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ABSTRACT

Diabetes mellitus, affecting over 537 million people globally, poses a significant health challenge due to
rising prevalence and complications like neuropathy and cardiovascular disease [1]. Conventional
treatments, such as metformin and insulin, are effective but limited by side effects like hypoglycemia and
high costs [2]. Herbal plants offer promising alternatives, leveraging bioactive compounds with multi-
target anti-diabetic effects. This review examines ten key plants—Gymnema sylvestre, Momordica
charantia, Trigonella foenum-graecum, Cinnamomum verum, Aloe vera, Berberis aristata, Ocimum
sanctum, Curcuma longa, Panax ginseng, and Salacia reticulata—focusing on their phytochemical profiles
(e.g., gymnemic acids, berberine, curcuminoids), mechanisms (e.g., alpha-glucosidase inhibition, insulin
sensitization), and clinical efficacy. Evidence from randomized controlled trials suggests reductions in
fasting blood glucose and HbA ¢, though results vary due to standardization issues [3]. Safety profiles are
generally favorable, but challenges like bioavailability and drug interactions persist [4]. This review
synthesizes in vitro, in vivo, and clinical data, highlighting the therapeutic potential of these plants and
advocating for large-scale trials to optimize their integration into diabetes management.

Keywords: Diabetes mellitus, herbal medicine, phytochemicals, hypoglycemic agents, clinical trials.

1 INTRODUCTION

Diabetes mellitus is a global health crisis, with the International Diabetes Federation reporting 537
million cases in 2021, projected to reach 783 million by 2045 [1]. Type 2 diabetes (T2D), comprising 90-
95% of cases, is driven by insulin resistance and progressive beta-cell dysfunction, while type 1 diabetes
(T1D) results from autoimmune beta-cell destruction [5]. T2D is characterized by impaired insulin
signaling, reducing glucose uptake via glucose transporter 4 (GLUT4) in muscle and adipose tissues [6].
Chronic hyperglycemia leads to complications, including neuropathy, retinopathy, nephropathy, and
cardiovascular disease, contributing to 6.7 million deaths annually [1]. Risk factors include obesity,
physical inactivity, and genetic predisposition, with prevalence rising fastest in low- and middle-income
countries [7]. Oxidative stress and inflammation exacerbate beta-cell damage and insulin resistance,
creating a vicious cycle [8]. Effective management requires therapies that address hyperglycemia, insulin
dysfunction, and secondary complications, highlighting the need for innovative, accessible treatments to
alleviate the global burden of diabetes.
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1.1 Limitations of Current Anti-Diabetic Therapies

Conventional anti-diabetic drugs, such as metformin, sulfonylureas, and DPP-4 inhibitors, are
cornerstones of diabetes management but have notable limitations. Metformin, the first-line therapy for
T2D, reduces hepatic glucose production but causes gastrointestinal side effects in 20-30% of patients [9].
Sulfonylureas, which stimulate insulin release, risk hypoglycemia, particularly in elderly patients [10].
Thiazolidinediones improve insulin sensitivity but are associated with weight gain and cardiovascular
concerns [11]. Insulin therapy, essential for T1D and advanced T2D, requires careful monitoring and
increases treatment costs, with global diabetes expenditure reaching $966 billion in 2021 [1]. These side
effects, coupled with adherence challenges and economic barriers, underscore the need for alternative
therapies. Herbal plants, with their multi-target mechanisms and cultural acceptance in systems like
Ayurveda and Traditional Chinese Medicine, offer potential solutions with fewer side effects and lower
costs [12].

1.2 Role of Herbal Plants in Traditional Medicine

Herbal plants have been integral to diabetes management in traditional medicinal systems for centuries. In
Ayurveda, Gymnema sylvestre (Gurmar) is used to suppress sugar absorption, earning its name ‘“‘sugar
destroyer” [13]. Traditional Chinese Medicine employs Panax ginseng to enhance vitality and regulate
glucose metabolism [14]. In African and Southeast Asian ethnomedicine, Momordica charantia (bitter
melon) is consumed as a vegetable or extract for its insulin-like effects [15]. These plants are often
prepared as teas, powders, or decoctions, valued for their accessibility and perceived safety.
Ethnobotanical surveys confirm their widespread use across cultures, supported by emerging scientific
evidence of their bioactive compounds [16]. For example, Trigonella foenum-graecum (fenugreek) is a
staple in Indian diets for glycemic control [17]. These traditional practices provide a foundation for
modern pharmacological studies, driving interest in herbal plants as viable anti-diabetic agents.

1.3  Scope and Objectives of the Review

This review evaluates ten herbal plants—Gymnema sylvestre, Momordica charantia, Trigonella foenum-
graecum, Cinnamomum verum, Aloe vera, Berberis aristata, Ocimum sanctum, Curcuma longa, Panax
ginseng, and Salacia reticulata—for their anti-diabetic potential. It focuses on their chemical
compositions, mechanisms of action, and clinical evidence. A systematic literature search (2015-2025)
was conducted using PubMed, Scopus, and Web of Science, prioritizing peer-reviewed studies with
robust data. The objectives are to synthesize phytochemical profiles, elucidate molecular mechanisms,
assess clinical efficacy, and identify research gaps to guide future therapeutic development.

Global Diabetes Prevalence by Raegion (IDF 202 3)
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Figure 1: Bar chart of global diabetes prevalence by region (data from IDF 2023
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Table 1: Comparison of conventional vs. herbal anti-diabetic approaches (columns: Drug/Plant,
Mechanism, Side Effects, and Efficacy).

Drug/Plant Mechanism Side Effects Efficacy
Metformin Decreases hepatic glucose Gastrointestinal issues Highly effective;
(Conventional) production, improves insulin | (nausea, diarrhea), lactic first-line
sensitivity acidosis (rare) treatment for
type 2 diabetes
Insulin Replaces or supplements Hypoglycemia, weight gain, Very effective
(Conventional) endogenous insulin, regulates | injection site reactions for type 1 and
blood glucose levels advanced type 2
diabetes
Sulfonylureas Stimulates insulin release Hypoglycemia, weight gain, Effective but less
(e.g., from pancreatic beta cells allergic reactions preferred due to
Glibenclamide) side effects
Bitter Melon Enhances insulin secretion, Gastrointestinal discomfort, Moderate;
(Herbal) improves glucose uptake, hypoglycemic coma (rare) supports blood
inhibits glucose absorption sugar control but
less potent than
drugs
Fenugreek Slows carbohydrate Digestive issues, allergic Moderate; helps
(Herbal) absorption, improves insulin | reactions, potential interaction | reduce fasting
sensitivity with medications blood glucose
levels
Gymnema Reduces sugar absorption in | Mild digestive upset, potential | Moderate; useful
Sylvestre intestines, may stimulate hypoglycemia if combined as adjunct
(Herbal) insulin secretion with other drugs therapy, limited
large-scale
studies

1.4 Criteria for Plant Selection

The selection of herbal plants for this review was guided by stringent criteria to ensure scientific rigor and
therapeutic relevance. Plants were included based on documented anti-diabetic effects supported by peer-
reviewed studies (2015-2025) encompassing in vitro, in vivo, and clinical trials [12].
Ethnopharmacological evidence of traditional use for diabetes management, as reported in systems like
Ayurveda, Traditional Chinese Medicine, and African herbalism, was a key inclusion factor [16]. Plants
were required to have well-characterized phytochemical profiles and established safety profiles, with
exclusion of those with insufficient pharmacological data or known toxicity (e.g., hepatotoxicity at
therapeutic doses) [4]. Availability for cultivation or commercial use was considered to ensure practical
applicability. Literature was sourced from PubMed, Scopus, and Web of Science, prioritizing studies with
standardized extracts and reproducible outcomes [17]. Safety was assessed through LD50 values and
clinical adverse event reports to confirm therapeutic viability [18]. These criteria ensured a robust
selection of ten plants with diverse mechanisms and global relevance.

WWW.DIABETICSTUDIES.ORG 161


http://www.diabeticstudies.org/

The Review of DIABETIC STUDIES
Vol. 21 No. S9 2025

2 BRIEF PROFILES OF SELECTED PLANTS

Ten herbal plants were selected for their anti-diabetic potential: Gymnema sylvestre, Momordica
charantia, Trigonella foenum-graecum, Cinnamomum verum, Aloe vera, Berberis aristata, Ocimum
sanctum, Curcuma longa, Panax ginseng, and Salacia reticulata. Below are their profiles:

Gymnema sylvestre (Asclepiadaceae): A woody climber from India and tropical Africa, known
as “Gurmar” (sugar destroyer) in Ayurveda. Its leaves are used in teas or extracts to manage
hyperglycemia [13].

Momordica charantia (Cucurbitaceae): Bitter melon, a tropical vine from Asia, Africa, and the
Caribbean, uses fruits and seeds in culinary and medicinal preparations for diabetes [15].

Trigonella foenum-graecum (Fabaceae): Fenugreek, native to South Asia and the
Mediterranean, employs seeds in Indian cuisine and herbal remedies for glycemic control [17].

Cinnamomum verum (Lauraceae): True cinnamon, a tree from Sri Lanka, uses bark in powders
or extracts for glucose regulation [8].

Aloe vera (Asphodelaceae): A succulent from arid regions of Africa and the Middle East, its gel
is used orally or topically for diabetes and wound healing [9].

Berberis aristata (Berberidaceae): A Himalayan shrub, its roots yield berberine for insulin
sensitization, widely used in Ayurveda [10].

Ocimum sanctum (Lamiaceae): Holy basil, native to India, uses leaves in Ayurvedic teas for
stress-related diabetes management [11].

Curcuma longa (Zingiberaceae): Turmeric, from South Asia, provides rhizomes for curcumin-
based anti-diabetic remedies [12].

Panax ginseng (Araliaceae): Asian ginseng, from East Asia, uses roots in Traditional Chinese
Medicine to enhance glucose metabolism [14].

Salacia reticulata (Celastraceae): A woody climber from South Asia, its roots are used in
Japanese and Ayurvedic medicine to reduce postprandial glucose [19].

Table 2: Summary of Selected Herbal Plants

Plant Name Family Parts Used | Traditional Uses Key
References

Gymnema Asclepiadaceae | Leaves Ayurveda: Blood glucose [13]

sylvestre reduction

Momordica Cucurbitaceae | Fruits, Asia/Africa: Diabetes [15]

charantia Seeds management

Trigonella foenum- | Fabaceae Seeds India: Glycemic and lipid control [17]

graecum

Cinnamomum Lauraceae Bark Global: Glucose regulation [8]

verum

Aloe vera Asphodelaceae | Gel Africa/Middle East: Diabetes, [9]
wound healing

Berberis aristata Berberidaceae | Roots Ayurveda: Insulin sensitization [10]

Ocimum sanctum | Lamiaceae Leaves Ayurveda: Stress-related diabetes | [11]

Curcuma longa Zingiberaceae | Rhizomes | South Asia: Anti-diabetic, anti- [12]
inflammatory
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Panax ginseng Araliaceae Roots TCM: Glucose metabolism, [14]
vitality
Salacia reticulata Celastraceae Roots Japan/Ayurveda: Postprandial [19]
glucose control
2.1

Chemical Compositions of Selected Herbal Plants

Gymnemic acids
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16,17-dimethoxy-5,7-dioxa-13-azoniapentacyclo[11.8.0.02,10.04,8.015,20]henicosa-
1(13),2,4(8).9,14,16,18,20-octaene

Caution: A net charge appears to be present

Curcumin
e N 7 N

HO OH
(1E,6E)-1,7-bis (4-hydroxy- 3-methoxyphenyl) -1,6- heptadiene-3,5-dione

Salacinol

OH

OH
[(2S,35)-4-[(2R,35,4S)-3,4-dihydroxy-2-(hydroxymethyl)thiolan-1-ium-1-yl]-1,3-dihydroxybutan-2-yl] sulfate

2.2 Phytochemical Classes Involved in Anti-Diabetic Activity
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Herbal plants exert anti-diabetic effects through diverse phytochemical classes, including alkaloids,
flavonoids, terpenoids, saponins, polysaccharides, and phenolic compounds, which target glucose
metabolism, insulin signaling, and oxidative stress [20]. Alkaloids, such as berberine in Berberis aristata,
activate AMP-activated protein kinase (AMPK), enhancing insulin sensitivity [10]. Flavonoids, found in
Ocimum sanctum and Cinnamomum verum, exhibit antioxidant properties, mitigating hyperglycemia-
induced reactive oxygen species (ROS) damage [21]. Terpenoids, like gymnemic acids in Gymnema
sylvestre, inhibit intestinal glucose absorption and promote beta-cell regeneration [13]. Saponins, such as
ginsenosides in Panax ginseng, enhance glucose uptake via GLUT4 translocation [14]. Polysaccharides,
including those in Momordica charantia, mimic insulin action, while phenolic compounds, like
curcuminoids in Curcuma longa, suppress inflammatory pathways linked to insulin resistance [12]. These
compounds are identified using high-performance liquid chromatography (HPLC), gas chromatography-
mass spectrometry (GC-MS), and nuclear magnetic resonance (NMR) [22]. Variations in phytochemical
content due to soil conditions, harvest time, and extraction methods (e.g., aqueous vs. ethanolic) impact
therapeutic consistency, necessitating standardized protocols [23].

2.3 Detailed Chemical Profiles

The chemical compositions of the ten selected herbal plants are detailed below, focusing on major
bioactive compounds, their classes, concentrations, and analytical methods. Each plant is allocated
approximately 120-150 words.

e Gymnema sylvestre: The leaves contain gymnemic acids (triterpene saponins, 5-10% w/w), the
primary anti-diabetic compounds, which inhibit glucose absorption [13]. Gurmarin (polypeptide),
flavonoids (quercetin), and anthraquinones are minor constituents. HPLC analysis confirms
gymnemic acid variability due to seasonal changes [24]. Ethanol extracts yield higher saponin
content than aqueous ones, enhancing bioactivity [25].

e Momordica charantia: Bitter melon’s fruits and seeds are rich in charantin (steroidal saponin,
0.5-2% w/w), polypeptide-p (insulin-like protein), and vicine (pyrimidine nucleoside) [15].
Charantin, quantified by HPLC, activates AMPK [26]. Polypeptide-p is isolated via protein
precipitation. Soil pH and cultivation conditions affect charantin levels [27].

e Trigonella foenum-graecum: Fenugreek seeds contain 4-hydroxyisoleucine (amino acid, 2-5%
w/w), galactomannan (polysaccharide), and trigonelline (alkaloid) [17]. LC-MS identifies 4-
hydroxyisoleucine as a key insulin secretagogue [28]. Galactomannan delays gastric emptying.
Ethanol extraction optimizes alkaloid yield, per NMR studies [29].

¢ Cinnamomum verum: True cinnamon bark yields cinnamaldehyde (volatile oil, 1-3% w/w),
proanthocyanidins (polyphenols, 10-15% w/w), and trace coumarin [§8]. HPLC-quantified
proanthocyanidins enhance insulin signaling via PPAR activation [30]. Aqueous extracts
minimize coumarin toxicity, as confirmed by GC-MS [31].

e Aloe vera: The gel contains aloesin (chromone, 1-3% w/w), anthraquinones (aloin), and
polysaccharides (acemannan) [9]. HPLC analysis shows aloesin inhibits aldose reductase [32].
Cold pressing preserves polysaccharide content, unlike heat-based methods [33].

e Berberis aristata: Roots yield berberine (isoquinoline alkaloid, 5-8% w/w), with minor alkaloids
like palmatine [10]. LC-MS confirms berberine’s AMPK activation [34]. Ethanol extraction
optimizes yield, but batch variability requires standardization [35].

e Ocimum sanctum: Holy basil leaves contain eugenol (phenolic compound, 2-4% w/w), ursolic
acid (triterpenoid), and flavonoids (apigenin) [11]. GC-MS identifies eugenol’s antioxidant
properties [36]. Aqueous extracts from shade-dried leaves maximize yield [37].
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e Curcuma longa: Turmeric rhizomes yield curcuminoids (curcumin, 3-5% w/w), analyzed by
HPLC [12]. Curcumin inhibits NF-kB, reducing inflammation [38]. Ethanolic extracts enhance
curcuminoid content, though bioavailability is limited [39].

e Panax ginseng: Roots contain ginsenosides (triterpene saponins, 2-6% w/w), such as Rb1 and
Rgl, identified by HPLC-MS [14]. Ginsenosides enhance GLUT4 translocation [40]. Five-year-
old roots and ethanol extracts optimize yield [41].

e Salacia reticulata: Roots contain salacinol and kotalanol (polyhydroxy alkaloids, 1-2% w/w),
quantified by LC-MS [19]. These inhibit alpha-glucosidase [42]. Aqueous extracts are traditional,

with standardization improving consistency [43].

Table 3: Phytochemical Composition of Selected Herbal Plants

Plant Name Major Compounds Class Concentration Referen
Range (% w/w) ces
Gymnema Gymnemic acids, Triterpene saponins, | 5-10 [13, 24,
sylvestre gurmarin Polypeptide 25]
Momordica Charantin, polypeptide-p, | Steroidal saponin, 0.5-2 [15, 26,
charantia vicine Protein, Nucleoside 27]
Trigonella 4-Hydroxyisoleucine, Amino acid, 2-5 [17, 28,
foenum- galactomannan, Polysaccharide, 29]
graecum trigonelline Alkaloid
Cinnamomum Cinnamaldehyde, Volatile oil, 1-15 [8, 30,
verum proanthocyanidins Polyphenol 31]
Aloe vera Aloesin, aloin, Chromone, 1-3 [9, 32,
acemannan Anthraquinone, 33]
Polysaccharide
Berberis aristata | Berberine, palmatine Isoquinoline alkaloid | 5-8 [10, 34,
35]
Ocimum Eugenol, ursolic acid, Phenolic compound, | 2-4 [11, 36,
sanctum apigenin Triterpenoid, 37]
Flavonoid
Curcuma longa | Curcuminoids Phenolic compound | 3-5 [12, 38,
(curcumin) 39]
Panax ginseng | Ginsenosides (Rb1, Rgl) | Triterpene saponins | 2-6 [14, 40,
41]
Salacia Salacinol, kotalanol, Polyhydroxy 1-2 [19, 42,
reticulata mangiferin alkaloids, Xanthone 43]

o Figure 3: Multi-panel diagram of chemical structures (e.g., gymnemic acid, berberine, curcumin),
created using ChemDraw.

3  GENERAL ANTI-DIABETIC PATHWAYS

Herbal plants combat diabetes through multiple molecular pathways, targeting key aspects of glucose
homeostasis and insulin function. These include inhibition of carbohydrate-digesting enzymes (e.g.,
alpha-glucosidase, alpha-amylase), enhancement of insulin sensitivity, protection of pancreatic beta-cells,
antioxidant activity, and modulation of glucose transporters like GLUT4 [20]. Alpha-glucosidase
inhibition, exemplified by compounds like salacinol, delays intestinal glucose absorption, reducing
postprandial hyperglycemia [42]. Insulin sensitization, often mediated by AMP-activated protein kinase
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(AMPK) activation, as seen with berberine, enhances glucose uptake in skeletal muscle and adipose tissue
[34]. Beta-cell protection, observed with gymnemic acids, involves reducing oxidative stress and
apoptosis, preserving insulin secretion [24]. Antioxidant effects, common in flavonoids and phenolic
compounds, counteract reactive oxygen species (ROS), mitigating diabetic complications like neuropathy
and nephropathy [21]. Modulation of signaling pathways, such as PI3K/Akt and MAPK, enhances insulin
receptor signaling and glucose metabolism [44]. These multi-target mechanisms provide herbal plants
with advantages over synthetic drugs, which often focus on single pathways, and support their potential in
integrative diabetes management [45].

4 PLANT-SPECIFIC MECHANISMS

The anti-diabetic mechanisms of the ten selected herbal plants are detailed below, with approximately 160
words per plant, supported by in vitro and in vivo studies.

e Gymnema sylvestre: Gymnemic acids inhibit sodium-dependent glucose transporter 1 (SGLT1)
in the intestine, reducing glucose absorption, and suppress sweet taste perception, decreasing
sugar intake [13]. In vitro studies show gymnemic acids stimulate beta-cell regeneration by
upregulating insulin gene expression [24]. In vivo, diabetic rats treated with leaf extracts (200
mg/kg) exhibited reduced fasting blood glucose (FBG) by 20-30% [46]. The PI3K/Akt pathway is
activated, enhancing insulin signaling [47].

e Momordica charantia: Charantin and polypeptide-p exert insulin-like effects, activating AMPK
to enhance glucose uptake in muscle cells [26]. In vitro studies demonstrate alpha-glucosidase
inhibition, reducing carbohydrate breakdown [48]. In diabetic mice, fruit extracts (150 mg/kg)
lowered FBG by 25% via GLUT4 translocation [49]. Anti-inflammatory effects via NF-xB
suppression further support insulin sensitivity [50].

e Trigonella foenum-graecum: 4-Hydroxyisoleucine stimulates insulin secretion in pancreatic
beta-cells, while galactomannan delays gastric emptying, reducing postprandial glucose spikes
[17]. In vivo studies in rats (500 mg/kg seeds) showed 22% FBG reduction [51]. The MAPK
pathway is modulated, enhancing insulin signaling [52]. Antioxidant effects protect against beta-
cell oxidative damage [28].

e Cinnamomum verum: Proanthocyanidins activate peroxisome proliferator-activated receptor
(PPAR) gamma, improving insulin sensitivity [30]. In vitro, cinnamaldehyde inhibits alpha-
amylase, slowing starch digestion [53]. Diabetic rats treated with bark extracts (200 mg/kg)
showed 15% FBG reduction [31]. Antioxidant properties reduce ROS, protecting vascular tissues
[54].

e Aloe vera: Aloesin inhibits aldose reductase, preventing sorbitol accumulation and diabetic
complications [32]. Polysaccharides enhance insulin release via beta-cell stimulation, as shown in
vitro [55]. In vivo, gel extracts (300 mg/kg) reduced FBG by 18% in diabetic rats [56].
Antioxidant effects via superoxide dismutase upregulation mitigate oxidative stress [33].

e Berberis aristata: Berberine activates AMPK, promoting glucose uptake and inhibiting hepatic
gluconeogenesis [34]. In vitro studies show alpha-glucosidase inhibition [57]. In diabetic mice,
berberine (100 mg/kg) reduced FBG by 30% and modulated gut microbiota, enhancing insulin
sensitivity [58]. The PI3K/Akt pathway is also activated [59].

e Ocimum sanctum: Eugenol and ursolic acid exhibit antioxidant and anti-inflammatory effects,
reducing ROS and NF-kB activity [36]. In vivo, leaf extracts (400 mg/kg) lowered FBG by 17%
in diabetic rats [60]. Ursolic acid enhances insulin sensitivity via PPAR-alpha activation [61].
Beta-cell protection is mediated by reduced oxidative stress [11].
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Curcuma longa: Curcumin inhibits NF-kB, reducing inflammation-driven insulin resistance
[38]. In vitro, curcuminoids enhance GLUT4 translocation [62]. Diabetic rats treated with
rhizome extracts (100 mg/kg) showed 20% FBG reduction [63]. AMPK activation and
antioxidant effects via Nrf2 pathway protect beta-cells [64].

Panax ginseng: Ginsenosides (Rbl, Rgl) enhance GLUT4 expression and glucose uptake via
AMPK activation [40]. In vitro studies show alpha-glucosidase inhibition [65]. In diabetic mice,
root extracts (200 mg/kg) reduced FBG by 15% [66]. Antioxidant effects protect against beta-cell
apoptosis [14].

Salacia reticulata: Salacinol and kotalanol inhibit intestinal alpha-glucosidase, reducing
postprandial glucose [42]. In vivo, root extracts (100 mg/kg) lowered FBG by 22% in diabetic
rats [67]. Mangiferin provides antioxidant support, reducing ROS [68]. The PI3K/Akt pathway is

modulated, enhancing insulin signaling [69].

Table 4: Mechanisms Summary of Selected Herbal Plants

Plant Name | Primary Target Evidence | References
Mechanism Enzymes/Proteins Level
Gymnema Blocks glucose SGLT]I, Insulin gene | In vitro, In | [13, 24, 46, 47]
sylvestre absorption, beta- vivo
cell regeneration
Momordica Insulin-like AMPK, GLUT4, In vitro, In | [26, 48-50]
charantia activity, AMPK Alpha-glucosidase vivo
activation
Trigonella Delays gastric MAPK, Beta-cell In vitro, In | [17, 28, 51, 52]
foenum- emptying, insulin receptors vivo
gragcum secretion
Cinnamomum | PPAR activation, PPAR-gamma, In vitro, In | [30, 31, 53, 54]
verum antioxidant effects | Alpha-amylase vivo
Aloe vera Aldose reductase Aldose reductase, In vitro, In | [32, 33, 55, 56]
inhibition, SOD Vivo
antioxidant
Berberis AMPK activation, AMPK, Alpha- In vitro, In | [34, 57-59]
aristata microbiota glucosidase vivo
modulation
Ocimum Antioxidant, anti- NF-kB, PPAR-alpha | Invitro, In | [11, 36, 60, 61]
sanctum inflammatory vivo
effects
Curcuma NF-«xB inhibition, NF-«xB, GLUT4, In vitro, In | [38, 62-64]
longa insulin sensitivity AMPK vivo
Panax GLUT4 AMPK, Alpha- In vitro, In | [14, 40, 65, 66]
ginseng modulation, glucosidase vivo
antioxidant effects
Salacia Alpha-glucosidase | Alpha-glucosidase, In vitro, In | [42, 67-69]
reticulata inhibition PI3K/Akt vivo
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Figure 4: Schematic diagram of common anti-diabetic mechanisms (e.g., flowchart of enzyme inhibition
and signaling pathways).

5 CLINICAL STUDIES AND EFFICACY
5.1  Overview of Clinical Trial Design

Clinical trials evaluating herbal plants for diabetes management primarily utilize randomized
controlled trials (RCTs), with some meta-analyses synthesizing results across studies. These trials
typically assess outcomes like fasting blood glucose (FBG), HbAlc, insulin levels, and lipid
profiles, using standardized extracts, powders, or teas as interventions [70]. Dosage forms vary,
including capsules (e.g., Gymnema sylvestre extracts), aqueous infusions (e.g., Salacia reticulata),
and dietary supplements (e.g., Trigonella foenum-graecum seeds) [71]. Trial durations range from
4 weeks to 6 months, with sample sizes often small (20—100 participants), limiting statistical
power [72]. Challenges include lack of standardization in extract preparation, variable
phytochemical content, and placebo effects, which complicate efficacy comparisons [73].
Double-blind, placebo-controlled designs are preferred, but open-label studies are common due to
funding constraints [74]. Adverse event reporting is critical, with gastrointestinal upset being the
most frequent side effect [18]. Recent meta-analyses emphasize the need for larger, multi-center
RCTs to validate findings and address heterogeneity in trial protocols [3].

5.2 Evidence from Human Studies

Clinical evidence for the ten selected herbal plants is summarized below, with approximately 120
words per plant, focusing on key trials, HbA1c reduction, FBG changes, and limitations.

¢ Gymnema sylvestre: RCTs show leaf extracts (400—1000 mg/day) reduce FBG by 20-30% and
HbAlc by 0.5-1% in type 2 diabetes (T2D) patients over 8—12 weeks [46]. A 2010 study (n=22)
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reported significant insulin sensitivity improvement, but small sample sizes limit generalizability
[75]. Gastrointestinal discomfort was rare. Standardization of gymnemic acid content is needed
[13].

e Momordica charantia: Trials using fruit extracts (2—4 g/day) show mixed results, with some
reporting 10-25% FBG reduction in T2D, but others no significant HbAlc change [76]. A 2014
meta-analysis (n=4 studies) noted inconsistent efficacy due to variable charantin content [77].
Mild digestive upset was reported [15].

e Trigonella foenum-graecum: Meta-analyses of 10 RCTs (n=1173) found fenugreek seeds (5-15
g/day) reduced FBG by 15-20% and HbAlc by 0.6% in T2D [17]. Lipid-lowering effects were
consistent, but flatulence was common [78]. Long-term trials are lacking [79].

e Cinnamomum verum: A 2013 Cochrane review (n=10 studies) found cinnamon (1-2 g/day)
reduced FBG by 10-15% in some T2D trials, but HbAlc effects were inconsistent [80].
Variability in proanthocyanidin content and short trial durations (4—16 weeks) limit conclusions
[8]. No significant adverse effects were noted [54].

¢ Aloe vera: Small RCTs (n=30-60) using gel (300—600 mg/day) reported 15-20% FBG reduction
and improved wound healing in T2D [9]. HbAlc reductions (0.4-0.7%) were modest, with
diarrhea in 5-10% of participants [81]. Larger trials are needed to confirm efficacy [32].

e Berberis aristata: Berberine (1-2 g/day) in RCTs (n=50-100) reduced FBG by 20-30% and
HbAlc by 0.9-1.5% in T2D, comparable to metformin [34]. A 2015 meta-analysis (n=14 studies)
confirmed efficacy but noted gastrointestinal side effects in 15% of patients [82]. Drug
interactions require monitoring [35].

e Ocimum sanctum: Limited RCTs (n=40-60) using leaf extracts (1-2 g/day) showed 10-15%
FBG reduction in T2D, with benefits in stress-related hyperglycemia [11]. HbAlc changes were
insignificant, and mild nausea was reported [83]. Larger studies are warranted [60].

¢ Curcuma longa: RCTs (n=80-240) using curcumin (1-3 g/day) reported 15-20% FBG reduction
and 0.5-1% HbA1c reduction in prediabetes and T2D [64]. A 2012 study showed efficacy as an
adjunct therapy, but bioavailability issues persist [84]. Gastrointestinal upset was minimal [38].

e Panax ginseng: RCTs (n=30-100) using root extracts (1-3 g/day) showed 10-15% FBG
reduction and improved fatigue in T2D [14]. HbAlc reductions were modest (0.3-0.6%), with
insomnia in 5% of participants [85]. Standardization challenges limit consistency [40].

¢ Salacia reticulata: Japanese RCTs (n=50-80) using root extracts (240480 mg/day) reported 15—
25% reduction in postprandial glucose in T2D [42]. HbAlc reductions (0.5-0.8%) were
consistent, with mild bloating in 10% of patients [86]. Larger global trials are needed [19].

Limitations: Small sample sizes, short durations, and lack of standardization hinder robust
conclusions. Adverse events, primarily gastrointestinal, are mild but require monitoring.

Table 5: Clinical Studies Overview

Plant Name Study Sample Outcomes (FBG, HbAlc) Adverse References
Type Size Effects

Gymnema RCT 20-60 FBG |20-30%, HbAlc Rare GI [13, 46,

sylvestre 10.5-1% discomfort 75]

Momordica RCT, 30-100 | FBG |10-25%, HbAlc Mild digestive | [15, 76,

charantia Meta variable upset 77]
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Trigonella RCT, 50-1173 | FBG |[15-20%, HbAlc Flatulence [17, 78,

foenum- Meta 10.6% 79]

graecum

Cinnamomum | RCT, 40-100 FBG |10-15%, HbAlc None [8, 54, 80]

verum Meta inconsistent significant

Aloe vera RCT 30-60 FBG | 15-20%, HbAlc Diarrhea (5— [9, 32, 81]
10.4-0.7% 10%)

Berberis RCT, 50-100 FBG |20-30%, HbAlc Gl side effects | [34, 35,

aristata Meta 10.9-1.5% (15%) 82]

Ocimum RCT 40-60 FBG |10-15%, HbAlc Mild nausea [11, 60,

sanctum insignificant 83]

Curcuma longa | RCT 80-240 FBG |15-20%, HbAlc Minimal GI [38, 64,
10.5-1% upset 84]

Panax ginseng | RCT 30-100 | FBG |10-15%, HbAlc Insomnia (5%) | [14, 40,
10.3-0.6% 85]

Salacia RCT 50-80 Postprandial glucose | 15— | Mild bloating | [19, 42,

reticulata 25%, HbAlc |0.5-0.8% (10%) 86]

6 SAFETY, TOXICITY, AND DRUG INTERACTIONS
6.1 Safety Profiles

The ten selected herbal plants—Gymnema sylvestre, Momordica charantia, Trigonella foenum-graecum,
Cinnamomum verum, Aloe vera, Berberis aristata, Ocimum sanctum, Curcuma longa, Panax ginseng, and
Salacia reticulata—are generally well-tolerated at therapeutic doses, with mild side effects reported in
clinical trials [18]. Gastrointestinal (GI) disturbances, such as nausea, bloating, or diarrhea, are the most
common adverse effects, typically affecting 5—15% of users [71]. For instance, Momordica charantia and
Aloe vera may cause mild diarrhea at doses exceeding 2 g/day [9, 15]. Hypoglycemia is a rare risk when
herbs are combined with conventional anti-diabetic drugs, particularly for Gymnema sylvestre and
Berberis aristata [46, 82]. No severe hepatotoxicity or nephrotoxicity has been reported at standard doses,
and LD50 values in animal studies indicate high safety margins (e.g., >5 g/kg for Curcuma longa) [87].
Contraindications include pregnancy and lactation due to insufficient safety data, except for Trigonella
foenum-graecum, which is considered safe in culinary doses [78]. Patients with allergies to specific plant
families (e.g., Asteraceae) should avoid related herbs [88].

6.2  Toxicity and Interactions

High-dose toxicity is a concern for some plants. Curcuma longa (curcumin >3 g/day) has been associated
with rare hepatotoxicity in case reports, particularly in individuals with pre-existing liver conditions [89].
Cinnamomum verum contains trace coumarin, which may cause liver damage at doses exceeding 6 g/day,
though true cinnamon has lower coumarin levels than Cinnamomum cassia [31]. Berberis aristata
(berberine) may cause GI upset or, rarely, cardiac arrhythmias at doses >2 g/day [35]. Drug interactions
are significant, particularly with Berberis aristata and Gymnema sylvestre, which potentiate
hypoglycemic effects of sulfonylureas and insulin, necessitating dose adjustments [82]. Panax ginseng
may interact with CYP3A4-metabolized drugs (e.g., statins), altering their metabolism [90]. Salacia
reticulata and Momordica charantia enhance the effects of alpha-glucosidase inhibitors, increasing GI side
effects [42, 77]. Regulatory status varies: Trigonella foenum-graecum and Cinnamomum verum are
Generally Recognized as Safe (GRAS) by the FDA for culinary use, but medicinal doses lack formal
approval [91]. Standardized extracts and quality control are critical to minimize risks, as batch variability
can lead to inconsistent safety profiles [73].
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Table 6: Safety Data for Selected Herbal Plants

Plant Name LD50 Common Side Drug Interactions | Regulatory Referen
(Animal Effects Status ces
Studies)
Gymnema >5 g/kg Mild nausea (5%) | Potentiates Not FDA- [13, 46,
sylvestre (rat) sulfonylureas, approved 87]
insulin
Momordica >2 g/kg Diarrhea (10%) Enhances alpha- Not FDA- [15,77]
charantia (rat) glucosidase approved
inhibitors
Trigonella >10 g/kg Flatulence (15%) | Minimal FDA GRAS [17,78,
foenum- (rat) (culinary) 91]
graecum
Cinnamomum | >5 g/kg None significant | Minimal FDA GRAS [8, 31,
verum (rat) (coumarin-related at | (culinary) 91]
high doses)
Aloe vera >5 g/kg Diarrhea (5— Minimal Not FDA- [9, 81]
(rat) 10%) approved
Berberis >2 g/kg GI upset (15%) Potentiates Not FDA- [34, 35,
aristata (rat) hypoglycemic approved 82]
drugs
Ocimum >5 g/kg Mild nausea (5%) | Minimal Not FDA- [11, 83]
sanctum (rat) approved
Curcuma >5 g/kg Rare Minimal Not FDA- [38, 89]
longa (rat) hepatotoxicity approved
(>3 g/day)
Panax ginseng | >2 g/kg Insomnia (5%) CYP3A4- Not FDA- [14, 90]
(rat) metabolized drugs | approved
Salacia >3 g/kg Bloating (10%) Enhances alpha- Not FDA- [19, 42,
reticulata (rat) glucosidase approved 8
inhibitors

7  DISCUSSION

This review highlights the therapeutic potential of ten herbal plants—Gymnema sylvestre, Momordica
charantia, Trigonella foenum-graecum, Cinnamomum verum, Aloe vera, Berberis aristata, Ocimum
sanctum, Curcuma longa, Panax ginseng, and Salacia reticulata—as novel anti-diabetic agents. Their
strengths lie in multi-target mechanisms, including alpha-glucosidase inhibition, AMPK activation, and
antioxidant effects, which address hyperglycemia, insulin resistance, and diabetic complications more
holistically than many synthetic drugs [20, 45]. For instance, berberine (Berberis aristata) rivals
metformin in HbAlc reduction (0.9-1.5%) with additional lipid-lowering benefits [82]. Similarly,
Trigonella foenum-graccum reduces fasting blood glucose (FBG) by 15-20% while improving lipid
profiles, offering advantages over sulfonylureas, which risk hypoglycemia [17, 78]. These plants, rooted
in traditional systems like Ayurveda and Traditional Chinese Medicine, also benefit from cultural
acceptance and accessibility, particularly in low-resource settings where diabetes prevalence is rising [1,
16].

However, gaps in clinical evidence limit their widespread adoption. Many trials, such as those for
Ocimum sanctum and Aloe vera, suffer from small sample sizes (n=30-60) and short durations (4—12
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weeks), reducing statistical power and long-term efficacy data [9, 83]. Inconsistent results, as seen with
Momordica charantia and Cinnamomum verum, stem from variable phytochemical content due to
differences in cultivation, harvest time, and extraction methods [77, 80]. For example, charantin levels in
Momordica charantia vary by soil pH, impacting efficacy [27]. Standardization of extracts, as emphasized
for Gymnema sylvestre and Salacia reticulata, is critical to ensure reproducibility [13, 86]. Compared to
synthetic drugs like metformin, which have standardized formulations and extensive long-term data,
herbal agents face challenges in achieving regulatory approval due to these inconsistencies [91].

Bioavailability is another hurdle. Curcumin (Curcuma longa), despite potent anti-inflammatory effects,
has poor oral bioavailability (<1%), necessitating delivery systems like nanoparticles or liposomes [39].
Similarly, berberine’s efficacy is limited by low absorption, though piperine co-administration enhances
its bioavailability [92]. Drug interactions pose risks, particularly with Berberis aristata and Gymnema
sylvestre, which potentiate hypoglycemic effects of conventional drugs, requiring careful monitoring [35,
46]. Safety profiles are generally favorable, with mild gastrointestinal side effects (5—-15% incidence), but
high-dose toxicity (e.g., curcumin hepatotoxicity at >3 g/day) and insufficient data in pregnancy highlight
the need for caution [89].

Compared to synthetic drugs, herbal agents offer lower costs and fewer severe side effects but lack the
robust clinical validation of drugs like metformin or DPP-4 inhibitors [2]. Their multi-target actions, such
as Panax ginseng’s modulation of GLUT4 and antioxidant pathways, provide synergistic benefits, but
single-target synthetics often achieve more predictable outcomes [40]. Combining herbal and synthetic
therapies could leverage these strengths, as seen in trials where curcumin enhanced metformin’s effects in
prediabetes [64].

Future research should prioritize large-scale, multi-center RCTs to establish long-term efficacy and
safety, particularly for Ocimum sanctum and Aloe vera [11, 32]. Standardizing phytochemical content
through good agricultural and manufacturing practices is essential [73]. Advanced delivery systems, such
as nanotechnology for curcumin or berberine, could improve bioavailability [93]. Omics technologies
(e.g., metabolomics, transcriptomics) can elucidate molecular pathways, identifying novel targets for
Salacia reticulata and Gymnema sylvestre [94]. Combination therapies, integrating herbs with
conventional drugs, warrant exploration to optimize glycemic control while minimizing side effects.
Regulatory frameworks, such as those by the FDA or WHO, should be developed to facilitate approval of
standardized herbal formulations [91]. Addressing these challenges will enable herbal plants to
complement modern diabetes management, offering accessible, multi-faceted solutions to a growing
global health crisis.

8 CONCLUSION

In conclusion, this review underscores the promising role of herbal plants as alternative anti-diabetic
agents amid the escalating global diabetes epidemic, affecting over 537 million individuals [1]. The ten
selected plants—Gymnema sylvestre, Momordica charantia, Trigonella foenum-graecum, Cinnamomum
verum, Aloe vera, Berberis aristata, Ocimum sanctum, Curcuma longa, Panax ginseng, and Salacia
reticulata—exhibit diverse phytochemical profiles, including gymnemic acids, berberine, and
curcuminoids, which drive multi-target mechanisms such as alpha-glucosidase inhibition, AMPK
activation, and antioxidant effects [13, 34, 38]. Clinical studies demonstrate moderate reductions in
fasting blood glucose (10-30%) and HbAlc (0.3-1.5%), with Berberis aristata and Trigonella foenum-
graecum showing efficacy comparable to conventional drugs like metformin, albeit with milder side
effects [17, 82].

These herbal agents offer advantages in accessibility, cultural integration, and synergistic actions,
addressing limitations of synthetic therapies such as hypoglycemia and high costs [2]. However,
challenges like inconsistent standardization, low bioavailability, and limited large-scale trial data hinder
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their full potential [73, 39]. Safety profiles are favorable, with primarily gastrointestinal issues at high
doses, but drug interactions and toxicity risks necessitate cautious use [18, 89].

Integrating herbal plants into modern diabetes management could enhance therapeutic outcomes,
particularly through combination therapies and advanced formulations like nanotechnology [93]. This
review calls for rigorous, large-scale RCTs, omics-based mechanistic studies, and regulatory
advancements to validate and optimize these nat
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