavonoid
from turmeric, exhibit both antioxidant and pro-oxidant effects, depending on the dose and duration of exposure
[1387. At higher concentrations, curcumin can induce oxidative stress, resulting in hepatotoxicity [14].
2. Mitochondrial Dysfunction

Mitochondrial dysfunction is another significant pathway in phytochemical-induced hepatotoxicity [157.
Mitochondria play a critical role in energy production and cellular metabolism in hepatocytes [167]. Certain
phytochemicals, such as those found in the Aristolochia species, are known to disrupt mitochondrial function by
impairing the electron transport chain and altering mitochondrial membrane potential [177]. This results in the
generation of excess ROS and depletion of cellular ATP, ultimately leading to liver cell death through necrosis or
apoptosis. Mitochondrial dysfunction also promotes inflammation and fibrosis, contributing to chronic liver damage

[187.
3. Inflammatory Responses
Phytochemicals can also trigger inflammatory responses that exacerbate liver injury. Compounds like silymarin
(derived from milk thistle) and boswellic acid (from Boswellia serrata) are known for their anti-inflammatory
properties [197]. However, other phytochemicals, when consumed in large doses or over long periods, can provoke
inflammation. For instance, certain alkaloids found in Piper longum and Ephedra species have been linked to hepatic
inflammation, which is often accompanied by the activation of pro-inflammatory cytokines like tumor necrosis
factor-alpha (TNF-a) and interleukins. Chronic inflammation can lead to liver fibrosis and, ultimately, cirrhosis or
liver failure [207.
4. Alterations in Gene Expression
Many phytochemicals can influence gene expression by interacting with nuclear receptors or by affecting
transcription factors involved in hepatic detoxification [217]. Some compounds, like phytosterols found in plant oils,
may activate the peroxisome proliferator-activated receptor (PPAR), which regulates lipid metabolism and
inflammation in the liver [227. However, certain phytochemicals may alter gene expression in ways that increase
susceptibility to liver damage, such as by upregulating genes associated with apoptosis or fibrosis [237. This
mechanism is particularly concerning when long-term use of phytochemicals leads to cumulative genetic changes
that impair liver function.
Protective Interventions Against Phytochemical-Induced Hepatotoxicity
Several strategies have been proposed to prevent or mitigate liver damage caused by phytochemicals. These
interventions encompass the use of protective phytochemicals, antioxidants, pharmaceutical agents, and the
regulation of phytochemical dosages. These approaches aim to minimize liver injury, reduce oxidative stress, and
support liver regeneration, ensuring the safe use of phytochemicals.
1. Antioxidants and Phytochemicals with Protective Properties
Many herbs and dietary supplements contain antioxidants that can counteract the oxidative stress induced by
hepatotoxic phytochemicals. Oxidative stress is a major contributor to liver damage, and antioxidants can neutralize
free radicals and reduce cellular damage [247. For example, silymarin, a flavonoid derived from the milk thistle
plant, has been extensively studied for its hepatoprotective effects [257]. Silymarin has been shown to inhibit
oxidative damage, reduce inflammation, and promote liver cell regeneration [267. It exerts these effects by
scavenging reactive oxygen species (ROS), stabilizing cell membranes, and enhancing glutathione levels, a key
antioxidant in the liver.
Similarly, other phytochemicals, such as resveratrol, curcumin, and green tea polyphenols, possess antioxidant
properties that help protect the liver from oxidative damage. Resveratrol, a polyphenol found in grapes, has
demonstrated anti-inflammatory and antioxidant effects that may reduce liver fibrosis and inflammation [277].
Curcumin, the active compound in turmeric, has shown potential in protecting liver cells by inhibiting the
inflammatory pathways and oxidative stress induced by hepatotoxic substances [287. Green tea polyphenols,
particularly epigallocatechin gallate (EGCG), are also known to enhance liver function and protect against drug-
induced liver injury due to their potent antioxidant effects [297.
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2. Pharmaceutical Agents

In cases of severe hepatotoxicity, pharmaceutical agents may be necessary to manage liver injury. For instance, N-

acetylcysteine (NAC) is widely used as an antidote for acetaminophen-induced liver toxicity [807]. NAC works by

replenishing glutathione levels in the liver, which helps neutralize ROS and protect hepatocytes from oxidative
damage [317]. NAC has shown promise in alleviating liver damage caused by a variety of hepatotoxic substances,
including certain phytochemicals. Additionally, drugs like corticosteroids and anti-inflammatory agents may help
manage liver inflammation caused by phytochemical exposure [ 327]. These medications can reduce the inflammatory
response and prevent further liver damage in cases of acute hepatotoxicity.

3. Regulation of Phytochemical Dosages

Proper dosage and monitoring of phytochemical intake are crucial for minimizing the risk of hepatotoxicity. Many

adverse effects related to phytochemicals are dose-dependent, meaning that higher concentrations or prolonged use

can lead to liver damage [337]. In some cases, small doses of certain phytochemicals may provide therapeutic benefits,
while higher doses may overwhelm the liver's detoxification processes and cause harm. Standardized doses of herbal
supplements should be recommended to avoid excessive intake, and consumers should be educated on the potential
risks associated with self-medication using herbal products [347]. Healthcare professionals should monitor liver
function in patients who are consuming herbs with known hepatotoxic potential, especially in vulnerable populations
such as the elderly or those with pre-existing liver conditions. Establishing clear guidelines for the safe use of
phytochemicals can help mitigate the risk of liver toxicity and ensure the efficacy of plant-based remedies. In
conclusion, while phytochemicals have therapeutic potential, their hepatotoxic effects should not be underestimated.

Protective interventions, such as the use of antioxidants, pharmaceutical agents, and careful regulation of dosages,

are crucial to minimize liver damage. By understanding the mechanisms of phytochemical-induced hepatotoxicity

and implementing these protective strategies, healthcare providers can ensure the safe and effective use of
phytochemicals in clinical practice.
CONCLUSION

While phytochemicals offer numerous health benefits, their potential to induce hepatotoxicity, particularly when

used improperly or in excessive doses, cannot be overlooked. The mechanisms of liver damage associated with

phytochemicals include oxidative stress, mitochondrial dysfunction, inflammation, and alterations in gene

expression. Protective interventions, such as antioxidants, pharmaceutical agents, and proper dosing, are essential

for mitigating these risks. As the use of phytochemicals in traditional and modern medicine continues to grow, it is

crucial to understand their hepatotoxic potential and implement strategies to ensure their safe use in clinical practice.
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