wn
]
=
a
-
=
[75]
Q
=
=
[Sa]
aa)
p
(@)
.

o

2
2

>

3}
(=2

[}
=
=

Reprint from

The Review Of

DIABETIC
STUDIES OPEN ACCESS

Recent Advances In Antidiabetic
Phytochemicals: Bridging Traditional Remedies
And Next-Generation Therapeutics

Mithul V Mammen', Abhishek Suman?, Amit Kumar?2, Dimple Pratap Singh2, Abhishek
Anand', Shagufta Parveen!

!Department of Pharmacy Practice, Teerthanker Mahaveer College of Pharmacy, Teerthanker Mahaveer University,
Moradabad, Uttar Pradesh, India -244001
2Shri Venkateshwara School of Pharmacy, Shri Venkateshwara University, Rajabpur, Gajraula, Amroha, Uttar Pradesh,
India
Corresponding author:
Name & Address of Corresponding — Amit Kumar*
E-mail ID:amittph1812017@gmail.com
Shri Venkateshwara School of Pharmacy, Shri Venkateshwara University, Rajabpur, Gajraula, Amroha, Uttar Pradesh, India

ABSTRACT

Diabetes mellitus (DM) is one of the most pressing global health concerns of the 21st century,
characterized by chronic hyperglycemia resulting from defects in insulin secretion, insulin action, or
both. The limitations of existing pharmacological therapies, such as side effects, drug resistance, and
high costs, have intensified the search for alternative and adjunctive therapeutic options.
Phytochemicals—bioactive plant-derived compounds—have long been utilized in traditional
medicine systems and are increasingly gaining attention as promising antidiabetic agents. These
compounds, including flavonoids, alkaloids, terpenoids, and polyphenols, exert multifaceted
antidiabetic effects, such as enhancing insulin sensitivity, promoting pancreatic B-cell regeneration,
modulating glucose transport, inhibiting carbohydrate-digesting enzymes, and regulating oxidative
stress and inflammation.

Recent advances in phytochemistry, nanotechnology, molecular docking, and pharmacogenomics
have deepened our understanding of these compounds, bridging traditional remedies with next-
generation therapeutic approaches. Several phytochemicals, such as berberine, curcumin, resveratrol,
quercetin, and ginsenosides, have progressed from bench research to preclinical and clinical
evaluation, demonstrating favorable outcomes in glycemic control and metabolic regulation.
Nevertheless, challenges persist, including poor bioavailability, variability in plant-derived
preparations, safety concerns, and regulatory barriers.

This review aims to provide a comprehensive update on recent advances in antidiabetic
phytochemicals, critically analyzing their mechanisms of action, translational potential, and clinical
applications. It also highlights innovations in drug delivery systems, synergistic combinations with
conventional antidiabetic drugs, and the integration of artificial intelligence in phytochemical
discovery. By bridging ethnopharmacological knowledge with modern drug development,
phytochemicals may play a pivotal role in shaping future personalized therapies for diabetes
management.

INTRODUCTION

Diabetes mellitus (DM) represents one of the most significant and rapidly growing health challenges
worldwide. The condition is a chronic metabolic disorder characterized by persistent hyperglycemia
due to defects in insulin secretion, insulin action, or both. It is broadly classified into type 1 diabetes
mellitus (TIDM), type 2 diabetes mellitus (T2DM), gestational diabetes mellitus (GDM), and other
specific types caused by genetic or secondary factors [1]. Among these, T2DM constitutes more than
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90% of all diabetes cases and is strongly associated with obesity, sedentary lifestyles, and genetic
predisposition [2].

The International Diabetes Federation (IDF) has projected that the global prevalence of diabetes will
increase from 537 million adults in 2021 to 783 million by 2045, placing a tremendous burden on
healthcare systems and economies [3]. Diabetes is also a major risk factor for cardiovascular disease,
chronic kidney disease, neuropathy, retinopathy, and lower-limb amputations, collectively
contributing to increased morbidity and mortality [4].

Limitations of Conventional Antidiabetic Therapies

Over the last few decades, the development of pharmacological agents such as biguanides (e.g.,
metformin), sulfonylureas, thiazolidinediones, dipeptidyl peptidase-4 inhibitors, glucagon-like
peptide-1 receptor agonists, and sodium-glucose co-transporter-2 inhibitors has significantly advanced
diabetes management [5,6]. However, these agents are not without limitations. Issues such as
hypoglycemia, gastrointestinal disturbances, cardiovascular risks, weight gain, and high treatment
costs limit their long-term applicability [7,8]. Moreover, progressive decline in B-cell function in
T2DM patients often necessitates the use of combination therapy or insulin, further complicating
treatment regimens [9].

The Role of Traditional Medicine and Phytochemicals

In light of these challenges, interest in alternative and complementary therapeutic approaches has
intensified. Traditional medicine systems such as Ayurveda, Traditional Chinese Medicine (TCM),
and African ethnomedicine have long employed plant-based remedies for the management of diabetes
[10,11]. For instance, Momordica charantia (bitter melon), Trigonella foenum-graccum (fenugreek),
Gymnema sylvestre, and Panax ginseng have been widely recognized for their hypoglycemic potential
[12-14]. Traditional medicine systems such as Ayurveda, Traditional Chinese Medicine (TCM), and
Kampo have long utilized plants for diabetes treatment. Recent advances in phytochemistry,
molecular pharmacology, and bioinformatics have helped validate many of these remedies [16].
Phytochemicals—naturally occurring bioactive compounds in plants—are believed to be the active
constituents responsible for these effects. These include alkaloids, flavonoids, terpenoids, saponins,
and phenolic acids, which exhibit diverse pharmacological activities such as insulin sensitization,
modulation of glucose metabolism, inhibition of carbohydrate-digesting enzymes, and
antioxidant/anti-inflammatory effects [15—17]. Unlike synthetic drugs that often target a single
pathway, phytochemicals frequently act on multiple molecular targets, offering a holistic therapeutic
approach [18]. Classes of phytochemicals with antidiabetic properties include alkaloids, flavonoids,
terpenoids, saponins, and phenolic acids (Table 1).

Table 1. Major classes of antidiabetic phytochemicals and their representative compounds

Phytochemical | Representative Plant Sources Primary Mechanism(s) of Action

Class Compounds

Alkaloids Berberine Berberis aristata | AMPK activation, inhibition of
gluconeogenesis

Flavonoids Quercetin, Onions, tea, GLUT4 translocation,

Kaempferol apples antioxidant effects
Polyphenols Resveratrol Grapes, berries, | SIRT1 activation, mitochondrial
peanuts function

Terpenoids Ginsenosides Panax ginseng PI3K/Akt activation, insulin
secretion

Xanthones Mangiferin Mango leaves AMPK activation, antioxidant
protection

Phenolic acids | Chlorogenic acid Coffee Inhibition of a-glucosidase,
reduced glucose absorption
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Recent Advances in Phytochemical Research

In the last two decades, there has been a surge of research exploring the antidiabetic potential of
phytochemicals. Advances in phytochemistry, molecular biology, nanotechnology, and bioinformatics
have enabled the identification of active compounds, their mechanisms of action, and their therapeutic
relevance [19,20].

Current drugs such as metformin, sulfonylureas, GLP-1 agonists, and SGLT?2 inhibitors target isolated
aspects of these mechanisms but do not fully address the multi-factorial nature of T2DM. Moreover,
progressive B-cell dysfunction often leads to therapy failure [20].

Phytochemicals offer a multi-target approach, modulating oxidative stress, inflammation, insulin
sensitivity, and B-cell regeneration simultaneously, thereby addressing the complexity of diabetes

pathophysiology [21].

Table 2. Key mechanisms in T2DM pathophysiology and limitations of current therapies

Limitations of Current
Drugs

Pathogenic
Mechanism
Insulin resistance

Conventional Drug
Targets

Phytochemical Potential

Metformin, TZDs

GI side effects, weight
gain

AMPK activation by
berberine, resveratrol

B-cell dysfunction

Sulfonylureas, GLP-1

Loss of efficacy,

Pancreatic protection by

agonists hypoglycemia quercetin, ginsenosides
Excess Metformin Incomplete suppression | Curcumin, mangiferin
gluconeogenesis
Lipotoxicity GLP-1 agonists Limited action on lipid | Flavonoids (reduce
metabolism adipose inflammation)
Oxidative stress Indirect via Partial benefit Polyphenols (resveratrol,
metformin catechins)
Inflammation None directly No specific drug Curcumin, quercetin

suppress NF-«xB
Berberine, resveratrol
modulate microbiome

Gut microbiota Not directly targeted | Variable effects

Compounds such as berberine, resveratrol, curcumin, quercetin, and ginsenosides have attracted
considerable attention for their multifaceted effects on glucose regulation and insulin signaling [21—
23]. Some of these compounds have entered clinical trials, showing efficacy comparable to standard
oral antidiabetic drugs [24].

Moreover, novel approaches such as nanoparticle-based delivery systems and structural modification
of phytochemicals are being developed to overcome pharmacokinetic limitations like poor solubility
and low bioavailability [25]. Computational tools, including molecular docking and network
pharmacology, have further accelerated the discovery and optimization of plant-derived compounds
[26].

Bridging Traditional Remedies and Next-Generation Therapeutics

The integration of ethnopharmacological wisdom with modern drug discovery frameworks is a
promising avenue in diabetes research. While traditional remedies provide a foundation for
identifying effective plant species, modern analytical tools validate their efficacy, elucidate
mechanisms, and enhance clinical translation [27]. Bridging these two domains is crucial for
developing standardized, safe, and effective phytochemical-based therapeutics.
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This review aims to critically examine recent advances in antidiabetic phytochemicals, with particular
focus on their mechanisms of action, translational research, preclinical and clinical studies, and
innovations in drug delivery systems. It will also discuss challenges such as variability in plant
extracts, regulatory hurdles, and safety concerns, while highlighting opportunities for future
personalized diabetes care through phytochemical therapeutics.

Overview of Phytochemicals in Antidiabetic Therapy

Phytochemicals are bioactive compounds naturally occurring in plants, many of which exert
significant pharmacological actions. For centuries, plant-based remedies have served as primary
therapeutic agents for managing diabetes across traditional medical systems, including Ayurveda,
Traditional Chinese Medicine (TCM), and African ethnopharmacology [28,29]. With modern
analytical and pharmacological tools, numerous phytochemicals have been isolated, structurally
characterized, and evaluated for antidiabetic effects, revealing promising potential for drug
development [30,31].

Classification of Antidiabetic Phytochemicals

Phytochemicals with hypoglycemic properties are broadly classified into several categories: alkaloids,
flavonoids, terpenoids, phenolic compounds, glycosides, and saponins. These groups differ in
chemical structure and biological activities but converge in their ability to modulate glucose
homeostasis [32].

o Alkaloids: These nitrogen-containing compounds, such as berberine and trigonelline, improve
insulin sensitivity, inhibit a-glucosidase, and modulate gut microbiota [33,34].

e Flavonoids: A large class of polyphenolic compounds (e.g., quercetin, kaempferol,
epigallocatechin gallate) with antioxidant, anti-inflammatory, and insulin-sensitizing effects
[35].

e Terpenoids: Compounds like ginsenosides and gymnemic acids modulate glucose uptake and
insulin secretion [36].

e Phenolic acids: Chlorogenic acid and caffeic acid influence glucose absorption and hepatic
gluconeogenesis [37].

e Saponins: These glycosides, including diosgenin, exhibit insulin-mimetic activity and
improve lipid metabolism [38].

e Other bioactive compounds: Stilbenes (resveratrol), curcuminoids (curcumin), and xanthones
(mangiferin) also demonstrate multifaceted antidiabetic effects [39,40].

Class Representative | Plant Principal Mechanisms
Compounds Sources
Alkaloids Berberine Berberis | AMPK activation, inhibition of gluconeogenesis
aristata,
Coptis
chinensis
Flavonoids Quercetin, Onions, GLUT4 translocation, antioxidant activity
Kaempferol, citrus
Naringenin fruits, tea
Terpenoids Ginsenosides | Panax PI3K/AKkt activation, B-cell protection
(Rgl, Rbl, ginseng
Re)
Polyphenols | Resveratrol Grapes, SIRTI1 activation, mitochondrial biogenesis
(Stilbenes) peanuts,
berries
Xanthones Mangiferin Mango AMPK activation, oxidative stress reduction
leaves,
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Swertia
chirayita
Phenolic Chlorogenic Coffee, a-glucosidase inhibition, reduced glucose absorption
acids acid, Caffeic apples
acid
Saponins Gymnemic Gymnema | Glucose absorption inhibition, insulin secretion
acids sylvestre | enhancement

Ethnopharmacological Roots

Ethnopharmacological knowledge has been a cornerstone for the identification of antidiabetic plants
and their phytoconstituents. Plants like Momordica charantia (bitter melon), Trigonella foenum-
graecum (fenugreek), Gymnema sylvestre, and Ocimum sanctum have been used traditionally for
diabetes management and later validated in pharmacological studies [41,42]. This traditional
foundation highlights the importance of systematic documentation and modern validation of
indigenous knowledge.

Mechanistic Diversity
Phytochemicals exert antidiabetic effects through a broad spectrum of mechanisms:

e Insulin sensitization: Flavonoids such as quercetin activate AMP-activated protein kinase
(AMPK), enhancing glucose uptake [43].

e Stimulation of insulin secretion: Alkaloids like trigonelline and terpenoids like ginsenosides
promote pancreatic B-cell function [44,45].

e Inhibition of carbohydrate-digesting enzymes: Compounds like berberine and chlorogenic
acid inhibit a-amylase and a-glucosidase, reducing postprandial hyperglycemia [46].

e Antioxidant and anti-inflammatory activity: Polyphenols scavenge free radicals and modulate
inflammatory pathways that contribute to insulin resistance [47].

e Modulation of gut microbiota: Certain alkaloids and saponins improve gut microbial
composition, indirectly regulating glucose metabolism [48].

e Protection of pancreatic B-cells: Flavonoids and curcuminoids reduce oxidative stress—
induced apoptosis in pancreatic cells [49].

Synergistic and Polyherbal Formulations

Unlike conventional drugs, which usually target single pathways, phytochemicals often act on
multiple molecular targets. This multi-target action makes them ideal candidates for combination
therapies or polyherbal formulations [50]. For instance, formulations containing Gymnema sylvestre
and Momordica charantia exhibit synergistic effects, enhancing glycemic control beyond individual
constituents [51]. However, standardization of such formulations remains a challenge.

Preclinical and Clinical Relevance

Numerous preclinical studies support the antidiabetic effects of phytochemicals, with several
compounds progressing to clinical trials. Berberine, for example, has been shown to reduce fasting
blood glucose and HbAlc levels in patients with T2DM, with efficacy comparable to metformin [52].
Similarly, resveratrol and curcumin have demonstrated improvements in insulin sensitivity and lipid
metabolism in human studies [53,54]. These findings underscore the translational potential of
phytochemicals in diabetes management.
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Challenges in Phytochemical Research

Despite their promise, several challenges limit the clinical application of phytochemicals. These
include variability in plant sources, seasonal changes in phytochemical content, poor bioavailability,
and lack of standardized extraction and dosing protocols [55]. Moreover, herb—drug interactions and
long-term safety profiles require further investigation [56]. Addressing these limitations through
modern drug delivery systems, nanotechnology, and rigorous clinical trials will be essential for their
successful integration into mainstream therapeutics.

Molecular Mechanisms of Antidiabetic Phytochemicals

Phytochemicals exert antidiabetic effects through diverse biochemical and molecular pathways that
target the key pathophysiological mechanisms of diabetes mellitus (DM). Unlike single-target
synthetic drugs, phytochemicals often display pleiotropic activities, acting simultaneously on multiple
molecular pathways [57]. This section provides an in-depth overview of the principal mechanisms,
supported by evidence from in vitro, in vivo, and clinical studies.

Enhancement of Insulin Secretion and Pancreatic p-Cell Function

Pancreatic B-cell dysfunction is central to both type 1 diabetes mellitus (T1DM) and type 2 diabetes
mellitus (T2DM). Several phytochemicals have been shown to stimulate insulin secretion or protect 3-
cells from apoptosis.

e Alkaloids: Berberine enhances insulin secretion via activation of phosphoinositide 3-kinase
(PI3K)/Akt and modulation of AMP-activated protein kinase (AMPK) signaling [58].
Trigonelline, found in fenugreek seeds, improves P-cell regeneration by upregulating
pancreatic transcription factors like Pdx-1 [59].

¢ Flavonoids: Quercetin and genistein directly stimulate insulin secretion in pancreatic islets by
modulating calcium signaling and cyclic adenosine monophosphate (cAMP) pathways
[60,61].

e Terpenoids: Ginsenosides (Rgl, Rbl) enhance insulin release by increasing GLUT2
expression in B-cells and protecting against glucotoxicity [62].

Animal studies confirm that phytochemicals not only enhance insulin release but also preserve -cell
architecture under diabetic stress conditions [63]

Improvement of Insulin Sensitivity

Peripheral insulin resistance in skeletal muscle, liver, and adipose tissue is a hallmark of T2DM.
Phytochemicals improve insulin sensitivity through modulation of glucose transporters and signaling
cascades.

e AMPK activation: Polyphenols such as resveratrol and epigallocatechin gallate (EGCG)
activate AMPK, promoting glucose uptake in skeletal muscle [64].

e PPARy modulation: Diosgenin and curcumin act as peroxisome proliferator-activated
receptor gamma (PPARY) agonists, enhancing adipocyte insulin sensitivity [65,66].

e GLUT4 translocation: Flavonoids like kaempferol increase insulin-stimulated GLUT4
translocation in adipocytes [67].

These molecular effects mirror those of thiazolidinediones (synthetic PPARy agonists), but with
potentially fewer adverse effects [68].
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Inhibition of Carbohydrate-Digesting Enzymes

Controlling postprandial hyperglycemia is crucial in diabetes management. Several phytochemicals
inhibit intestinal enzymes responsible for carbohydrate digestion and absorption.

e oa-Amylase and a-Glucosidase inhibition: Berberine, chlorogenic acid, and gymnemic acids
inhibit these enzymes, reducing glucose absorption [69,70].

e Sucrase and maltase inhibition: Flavonoids such as luteolin and apigenin selectively suppress
disaccharidase activity in intestinal mucosa [71].

These actions mimic the pharmacological effects of acarbose, though phytochemicals may have
improved tolerability [72].

Antioxidant Defense and Reduction of Oxidative Stress

Oxidative stress plays a critical role in p-cell dysfunction and insulin resistance. Many
phytochemicals exhibit potent antioxidant activity by scavenging reactive oxygen species (ROS) and
enhancing endogenous antioxidant defenses.

e Direct free radical scavenging: Curcumin and resveratrol neutralize ROS and reactive
nitrogen species [73].

e Nrf2 pathway activation: Polyphenols activate nuclear factor erythroid 2—related factor 2
(Nrf2), upregulating antioxidant enzymes such as superoxide dismutase (SOD) and
glutathione peroxidase (GPx) [74].

e Mitochondrial protection: Flavonoids like catechins improve mitochondrial integrity,
preventing oxidative damage—induced apoptosis [75].

Clinical trials have confirmed reductions in oxidative stress biomarkers after supplementation with
resveratrol and curcumin in diabetic patients [76,77].

Anti-Inflammatory Effects

Chronic low-grade inflammation contributes to insulin resistance. Several phytochemicals modulate
inflammatory pathways:

¢ NF-xB inhibition: Curcumin, quercetin, and berberine suppress NF-kB signaling, reducing
cytokine production (TNF-a, IL-6) [78].

e Cytokine modulation: Resveratrol reduces circulating pro-inflammatory cytokines while
increasing adiponectin [79].

e JNK and MAPK inhibition: Terpenoids such as ginsenosides inhibit stress-activated protein
kinases that impair insulin signaling [80].

These findings highlight phytochemicals as natural anti-inflammatory agents with metabolic benefits.
Modulation of Gut Microbiota

Gut microbiota dysbiosis has emerged as a key factor in T2DM pathophysiology. Phytochemicals
interact with gut microbiota, enhancing metabolic health.

e Prebiotic effects: Saponins and polyphenols act as substrates for beneficial bacteria such as
Bifidobacterium and Lactobacillus [81].

e Berberine—microbiota interaction: Berberine alters gut microbial composition, increasing
short-chain fatty acid (SCFA)-producing bacteria, thereby improving insulin sensitivity [82].
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¢ Flavonoid metabolism: Gut microbiota metabolizes flavonoids into bioactive metabolites with
improved bioavailability [83].

These bidirectional interactions suggest that phytochemical efficacy may depend on an individual’s
gut microbial composition [84].

Protection Against Advanced Glycation End Products (AGEs)

Hyperglycemia accelerates the formation of AGEs, which damage tissues and exacerbate diabetic
complications.

e AGE formation inhibition: Phenolic compounds such as caffeic acid and ferulic acid inhibit
glycation reactions [85].

e AGE receptor modulation: Resveratrol downregulates receptor for AGEs (RAGE) expression,
reducing vascular complications [86].

Such mechanisms may contribute to phytochemicals’ protective role in diabetic nephropathy and
retinopathy.

Epigenetic and Genomic Modulation
Emerging evidence suggests phytochemicals influence epigenetic regulation of metabolic genes.
e DNA methylation: Curcumin demethylates PPARy promoter regions, enhancing insulin
sensitivity [87].
e Histone modifications: Resveratrol modulates histone acetylation through sirtuin activation,
regulating glucose metabolism genes [88].
e  MicroRNA regulation: Quercetin modulates microRNAs involved in insulin signaling, such

as miR-29 and miR-122 [89].

Figure: Mechanisms of Action of Antidiabetic Phytochemical
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Specific Phytochemicals with Antidiabetic Potential

Several individual phytochemicals have been extensively studied for their potential in diabetes
therapy. These compounds, derived from medicinal plants, exhibit diverse pharmacological actions
ranging from insulin sensitization to anti-inflammatory effects. This section discusses key antidiabetic
phytochemicals, emphasizing their sources, mechanisms, and translational potential.

Berberine

Berberine, an isoquinoline alkaloid derived from Berberis species, is one of the most widely
investigated phytochemicals in diabetes research.

Mechanisms: Berberine activates AMPK, enhances glucose uptake, reduces gluconeogenesis,
and modulates gut microbiota [90,91]. It also inhibits a-glucosidase and improves insulin
receptor expression [92].

Clinical evidence: Randomized controlled trials (RCTs) show that berberine reduces fasting
plasma glucose (FPG), HbAlc, and lipid levels, with efficacy comparable to metformin [93].
Limitations: Poor bioavailability and gastrointestinal side effects remain barriers to clinical
adoption [94]. Novel formulations, including nanoparticles and liposomes, are being
developed to improve pharmacokinetics [95].

Curcumin

Curcumin, the principal polyphenolic compound in turmeric (Curcuma longa), has been shown to
modulate multiple diabetes-related pathways.

Mechanisms: Curcumin improves insulin sensitivity by activating PPARy and AMPK
pathways, suppresses NF-kB-mediated inflammation, and enhances antioxidant defenses
[96].

Clinical evidence: A landmark RCT demonstrated that curcumin supplementation delayed the
onset of T2DM in prediabetic individuals [97]. Additional trials confirm reductions in FPG,
HbA1c, and inflammatory markers [98].

Limitations: Curcumin suffers from low bioavailability due to poor absorption and rapid
metabolism. Piperine co-administration or nanoparticle formulations improve its systemic
availability [99].

Resveratrol

Resveratrol, a stilbene found in grapes, peanuts, and berries, has gained attention for its metabolic and
cardioprotective benefits.

Mechanisms: Resveratrol activates SIRT1 and AMPK, improves mitochondrial function, and
reduces oxidative stress [100]. It also modulates gut microbiota composition [101].

Clinical evidence: Meta-analyses of RCTs suggest resveratrol supplementation improves
insulin sensitivity, lowers FPG, and reduces inflammatory biomarkers in T2DM patients
[102,103].

Limitations: Inter-individual variability in response and short half-life limit its clinical utility
[104].

Quercetin

Quercetin, a flavonoid abundant in onions, apples, and tea, exhibits strong antioxidant and anti-
inflammatory properties.
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e Mechanisms: Quercetin enhances GLUT4 translocation, activates AMPK, and suppresses
pro-inflammatory cytokines [105]. It also protects pancreatic pB-cells from oxidative stress
[106].

e Clinical evidence: Human studies indicate modest reductions in blood glucose and
improvements in lipid profile with quercetin supplementation [107].

e Limitations: Variable results in clinical trials suggest that dosage, formulation, and individual
metabolic profiles influence efficacy [108].

Ginsenosides

Ginsenosides, the active saponins in Panax ginseng, have been traditionally used in Asian medicine
for metabolic disorders.

e Mechanisms: Ginsenosides enhance insulin secretion, improve glucose uptake, and modulate
inflammatory Apathways [109]. Specific ginsenosides (Rgl, Rbl1, Re) activate PI3K/Akt and
AMPK signaling [110].

e Clinical evidence: RCTs demonstrate that ginseng supplementation improves glycemic
control and insulin sensitivity in patients with impaired glucose tolerance [111].

e Limitations: Variability in ginsenoside content among preparations complicates
standardization [112].

Mangiferin

Mangiferin, a xanthone glucoside found in mango leaves and Swertia chirayita, is an emerging
antidiabetic phytochemical.

e Mechanisms: It improves glucose metabolism by activating AMPK, reducing oxidative stress,
and inhibiting a-glucosidase [113].

e Preclinical evidence: Animal studies show significant reductions in blood glucose and
improvements in insulin sensitivity [114].

¢ Clinical potential: Few clinical trials exist, but early findings suggest promise as an adjunct
therapy [115].

Other Promising Compounds

e Catechins (EGCG): Found in green tea, EGCG improves glucose uptake and reduces
inflammation [116].

¢ Chlorogenic acid: Present in coffee, it lowers postprandial glucose by inhibiting carbohydrate
digestion [117].

e Gymnemic acids (Gymnema sylvestre): Suppress intestinal glucose absorption and enhance
insulin secretion [118].

Safety Profiles of Key Antidiabetic Phytochemicals

Berberine

Berberine is generally well-tolerated but is associated with gastrointestinal side effects such as
diarrhea, constipation, and abdominal discomfort [122]. At high doses, it may interfere with

cytochrome P450 enzymes, leading to drug—drug interactions, particularly with statins, oral
hypoglycemics, and anticoagulants [123].
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Curcumin

Curcumin has a wide safety margin, with studies reporting tolerability up to 8 g/day without
significant toxicity [124]. However, its poor bioavailability raises concerns regarding the use of
nanoparticle and liposomal formulations, as long-term safety data on these delivery systems remain
limited [125].

Resveratrol

Resveratrol supplementation is generally safe up to 1 g/day, though higher doses may cause
gastrointestinal upset and headache [126]. Importantly, it can interact with anticoagulants such as
warfarin due to its antiplatelet activity [127].

Quercetin

Quercetin is considered safe at dietary intake levels but may exhibit nephrotoxicity at high doses in
animal models [128]. Limited human studies exist on its long-term safety, necessitating caution in
recommending supplemental forms beyond typical dietary levels [129].

Ginsenosides

Ginseng extracts are widely consumed, but adverse effects such as insomnia, hypertension, and
gastrointestinal symptoms have been reported at high doses [130]. Case reports describe rare
hepatotoxicity and interactions with hypoglycemic agents leading to hypoglycemia [131].

Herb-Drug Interactions

One of the major concerns in phytotherapy is the potential for herb—drug interactions. Many
phytochemicals modulate drug-metabolizing enzymes (CYP450 family) and drug transporters (P-
glycoprotein), which can alter the pharmacokinetics of conventional drugs [132]. For example:

e Berberine inhibits CYP2D6 and CYP3A4, affecting metabolism of metformin and statins
[123].

e Curcumin inhibits CYP2C9 and CYP3A4, potentially interacting with sulfonylureas and
warfarin [125].

e Resveratrol interferes with CYP2C9, impacting anticoagulants and some antidiabetic drugs
[127].

e Ginseng may potentiate insulin and oral hypoglycemics, leading to additive hypoglycemic
effects [131].

Table 7. Common phytochemicals and potential drug interactions

Phytochemical | Interacting Drugs Mechanism Clinical Concern

Berberine Metformin, statins, CYP2D6/CYP3A4 inhibition | Drug accumulation,
warfarin enhanced effects

Curcumin Sulfonylureas, CYP2C9 inhibition Hypoglycemia, bleeding
warfarin risk

Resveratrol Warfarin, NSAIDs Antiplatelet effect, CYP2C9 Bleeding complications

inhibition

Quercetin Cyclosporine, Renal metabolism interference | Nephrotoxicity risk
cisplatin

Ginsenosides | Insulin, sulfonylureas | Additive hypoglycemia Hypoglycemia episodes
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Toxicological Evidence

Preclinical toxicology studies indicate that most phytochemicals have high LD50 values and wide
safety margins [133]. However, concerns arise with chronic exposure and concentrated extracts:

e Berberine — hepatotoxicity at very high doses in rodents [134].

e Quercetin — DNA damage in some in vitro studies at supraphysiological concentrations
[135].

e Resveratrol — mild nephrotoxicity reported in animal models at doses >1 g/kg [136].

Figure 14. Dose-response and safety margin curve of major antidiabetic phytochemicals — shows
therapeutic vs. toxic dose ranges of berberine, curcumin, resveratrol, quercetin, and ginsenosides.

Regulatory Considerations
Regulation of phytochemicals varies significantly across regions:

e United States — Classified as dietary supplements under the Dietary Supplement Health and
Education Act (DSHEA). Manufacturers are responsible for safety, but products are not
strictly regulated like pharmaceuticals [137].

e European Union — Herbal products are regulated under the Traditional Herbal Medicinal
Products Directive (THMPD), which requires quality, safety, and efficacy documentation
[138].

e Asia (India, China, Japan) — Systems such as Ayurveda, TCM, and Kampo integrate
phytochemicals into healthcare. India’s AYUSH and China’s State Food and Drug
Administration (SFDA) regulate herbal medicines, though harmonization with Western
standards remains incomplete [139].

The lack of global harmonization leads to variability in product quality, dosing, and labeling.
Standardization of active constituents, toxicological testing, and pharmacovigilance remain urgent
needs [140].

Strategies for Ensuring Safe Use
To optimize the clinical use of phytochemicals:

1. Standardization — Establishing consistent levels of active compounds (e.g., berberine content
in extracts).

2. Pharmacovigilance — Implementing reporting systems for adverse events similar to
conventional drugs.

3. Toxicological Testing — Conducting long-term studies for concentrated extracts and novel
formulations (e.g., nanoparticles).

4. Regulatory Harmonization — Developing unified global guidelines for phytomedicine
approval [141].

Future Perspectives

Emerging approaches such as nanotechnology-based formulations and Al-driven drug safety
prediction can enhance phytochemical safety and reduce toxicity risks [142]. For example, nano-
encapsulation of curcumin not only improves bioavailability but also minimizes systemic exposure,
reducing off-target effects [143]. Machine learning models are increasingly applied to predict herb—
drug interactions before clinical testing [144].
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Future Directions and Next-Generation Therapeutics

The growing recognition of phytochemicals as multifunctional agents for diabetes management has
catalyzed research into their translation into next-generation therapeutics. However, despite promising
preclinical and clinical evidence, significant challenges remain regarding bioavailability,
standardization, clinical trial design, regulatory harmonization, and integration with modern drug
discovery tools [145]. Future strategies aim to combine traditional wisdom with cutting-edge
technologies, thereby bridging the gap between natural compounds and precision medicine in diabetes
care.

Addressing Bioavailability and Pharmacokinetics

One of the foremost challenges in phytochemical therapeutics is poor bioavailability. Many
compounds such as curcumin, resveratrol, and quercetin exhibit low aqueous solubility, rapid
metabolism, and limited systemic distribution [146].

Emerging strategies include:

e Nanoformulations — Nanoparticles, liposomes, and polymeric micelles improve solubility,
stability, and controlled release [147].

e Phytosome technology — Complexing phytochemicals with phospholipids enhances
absorption, as demonstrated for curcumin and quercetin [148].

e Prodrug approaches — Chemical modifications that increase intestinal permeability and reduce
first-pass metabolism [149].

e Co-administration with bioenhancers — Piperine has been shown to increase curcumin
bioavailability by 2000% in humans [150].

Nanforrmulation Strategies
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Integration of Multi-Omics and Systems Biology

Phytochemicals act on multiple molecular targets simultaneously, making them ideal candidates for
network pharmacology approaches [151]. Integration of genomics, transcriptomics, metabolomics,
and microbiomics allows for mapping the complex interactions between phytochemicals and host
biology.

e Metabolomics identifies biomarkers of phytochemical response (e.g., resveratrol-induced
changes in lipid metabolites).

e Microbiomics reveals gut microbiota modulation (e.g., berberine increases SCFA-producing
bacteria, improving insulin sensitivity) [152].

e Network pharmacology models predict synergistic actions of compound combinations and
identify key signaling hubs targeted by multiple phytochemicals [153].

Artificial Intelligence and Machine Learning in Phytochemical Discovery

Al-driven platforms are transforming natural product research. Machine learning models trained on
structural and pharmacological databases can predict antidiabetic activity, toxicity, and drug—drug
interactions of novel phytochemicals [154].

Applications include:

e Insilico screening of large phytochemical libraries for AMPK or PPARYy activators.
e Predictive modeling of bioavailability and toxicity profiles.
e Drug repurposing — rediscovering known phytochemicals for new diabetes-related pathways.

Table 8. Role of Al in advancing phytochemical therapeutics

Al Application | Example Impact

Virtual Docking phytochemicals to AMPK/SIRT1 Identifies novel bioactives
screening

Toxicity QSAR models for hepatotoxicity Improves safety assessment
prediction

Synergy Network pharmacology with machine Guides multi-compound
mapping learning formulations

Drug Re-analysis of flavonoids Expands therapeutic scope
repurposing

Personalized and Precision Phytotherapy

The heterogeneity of diabetes underscores the need for personalized medicine. Phytochemicals could
be integrated into precision nutrition strategies based on patient-specific genetic, metabolic, and
microbiome profiles [155].

Examples:

e Genotype-specific responses: Certain PPARY polymorphisms modulate patient
responsiveness to resveratrol.

e Microbiome-driven effects: The antidiabetic efficacy of berberine is enhanced in individuals
with higher baseline abundance of Akkermansia muciniphila [156].

e Nutrigenomics: Quercetin influences expression of glucose transporters depending on
individual genetic variants [157].
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Future clinical trials should adopt stratified designs, grouping participants by genetic or microbiome
profiles to assess phytochemical responsiveness.

SYNERGISTIC COMBINATIONS AND POLYHERBAL FORMULATIONS

Traditional medicine often employs polyherbal formulations, which may act synergistically on
multiple targets. Modern approaches are beginning to validate these practices using systems
pharmacology and clinical testing [158].

Examples include:

e Berberine + Metformin — synergistic glucose-lowering effects with reduced metformin dose
requirement [159].

e  Curcumin + Piperine — enhanced curcumin bioavailability [150].

e Ginseng + Quercetin — combined antioxidative and insulin-sensitizing actions [160].

Figure 17. Synergistic actions of phytochemicals and conventional drugs in diabetes management —
showing overlap in pathways like AMPK, NF-kB, PI3K/Akt.

REGULATORY INNOVATIONS FOR PHYTOCHEMICAL THERAPEUTICS
To ensure safe translation, regulatory bodies must adapt to phytochemical-based therapies:

e Hybrid Regulatory Pathways — Recognizing phytochemicals as "botanical drugs" (as in
FDA’s botanical guidance) to bridge the gap between dietary supplements and
pharmaceuticals [161].

e Standardization and Quality Control — Requiring defined levels of active constituents and
validated methods for purity testing [162].

¢ Global Harmonization — Aligning standards across the US, EU, and Asia to facilitate
international use [163].

FUTURE ROADMAP: NEXT-GENERATION THERAPEUTICS

The future of phytochemical therapeutics will be shaped by convergence of biotechnology,
nanomedicine, Al, and systems biology:

1. Next-Generation Delivery Systems — Smart nanoparticles capable of targeting pancreatic p-
cells or liver tissue.

2. Designer Polyphenols — Synthetic modifications of natural scaffolds to enhance potency and
stability.

3. Gut Microbiome-Targeted Phytochemicals — Leveraging microbiota modulation as a
therapeutic axis.

4. Al-Driven Clinical Trial Design — Using predictive models to optimize patient selection and
trial endpoints.

5. Integration into Digital Health — Mobile health platforms monitoring phytochemical use, diet,
and glucose levels in real time [163].
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