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Herbal medicines are increasingly incorporated into healthcare
systems worldwide, but their safety is difficult to evaluate. Unlike
conventional pharmaceuticals developed around defined molecular
targets, traditional Chinese medicine uses individualized prescrip-
tions selected according to patient-specific clinical features. Tradi-
tional processing methods (Paozhi), including steaming, roasting,
frying, and calcining, may alter the chemical composition,
bioavailability, efficacy, and toxicity of herbal materials. Safety
also varies with botanical identity, geographic origin, cultivation
and harvesting conditions, storage, dose, treatment duration, and
herb—drug interactions. Because the liver is the main organ of
xenobiotic metabolism, herb-induced liver injury (HILI) is an
important public health concern.!?

Current pharmacovigilance and regulatory frameworks remain
insufficient for the early detection and prevention of HILI.
Existing strategies mainly depend on conventional liver injury
biomarkers such as alanine aminotransferase and aspartate
aminotransferase, which often increase only after clinically
detectable liver damage has already occurred. Most herbal
medicines are multi-component formulations that contain
numerous bioactive constituents that may interact synergistically
or antagonistically to produce emergent toxic effects that cannot
be inferred from individual constituents alone, making toxicity
assessment difficult because different constituents may affect
multiple biological processes. Individual patient factors also
contribute to idiosyncratic HILI, a rare form of liver injury that
occurs unpredictably only in susceptible individuals.* Because
these characteristics fundamentally distinguish herbal medicines
from conventional drugs, their toxicological assessment requires
different pharmacovigilance strategies (Table 1).2411

These differences indicate that herbal hepatotoxicity should not
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be viewed simply as a variant of conventional chemical-drug
toxicity; rather, it may reflect systems-level interactions among
chemical complexity, processing-related changes, gut microbiota,
immune status, host susceptibility, and concomitant medication.>*
These characteristics explain why conventional pharmacovigilance
strategies often fail to capture the complexity of HILI. Rather than
being driven by a single toxic compound, HILI may reflect inter-
actions among multiple herbal constituents, host biology, gut
microbiota, and environmental factors.'> Multi-omics technolo-
gies, particularly when combined with artificial intelligence (Al),
may help identify susceptible individuals, clarify toxicity mechan-
isms, and support earlier risk prediction.'3!4

Singh described a framework integrating multi-omics and Al
for herbal pharmacovigilance.! Genomics can authenticate herbal
species and identify cytochrome P450 (CYP450)-related suscept-
ibility; transcriptomics may reveal molecular perturbations before
overt injury; proteomics and metabolomics can localize cellular
damage and distinguish inherent toxicity from contaminants; and
single-cell or spatial omics may map tissue-specific responses. Al
can integrate these high-dimensional datasets to support hepato-
toxicity prediction and individual risk assessment.

Al can model complex nonlinear interactions and extract
meaningful patterns from high-dimensional multi-omics data.'
Hepatic organoid studies have shown improved hepatotoxicity
prediction,'®!7 suggesting that Al may support multi-omics integ-
ration. Such approaches could shift pharmacovigilance from retro-
spective adverse-event reporting toward earlier risk detection. Pre-
emptive CYP450 genotyping has been estimated to provide
population-level benefits in preventing serious adverse drug
events,'® and Al-based predictive models may also help identify
and assess potential herb—drug interactions.'” However,
performance in experimental datasets may not translate directly to
clinical utility when patient populations, herbal formulations, and
healthcare settings differ.

Multi-omics has become vital for investigating herbal safety.
HILI arises through multiple pathological pathways, including
immune dysregulation, oxidative stress, mitochondrial damage,
bile acid imbalance, and gut-liver axis dysfunction. Polygonum
multiflorum, a traditional Chinese medicinal herb widely used to
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Table 1. Key differences between herbal medicines and conventional chemical drugs relevant to hepatotoxicity assessment

Feature Conventional chemical drugs Herbal medicines

Chemical Usually contain one or a few well-defined active Complex mixtures containing hundreds of bioactive

composition compounds* constituents that may interact synergistically or
antagonistically?

Sources of Manufacturing processes are highly standardized Composition varies according to botanical species,

variability with relatively consistent composition® geographical origin, harvesting conditions, storage, and

Mechanisms of

hepatotoxicity
toxicity®

Risk prediction Often evaluated using

pharmacokinetic/pharmacodynamic models and

dose-response relationships’

Often associated with defined molecular targets,
reactive metabolites, or predictable dose-related

traditional processing (Paozhi)?

Frequently involve multiple interacting mechanisms,
including constituent interactions, immune-mediated
responses, gut microbiota alterations, metabolic
perturbations, and host susceptibility®®

Requires systems-level integration of multi-omics data to

characterize chemical complexity and host-specific biological
variability*0*

tonify the liver and kidney, has been frequently implicated in
idiosyncratic HILI. Its hepatotoxic risk is linked to Paozhi
processing, dosage, host inflammation, and gut microbiota; TNF-a
synergizes with its ingredients to damage the gut-liver axis and
disrupt hepatic metabolism.® Tripterygium wilfordii has anti-
inflammatory and immunosuppressive effects in autoimmune
diseases but carries a risk of severe hepatotoxicity and has a
narrow therapeutic window. Its core toxic component, triptolide,
triggers liver damage via mitochondrial impairment, inflammatory
responses, and gut microbiota-associated metabolic alterations,’
showing that toxicity is strongly influenced by individual host
conditions. These two examples illustrate that HILI stems from
complex interactions among herbal components, host immunity,
and gut microbiota instead of single toxic substances, which
cannot be explained by traditional reductionist toxicology. Multi-
omics integrates multi-layer molecular changes to deepen
mechanistic research beyond simple risk prediction.??

With the increasing adoption of precision medicine, herbal
safety assessment is gradually shifting toward a more individu-
alized and data-informed framework, enabling refined stratific-
ation of patient-specific risk. A central objective of this transition
is the ability to identify potential hepatotoxic risk before the onset
of clinically apparent liver injury, thereby expanding the temporal
window available for intervention. This evolution from reliance on
isolated biochemical markers toward multidimensional risk evalu-
ation highlights the importance of integrating longitudinal clinical
indicators with multi-omics data and Al-based predictive models,
allowing a more coherent interpretation of dynamic biological
changes rather than static endpoint measurements.

However, the clinical implementation of precision herbal
pharmacovigilance remains constrained by three major challenges:
heterogeneous herbal and clinical datasets, limited interpretability
of Al models, and insufficient prospective validation. Differences
in omics platforms, sample processing, herbal sources, processing
methods, and concomitant medications may compromise reprodu-
cibility and model generalizability. In addition, most Al toxicity
models remain internally validated, with limited multicenter,
cross-population, and real-world evaluation, while their black-box
nature may hinder clinician acceptance.!'?” Addressing these

issues through standardized data frameworks, interpretable
models, and multicenter prospective validation will be essential
for translating technological advances into routine healthcare
practice.

Overall, multi-omics and Al have the potential to shift herbal
pharmacovigilance from retrospective adverse event reporting
toward mechanism-based and predictive risk assessment.
Realizing this potential will require robust clinical validation,
interpretable Al models, and seamless integration into routine
healthcare workflows.
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