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ABSTRACT

Diabetes mellitus is a growing global health challenge characterized by persistent hyperglycemia and associated
with significant morbidity, mortality, and economic burden. Despite advances in pharmacotherapy, many
conventional antidiabetic agents are limited by adverse effects, high costs, inadequate glycemic control in some
individuals, and reduced long-term compliance. These challenges have spurred growing interest in herbal remedies,
especially in resource-limited settings, due to their accessibility, affordability, and perceived safety. Herbal
preparations are rich in bioactive phytochemicals including flavonoids, alkaloids, terpenoids, saponins, and phenolic
compounds that have demonstrated promising antidiabetic effects through various mechanisms such as enhancing
insulin secretion, improving insulin sensitivity, modulating glucose metabolism, and attenuating oxidative stress.
Several preclinical and clinical studies have reported improvements in glycemic indices following administration of
phytochemical-rich plant extracts. However, critical concerns remain regarding their toxicological profiles,
including hepatotoxicity, nephrotoxicity, and genotoxicity at high doses or with prolonged use. Additionally, the
lack of standardization, variability in phytochemical content, and potential for herb-drug interactions limit their
widespread adoption. This review critically examines the therapeutic potential and toxicological risks of
phytochemicals used in herbal medicine for diabetes management. It underscores the need for rigorous scientific
evaluation and regulatory oversight to ensure that efficacy is not achieved at the expense of patient safety.
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INTRODUCTION
Diabetes mellitus, particularly type 2 diabetes (T2DM), has emerged as one of the most pressing non-communicable
diseases worldwide. It is characterized by chronic hyperglycemia resulting from insulin resistance, impaired insulin
secretion, or both [17. According to the International Diabetes Federation (IDF), over 537 million adults were
living with diabetes in 2021, and this figure is expected to rise to 643 million by 2030 and 783 million by 2045 [27].
This escalating prevalence poses a significant public health burden, especially in low- and middle-income countries
(LMICs), where healthcare infrastructure and access to conventional treatment are often limited. Conventional
antidiabetic drugs, such as insulin, metformin, sulfonylureas, and thiazolidinediones, have undoubtedly improved
outcomes for many patients [37. However, their use is sometimes limited by side effects, high cost, and reduced
efficacy over time. This has driven increased interest in complementary and alternative therapies, particularly herbal
medicine. Herbal remedies have been used for centuries in various traditional systems of medicine and are widely
perceived as natural and safer alternatives [47]. These remedies often contain bioactive phytochemicals with reported
antidiabetic activities, such as flavonoids, alkaloids, terpenoids, and phenolic acids [57. While promising, the use of
these phytochemicals raises important concerns related to their pharmacokinetics, potential toxicity, herb-drug
interactions, and lack of standardization in preparation and dosing [67]. Thus, while plant-derived compounds offer
therapeutic promise, their integration into diabetes care requires careful evaluation of both their benefits and risks.
This review aims to explore the therapeutic and toxicological dimensions of phytochemicals in herbal remedies for
diabetes management.
Phytochemicals with Antidiabetic Potential

Phytochemicals are naturally occurring bioactive compounds found in plants that contribute to their medicinal
properties [7]. Numerous phytochemicals have shown promising antidiabetic activity through various mechanisms
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including insulin sensitization, inhibition of carbohydrate absorption, and antioxidant effects [87]. Among these,
flavonoids, alkaloids, terpenoids, phenolic acids, saponins, and tannins are the most studied for their roles in glucose
homeostasis [97]. Flavonoids are polyphenolic compounds widely distributed in fruits, vegetables, tea, and medicinal
herbs. Compounds like quercetin, kaempferol, rutin, and epigallocatechin gallate (EGCG) have demonstrated
insulin-mimetic and insulin-sensitizing effects in various in vitro and in vivo models [107]. These effects are often
mediated through activation of PISK/Akt and AMP-activated protein kinase (AMPK) signaling pathways, increased
translocation of glucose transporter type 4 (GLUT4), and attenuation of oxidative stress [117]. Alkaloids such as
berberine, catharanthine, and trigonelline also exhibit glucose-lowering effects [127]. Berberine, in particular, has
been shown to activate AMPK, improve insulin receptor expression, and modulate gut microbiota, producing effects
comparable to the standard drug metformin [1387. These mechanisms contribute to reduced fasting blood glucose,
improved lipid profiles, and decreased insulin resistance. Terpenoids, including ginsenosides from Panax ginseng
and gymnemic acids from Gymnema sylvestre, are known for their antihyperglycemic effects. These compounds
enhance insulin secretion, stimulate B-cell regeneration, and suppress intestinal glucose absorption, thereby
improving postprandial glucose regulation [147].
Phenolic acids such as chlorogenic acid and gallic acid regulate glucose metabolism by inhibiting a-glucosidase and
a-amylase, enhancing hepatic glucose utilization, and improving GLUT4 translocation [157. These effects
contribute to decreased intestinal glucose absorption and improved insulin action.
Saponins and tannins, found in several medicinal plants, have also demonstrated antidiabetic potential by enhancing
insulin secretion, promoting glucose uptake, and protecting pancreatic -cells from oxidative damage [167. Their
multifaceted effects make them attractive candidates for further investigation.

Mechanisms of Action of Antidiabetic Phytochemicals
The antidiabetic effects of phytochemicals arise from their interaction with key molecular targets and signaling
pathways involved in glucose regulation. One major mechanism involves the inhibition of digestive enzymes such
as a-glucosidase and a-amylase, which slows carbohydrate breakdown and glucose absorption in the intestine,
thereby reducing postprandial blood glucose levels [177]. Phytochemicals also enhance insulin secretion and promote
pancreatic f-cell regeneration, contributing to better insulin availability. In insulin-resistant tissues, many
phytochemicals activate signaling pathways such as PPARy and AMPEK, improving insulin sensitivity and
facilitating glucose uptake [187]. Oxidative stress and chronic inflammation play central roles in the pathogenesis of
diabetes. Phytochemicals exert antioxidant effects by activating Nrf2, leading to increased expression of antioxidant
enzymes [197]. Concurrently, they inhibit pro-inflammatory pathways such as NF-kB, reducing cytokine production
and inflammation [197. Another emerging mechanism involves the modulation of gut microbiota composition.
Certain phytochemicals can promote the growth of beneficial bacteria that improve metabolic outcomes, reduce
systemic inflammation, and enhance insulin sensitivity [207]. Together, these diverse mechanisms underscore the
potential of phytochemicals as multifunctional agents in diabetes management.

Toxicological Risks and Safety Concerns

Despite the promising therapeutic potential of phytochemicals in the management of diabetes mellitus, safety
concerns remain a significant barrier to their widespread clinical application. Dose-dependent toxicity is a primary
issue; while low doses of certain phytochemicals may exert beneficial effects, higher concentrations may lead to
hepatotoxicity, nephrotoxicity, cardiotoxicity, or reproductive toxicity. For instance, excessive intake of saponins or
alkaloids has been associated with hepatic inflammation, renal impairment, and histological changes in reproductive
organs in animal studies [217. Cytotoxic and genotoxic effects have also been reported, particularly with long-term
use of some herbal preparations [227]. In vitro studies suggest that certain compounds can cause DNA
fragmentation, mitochondrial dysfunction, or apoptosis in non-target cells, raising concerns about their safety at a
cellular level [287. Furthermore, lack of purification and inadequate characterization of complex herbal mixtures
can mask the presence of toxic constituents [247].
Herb-drug interactions are another critical safety issue, particularly in diabetic patients already taking medications
such as insulin, metformin, sulfonylureas, or thiazolidinediones [247]. Some phytochemicals may potentiate the
glucose-lowering effect of these drugs, increasing the risk of hypoglycemia. Others may interfere with drug
metabolism by affecting cytochrome P450 enzymes, altering therapeutic outcomes and side effect profiles [257. In
addition, the presence of contaminants and adulterants in unregulated herbal products poses a serious public health
risk. Heavy metals like lead and mercury, pesticide residues, microbial toxins, and synthetic pharmaceutical
adulterants have been detected in some commercial herbal preparations, particularly those not subjected to proper
quality control [267. This highlights the need for rigorous safety evaluations, including toxicological testing in both
in vitro and in vivo systems.
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Clinical Evidence and Limitations
While numerous phytochemicals have demonstrated antidiabetic activity in preclinical studies, the clinical evidence
supporting their efficacy in humans is still evolving. Several herbal extracts—such as those derived from cinnamon,
bitter melon, and fenugreek—have shown modest improvements in glycemic control in small-scale clinical trials
[277]. These benefits include reductions in fasting blood glucose, HbA1lc, and improved insulin sensitivity [277].
However, the limitations of these studies cannot be overlooked. Many trials suffer from methodological flaws, such
as lack of randomization, small sample sizes, short duration, and variability in herbal preparations. Moreover, there
is a lack of standardization in dosage, formulation, and bioactive content across studies, making it difficult to draw
firm conclusions or replicate findings [287]. The absence of comprehensive pharmacokinetic and pharmacodynamic
data further limits our understanding of the mechanisms by which these phytochemicals exert their effects in humans
[297. Long-term safety data are also sparse. While many herbs are used traditionally over extended periods, few
have been subjected to long-term clinical monitoring to assess cumulative toxicity or delayed adverse effects [307].
Additionally, the potential for herb-drug interactions complicates the interpretation of clinical outcomes, especially
when patients are concurrently on standard antidiabetic therapies [247]. To ensure safe and effective integration into
clinical practice, future studies must adopt robust randomized controlled trial designs, ensure standardized extract
preparations, and incorporate long-term safety assessments. Only then can phytochemicals be confidently positioned
as complementary or alternative interventions in diabetes care.
Standardization and Regulatory Oversight
Standardization and regulatory oversight are fundamental to the safe and effective use of phytochemicals in diabetes
management. Currently, the herbal medicine industry faces major challenges due to variability in plant sources,
inconsistencies in preparation methods, and lack of uniform standards for active ingredient quantification. Without
standardization, reproducibility of therapeutic outcomes is compromised, and safety cannot be reliably ensured.
Quantitative phytochemical profiling is essential to determine the concentration of active constituents responsible
for therapeutic effects [317]. Establishing therapeutic windows and toxicological thresholds helps identify safe
dosage ranges and minimizes the risk of adverse outcomes [327]. Moreover, good manufacturing practices (GMP)
and quality assurance protocols must be enforced to prevent contamination, adulteration, and degradation during
production and storage. In most countries, herbal remedies are regulated as dietary supplements or traditional
medicines rather than pharmaceuticals, resulting in less stringent oversight [837. This regulatory gap allows many
products to enter the market without rigorous evaluation for safety, efficacy, or quality. Developing harmonized
global regulatory frameworks that require clinical validation, toxicological assessment, and post-marketing
surveillance is imperative. In addition, promoting collaboration between traditional medicine practitioners,
pharmacologists, and regulatory authorities can bridge the gap between ethnomedicine and evidence-based practice.
Such efforts will foster the development of standardized, safe, and effective phytochemical-based interventions that
can contribute meaningfully to integrated diabetes care.
Future Directions and Recommendations
To advance the integration of phytochemicals into evidence-based diabetes management, several strategic directions
must be pursued. First, integrative research approaches are essential. This involves the convergence of
pharmacological, toxicological, and ethnopharmacological investigations to validate traditional knowledge while
applying modern scientific rigor. Ethnobotanical insights can help identify promising plants, while pharmacological
and toxicological studies provide mechanistic and safety data. Nanotechnology applications represent another
frontier in enhancing the therapeutic utility of phytochemicals. Many bioactive compounds suffer from poor
solubility, low bioavailability, and rapid degradation in the gastrointestinal tract. Nanoformulations, such as
nanoparticles, liposomes, and nanoemulsions, can enhance the stability, absorption, and targeted delivery of these
compounds, potentially reducing required doses and minimizing toxicity. Phytochemical synergy studies are also
vital. Herbal remedies often comprise multiple constituents that may interact synergistically or antagonistically.
Understanding these interactions in polyherbal formulations can optimize therapeutic efficacy and safety. Advanced
analytical techniques and systems biology tools can be used to decode these complex interactions. Lastly, the future
of herbal medicine lies in personalized herbal therapy. With advances in genomics, metabolomics, and bioinformatics,
precision medicine approaches can be applied to herbal treatments. Genetic and metabolic profiling can help predict
patient responses, minimize adverse reactions, and tailor therapies to individual needs. These innovative directions
collectively support the safe and effective integration of phytochemicals in modern diabetes care.
CONCLUSION
Phytochemicals in herbal remedies offer a multifaceted and promising approach to diabetes management, acting
through diverse mechanisms including enzyme inhibition, insulin sensitization, antioxidant activity, and modulation
of gut microbiota. However, the journey from traditional use to clinical application requires robust scientific
validation, toxicological scrutiny, and regulatory oversight. Addressing challenges related to standardization,
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bioavailability, safety, and clinical efficacy is essential. Bridging traditional wisdom with modern science through
interdisciplinary collaboration will be key to harnessing the full therapeutic potential of phytochemicals without
compromising patient safety. As research evolves, phytochemicals may play a vital role in the development of
integrative, affordable, and personalized approaches to diabetes care.
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