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ABSTRACT

Stress-mediated hepatotoxicity-liver injury driven or amplified by oxidative stress, endoplasmic reticulum (ER)
stress, mitochondrial dysfunction, and inflammation-represents a convergent pathway for a broad range of chemical,
biological and metabolic insults. Contributors include xenobiotics (drugs, environmental toxins), ischemia—
reperfusion, viral infections, metabolic overload (nonalcoholic fatty liver disease), and lifestyle factors. The
pathophysiology is characterized by redox imbalance, reactive oxygen and nitrogen species (ROS/RNS) formation,
unfolded protein responses, impaired bioenergetics, and activation of innate immune signaling culminating in
hepatocellular death (apoptosis, necrosis, necroptosis) and fibrogenic remodeling. Phytomedicines plant-derived
extracts and purified phytochemicals offer multiple, often pleiotropic mechanisms for hepatoprotection: direct
antioxidant activity, induction of endogenous cytoprotective pathways (Nrf2/ARE), attenuation of ER stress,
preservation of mitochondrial function, anti-inflammatory effects (NF-kB, inflammasome modulation), and
inhibition of profibrogenic signaling. This review synthesizes mechanistic insights from preclinical models and the
highest-quality clinical evidence to date, highlights leading phytochemical candidates (e.g., silymarin, curcumin,
resveratrol, berberine, green tea catechins, quercetin, glycyrrhizin), discusses formulation and safety challenges, and
proposes a research agenda to translate phytomedicines into evidence-based hepatoprotective interventions. We
argue that, with standardized extracts, rigorous pharmacokinetic characterization and integrated safety monitoring,
phytomedicines can complement conventional strategies to prevent or mitigate stress-mediated liver injury across
clinical settings.
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INTRODUCTION

The liver is uniquely exposed to chemical and metabolic stressors due to its central role in xenobiotic metabolism
and nutrient handling. Diverse insults from prescription drugs and herbal products themselves, to ischemia, viral
cytopathicity, alcohol, and lipotoxicity can trigger stress responses that overwhelm hepatocellular homeostatic
mechanisms [17. Central to many forms of liver injury is a disturbance of redox balance: excessive formation of
reactive oxygen and nitrogen species (ROS/RNS) and failure of antioxidant defenses [27]. Concomitantly, ER stress
and mitochondrial dysfunction create feed-forward loops that amplify cellular injury and activate inflammatory and
fibrogenic cascades [37]. Collectively, these processes underlie drug-induced liver injury (DILI), progression of
nonalcoholic steatohepatitis (NASH), and worse outcomes after ischemia—reperfusion or infection.

Phytomedicines the use of plant extracts or isolated phytochemicals for therapeutic benefit, have long historical
roots and are gaining renewed scientific attention for liver protection [4]. Phytochemicals often exhibit multi-target
activity that aligns conceptually with the multifactorial nature of stress-mediated hepatotoxicity: they scavenge
ROS, induce phase II detoxification enzymes, stabilize membranes, modulate inflammatory signaling, and support
mitochondrial resilience [57]. Yet translating these properties into consistent clinical benefit requires addressing
heterogeneity in preparations, dose-ranging, pharmacokinetics, and safety. The following sections review the
mechanistic basis of stress-mediated hepatotoxicity, summarize the hepatoprotective mechanisms attributed to key
phytomedicines, evaluate the preclinical and clinical evidence, and outline practical considerations and research
priorities.
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2. Mechanisms of stress-mediated hepatotoxicity

Stress-mediated hepatotoxicity is not a single pathway but a network of interacting processes. The major
mechanistic pillars include:

Oxidative and nitrosative stress. Phase I metabolism and pathological processes produce ROS/RNS that damage
lipids, proteins, and nucleic acids [67. Lipid peroxidation compromises membrane integrity and generates reactive
aldehydes (e.g., 4-HNE) that further perturb signaling and mitochondrial function [77.

Endoplasmic reticulum (ER) stress and the unfolded protein response (UPR). Accumulation of misfolded
proteins activates the UPR (IRE1a, PERK, ATF6) [87]. While adaptive initially, prolonged UPR triggers CHOP-
mediated apoptosis and amplifies oxidative stress [97].

Mitochondrial dysfunction and bioenergetic failure. Mitochondria are both sources and targets of ROS [37].
Loss of membrane potential, impaired electron transport, and opening of the mitochondrial permeability transition
pore precipitate ATP depletion, release of proapoptotic factors (cytochrome c), and necrotic cell death [107.
Inflammation and innate immune activation. Damaged hepatocytes release damage-associated molecular patterns
(DAMPs) that activate Kupfter cells and recruit neutrophils and monocytes [117]. Cytokines (TNF-a, IL-1f3) and
inflammasome activation drive hepatocyte death and fibrogenesis [127].

Cell death modalities and fibrogenesis. Apoptosis, necrosis, necroptosis and pyroptosis occur depending on insult
and context; chronic or massive parenchymal loss stimulates stellate cell activation and extracellular matrix
deposition, leading to fibrosis [187. Interconnectedness of these mechanisms means that interventions targeting
one node can have broader protective effects—an important rationale for multi-target agents like phytochemicals.
3. Phytomedicines: mechanisms of hepatoprotection

Phytomedicines often exert hepatoprotective effects through several complementary mechanisms:

Antioxidant and phase II enzyme induction. Many flavonoids and polyphenols directly scavenge ROS and
upregulate endogenous antioxidant defenses via nuclear factor erythroid 2—related factor 2 (Nrf2) [137. Activation
of the Nrf2—antioxidant response element (ARE) pathway increases expression of glutathione biosynthetic enzymes,
glutathione S-transferases, heme oxygenase-1 (HO-1), and NAD(P)H:quinone oxidoreductase-1 (NQO1), restoring
redox balance [147].

Mitigation of ER stress. Certain phytochemicals attenuate maladaptive UPR signaling—reducing CHOP expression
and restoring ER-associated degradation—thereby lowering apoptosis triggered by persistent proteotoxic stress
157

Mitochondrial protection. Compounds such as silymarin components, resveratrol, and certain alkaloids preserve
mitochondrial membrane potential, enhance biogenesis (PGC-1a pathways), and limit opening of the permeability
transition pore, maintaining cellular ATP and preventing necrosis [177].

Anti-inflammatory and immunomodulatory effects. Suppression of NF-kB signaling, inhibition of
proinflammatory cytokine release, and modulation of inflammasome activity reduce immune-mediated amplification
of hepatocyte injury [187].

Anti-fibrotic actions. By inhibiting stellate cell activation and matrix metalloproteinase/tissue inhibitor balance,
some phytochemicals impede progression to fibrosis [197]. Metabolic modulation. In metabolic liver diseases,
phytochemicals may improve insulin sensitivity, lipid handling, and fatty acid oxidation, addressing upstream
drivers of lipotoxic stress [207]. These multi-modal actions make phytomedicines conceptually attractive for
preventing or reducing stress-mediated hepatotoxicity across diverse clinical contexts.

4. Representative phytochemicals and evidence

Silymarin (milk thistle extract). Silymarin and its main flavonolignan, silybin, have long-standing use as
hepatoprotectants [317]. Preclinical models show antioxidant, membrane-stabilizing and anti-fibrotic effects [217;
some clinical trials suggest improved liver enzyme profiles in chronic liver disease, though heterogeneity in extracts
and endpoints limits firm conclusions [217].

Curcumin. The polyphenol curcumin exerts potent anti-inflammatory and antioxidant effects, modulates Nrf2 and
NT-kB pathways, and shows mitochondrial protective actions in animal models of toxin- and ischemia-induced liver
injury [227. Clinical data are promising in metabolic liver disease, but bioavailability challenges have spurred the
development of improved formulations.

Resveratrol. A stilbene with mitochondrial and anti-inflammatory benefits, resveratrol enhances SIRT1/PGC-1a
signaling, supporting mitochondrial biogenesis and reducing oxidative injury in models of hepatic stress [237.
Human data are preliminary and dose selection remains complex.

Berberine. An isoquinoline alkaloid with metabolic and antioxidant effects, berberine improves lipid and glucose
metabolism while attenuating toxin-induced hepatic injury in animals [247; clinical evidence for liver protection is
emerging but limited.
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Green tea catechins (EGCG). Catechins show antioxidative and anti-inflammatory activity; however, concentrated
extracts have been implicated in hepatotoxicity in rare cases, highlighting dose- and preparation-dependent safety
considerations [257].
Quercetin, glycyrrhizin, saponins and other classes. Numerous other phytochemicals display hepatoprotective
profiles in preclinical studies, ranging from antioxidant enzyme induction to anti-fibrotic signaling. Glycyrrhizin
(licorice-derived) has a clinical history in viral hepatitis therapy in some regions [267].
Taken together, preclinical evidence robustly supports multiple phytochemicals as hepatoprotective in stress
models, but consistent clinical proof, especially from large, well-controlled RCTs with standardized extracts and
objective endpoints, remains limited.
5. Safety, standardization and formulation challenges
Key barriers to clinical translation include variable quality of botanical preparations, inconsistent phytochemical
content, contamination/adulteration risks, and limited pharmacokinetic data. Some plant extracts cause
idiosyncratic hepatotoxicity at high doses or with particular formulations (as seen with concentrated green tea
extracts) [27]. Bioavailability is another major challenge: poorly absorbed compounds (e.g., curcumin) require
formulation strategies (nanoparticles, phospholipid complexes) to reach therapeutic hepatic concentrations [287.
Drug-herb interactions via cytochrome P450 modulation or transporter effects are clinically relevant when
phytomedicines are used alongside conventional drugs metabolized by the liver [297.
Regulatory heterogeneity complicates risk—benefit evaluation: in many jurisdictions, botanical products are
marketed with limited premarket safety scrutiny. Standardization (certificate of analysis, batch testing), clinical-
grade manufacturing (GMP) and active pharmacovigilance are prerequisites for responsible clinical use.
6. Translational pathways and research priorities
To harness phytomedicines against stress-mediated hepatotoxicity, the following priorities are critical: Standardized
extracts and robust chemical characterization. Define active constituents and ensure batch-to-batch consistency.
Pharmacokinetics and dose-finding. Determine hepatic exposure, metabolism, active metabolites and safe/effective
dose ranges. Rigorous clinical trials with mechanistic endpoints. Trials should include biomarkers of oxidative stress
(GSH/GSSG, 4-HNE), mitochondrial function, ER stress markers, and clinically meaningtul outcomes (ALT/AST
trajectories, histology, incidence of DILI, progression of fibrosis).
Safety surveillance and drug—herb interaction studies. Active reporting systems and prospective interaction studies
will clarify risk profiles. Combination strategies and targeted populations. Phytomedicines may be most useful as
adjuncts in early-stage NASH, perioperative ischemia—reperfusion protection, or as prophylaxis during known
hepatotoxic drug exposure scenarios that lend themselves to focused clinical studies.
CONCLUSION
Stress-mediated hepatotoxicity is a mechanistic nexus underlying many forms of liver injury. Phytomedicines ofter
multi-targeted biologic actions that align with the complex pathophysiology of redox imbalance, ER stress,
mitochondrial dysfunction and inflammation. Preclinical evidence is compelling; clinical translation requires
standardized preparations, rigorous pharmacology, and well-designed trials incorporating mechanistic biomarkers
and safety endpoints. With these steps, phytomedicines have the potential to complement conventional
hepatoprotective strategies, offering accessible and biologically plausible tools to reduce liver injury in a variety of
clinical contexts.
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