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ABSTRACT

Traditional herbal medicines are widely used to manage metabolic diseases (diabetes, dyslipidaemia, nonalcoholic
fatty liver disease) and organ-specific disorders (hepatotoxicity, nephrotoxicity, neurotoxicity, cardiotoxicity). Many
phytochemicals demonstrate biologically plausible benefits through antioxidant, anti-inflammatory, metabolic-
modulating, and organoprotective mechanisms. However, toxicology concerns intrinsic phytochemical toxicity,
contaminants (heavy metals, pesticides), adulteration with pharmaceuticals, dose-dependent pro-oxidant effects, and
herb—drug interactions-remain significant barriers to safe integration. This review synthesizes mechanistic
rationales for herbal strategies against metabolic and organ-specific disorders, examines representative botanicals
and formulations with evidence of benefit, and places toxicological risks in the foreground of translational planning.
We propose a framework for integrating toxicology into traditional-medicine practice and research: standardized
extracts and quality control, pharmacokinetics and dose-finding, preclinical toxicology screening, herb—drug
interaction assessment, targeted clinical trials with mechanistic endpoints, and active pharmacovigilance. Practical
recommendations for clinicians, policymakers and researchers include patient screening for vulnerabilities (hepatic
or renal impairment, G6PD deficiency, polypharmacy), selecting evidence-grade products, and embedding safety
monitoring in routine care. With rigorous toxicology-informed approaches, traditional herbal strategies can be
responsibly evaluated and, where appropriate, deployed as adjunctive tools to prevent or mitigate metabolic and
organ-specific disorders.
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INTRODUCTION
Herbal medicines have been integral to human health for centuries and continue to provide essential care for a
substantial proportion of the global population, particularly in regions where access to conventional pharmaceuticals
is limited or unaffordable [17. In recent decades, interest in herbal remedies has surged even in industrialized
nations, driven by growing recognition of their bioactive constituents and their potential to complement modern
therapeutic approaches [27. This trend is particularly evident in the management of metabolic diseases such as
diabetes, obesity, and dyslipidaemia, as well as in organ-specific pathologies including hepatotoxicity,
nephrotoxicity, neurotoxicity, and cardiotoxicity [37. The scientific basis for this renewed attention lies in the
multifunctional properties of phytochemicals. Unlike single-target synthetic drugs, many phytochemicals exert
pleiotropic effects that simultaneously modulate oxidative stress, inflammation, mitochondrial integrity, and
metabolic regulation [47]. Such activities are especially relevant for chronic metabolic and organ disorders, which
often arise from complex networks of pathological processes rather than single causal events [57. For example,
diabetes is not only a disease of glucose imbalance but also a condition characterized by low-grade inflammation,
mitochondrial dysfunction, and progressive oxidative damage. Similarly, organ injuries induced by drugs or
environmental toxins frequently involve overlapping mechanisms of oxidative stress, immune activation, and
apoptosis [6]. Despite these promising attributes, the use of herbal medicines is not without challenges.
Toxicological issues remain a major concern, as some herbs contain inherently toxic constituents or may become
harmful when contaminated, adulterated, or consumed inappropriately [77]. Additionally, interactions with
conventional drugs and variability in the quality of herbal preparations raise safety questions [8,97. These
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complexities highlight the necessity of integrating toxicological evaluation into the exploration and application of
herbal remedies. Only through such integration can traditional medicine be responsibly aligned with evidence-based
healthcare.

Mechanistic rationale for herbal strategies

Herbal interventions relevant to metabolic and organ-specific disorders operate through a variety of conserved
biological mechanisms that address the multifactorial nature of these diseases [107]. Antioxidant and redox
modulation is one of the most consistently observed actions, with polyphenols, flavonoids, and tannins acting not
only as radical scavengers but also as inducers of endogenous antioxidant defenses via the Nrf2/ARE pathway [117].
This dual mechanism helps restore redox balance and protects cells from oxidative injury. Another critical
mechanism is anti-inflammatory signaling. By suppressing NF-kB activation and inflammasome pathways,
phytochemicals reduce the production of pro-inflammatory cytokines that underlie insulin resistance, tissue fibrosis,
and chronic organ injury [127. Protection of mitochondrial bioenergetics represents a third pillar of herbal action.
Compounds such as resveratrol and ginsenosides enhance mitochondrial biogenesis, stabilize membranes, and
improve ATP generation, thereby counteracting energy deficits associated with metabolic stress [137].

Metabolic modulation is also central, with agents such as berberine and silymarin improving glucose uptake,
enhancing insulin sensitivity, modulating lipid metabolism, and reducing hepatic steatosis [14]. In cases of chronic
injury, antifibrotic and antiapoptotic properties are equally important. Some herbs inhibit TGF-/Smad signaling,
reduce extracellular matrix deposition, and prevent programmed cell death, thereby preserving organ architecture
and function [15]. Finally, certain phytochemicals support detoxification through metal chelation or induction of
phase II enzymes, enhancing the body’s capacity to eliminate xenobiotics and environmental toxins [167]. This
constellation of mechanisms explains why herbal remedies are attractive in complex disorders where multiple
pathogenic nodes converge, and it underscores the importance of evaluating them within a toxicological framework
to ensure both efficacy and safety.

Representative botanicals and evidence snapshots

Several botanicals stand out for their relevance in metabolic and organ-specific disorders, supported by preclinical
and clinical evidence [17]. Silymarin, derived from milk thistle, remains one of the most widely studied
hepatoprotective agents. Its flavonolignans act as antioxidants, membrane stabilizers, and antifibrotic agents.
Clinical trials suggest benefit in non-alcoholic fatty liver disease (NAFLD) and toxic hepatitis, though variability in
extract quality and dosing complicates reproducibility [187.

Berberine, an isoquinoline alkaloid from Berberis species, exerts significant metabolic effects by activating AMP-
activated protein kinase (AMPK) and modulating gut microbiota. It improves glycaemia, lipid profiles, and exhibits
anti-inflammatory properties. Preclinical evidence extends its utility to renal and cardiovascular protection, yet its
potential to inhibit cytochrome P450 enzymes raises interaction concerns, particularly in polypharmacy settings
[197.

Curcumin, the yellow pigment of turmeric, has been intensively investigated for its anti-inflammatory, antioxidant,
and metabolic benefits [207. It shows promise in improving insulin sensitivity, lipid metabolism, and reducing
inflammatory markers in metabolic syndrome. Moreover, it mitigates injury in experimental models of liver, kidney,
and brain toxicity. A major limitation is its poor oral bioavailability, which has prompted the development of
nanoparticle, liposomal, and piperine-enhanced formulations [21,227].

Resveratrol, a stilbene found in grapes and berries, activates SIRT1 and PGC-1aq, thereby promoting mitochondrial
biogenesis and resilience [237]. While rodent models demonstrate protection against diabetes, cardiovascular
dysfunction, and neurodegeneration, translation to humans remains inconsistent, with only modest clinical effects
reported.

Other flavonoids such as quercetin and catechins, particularly epigallocatechin gallate (EGCG) from green tea,
combine direct radical-scavenging activity with signaling effects, including Nrf2 activation and metal chelation
[247]. They have demonstrated metabolic improvements and neuroprotective potential, though concentrated
extracts occasionally cause hepatotoxicity, highlighting the importance of dose and formulation.

Additional agents include glycyrrhizin from licorice, which exerts hepatoprotective and immunomodulatory effects
but carries a risk of mineralocorticoid side eftects such as hypertension and hypokalemia [257. Nutritional herbs like
Moringa and other iron-rich greens provide adjunctive benefits in anemia but require monitoring for contaminants
and ensuring bioavailable formulations. Traditional polyherbal formulations, as used in Ayurveda or Traditional
Chinese Medicine, may offer synergistic effects, though the complexity of multi-component mixtures poses
challenges for standardization, efficacy assessment, and toxicological profiling [267].

Toxicology challenges: sources and consequences

Despite therapeutic promise, herbal medicines present several toxicological challenges [67]. Intrinsic phytochemical
toxicity is well documented; for instance, aristolochic acids from Aristolochia species are potent nephrotoxins that
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can trigger interstitial fibrosis and renal failure [277. Similarly, pyrrolizidine alkaloids in some hepatoprotective
herbs paradoxically induce liver damage.
Contaminants and adulterants represent a pervasive risk. Heavy metals, pesticides, and microbial toxins may enter
the supply chain through poor agricultural and manufacturing practices [287. In some cases, undeclared
pharmaceuticals are deliberately added to enhance apparent efficacy, masking toxicity while increasing the risk of
drug—drug interactions [297].
Dose-related paradoxes also exist. Antioxidants such as flavonoids can act as pro-oxidants in the presence of redox-
active metals, generating additional reactive oxygen species and exacerbating oxidative injury [307]. This dose-
response complexity underlines the importance of carefully designed safety thresholds. Herb-drug interactions form
another significant concern [817]. Modulation of cytochrome P450 enzymes, drug transporters, or glucuronidation
pathways can alter the pharmacokinetics of prescription medicines. St. John’s wort analogues, berberine, and even
green tea catechins can influence drug absorption and clearance, sometimes leading to therapeutic failure or toxicity
[327]. Certain populations are particularly vulnerable to these risks. Individuals with pre-existing hepatic or renal
impairment, pregnant or breastfeeding women, children, and those with genetic predispositions such as G6PD
deficiency may face disproportionately high risks [837]. Polypharmacy, common among patients with metabolic and
chronic organ-specific disorders, further amplifies the danger of interactions. The consequences of these
toxicological challenges are clinically significant, ranging from idiosyncratic liver injury and accelerated
nephropathy to neurotoxic reactions or cardiovascular instability [347]. In some cases, toxicity is masked by
adulteration, complicating both diagnosis and regulatory oversight. Addressing these issues requires robust quality
assurance, transparent labeling, toxicological screening, and education of both clinicians and patients [357].
Application to specific disorders
The integration of phytomedicines into management strategies for specific disorders requires careful alignment with
conventional care and toxicological vigilance [367. In diabetes and metabolic syndrome, agents such as berberine
and optimized curcumin formulations can be used alongside lifestyle interventions and standard pharmacotherapy.
These botanicals improve insulin sensitivity, modulate lipid metabolism, and reduce inflammation, but their use
necessitates close monitoring of glycaemic control and potential drug interactions, especially with hypoglycaemic
agents [37] In nonalcoholic fatty liver disease, silymarin and curcumin stand out as candidates with
hepatoprotective and antifibrotic activity. However, treatment must include regular monitoring of hepatic enzymes
and fibrosis progression, while ensuring that herbal products are free of hepatotoxic contaminants or adulterants
[38].
Phytomedicines with antioxidant and mitochondrial-protective properties also have potential as prophylactic
adjuncts in drug-induced organ injuries, including chemotherapy-related neuropathy and ischemia-reperfusion
syndromes. These applications remain largely experimental and demand rigorous clinical trials [397. For
nephroprotection, flavonoids and saponins demonstrate promise in reducing experimental nephrotoxicity.
Nevertheless, strict botanical authentication is essential to avoid nephrotoxic species such as Aristolochia, and all
preparations should undergo heavy-metal screening [407]. Finally, neuroprotection and cardioprotection represent
emerging frontiers. Clinical studies targeting high-risk contexts, such as perioperative ischemia or chemotherapy,
could clarify translational value while establishing safe, evidence-based practice.

CONCLUSION
Herbal strategies hold genuine potential to prevent or mitigate metabolic and organ-specific disorders because of
their multi-target biology. Realizing that potential safety requires toxicology to be integral, not peripheral, to
research, regulation, and clinical practice. With standardized products, rigorous preclinical and clinical toxicology,
targeted trials, and active surveillance, traditional medicines can be integrated into modern care as evidence-based
adjuncts that complement, rather than substitute for, established therapies.
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