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Abstract

In recent years, herbal medicines (HMs) have been gaining significant attention as alterna-
tive or complementary therapeutic options. This is because synthetic drugs are expensive
and have side effects, but also because herbal medicines have a rich content of effective
bioactive compounds. These natural agents have been widely investigated for their po-
tential in the prevention and management of chronic diseases including cardiovascular
disorders, infections, metabolic disorders, neurological disorders, inflammatory disorders
digestive diseases, oxidative stress-related diseases, and diabetes mellitus. In this review,
we highlight the roles and impacts of various medicinal plants originating from diverse
families, showing their bioactive characteristics, and the mechanisms through which they
exert antidiabetic effects by regulating insulin secretion, oxidative stress, glucose uptake,
and inflammatory pathways. In contrast to previous reviews, our study highlights the role
of plants that are less explored, and integrates recent findings as well as future directions
and biotechnological applications in plant-based management of diabetes.

Keywords: diabetes mellitus; herbal-based medicine; hyperglycemia; medicinal plants;
phytochemicals; antidiabetic effects; glucose transporter type 4 (GLUT4)

1. Introduction

Diabetes mellitus (DM) is a chronic metabolic disorder characterized by persistent
hyperglycemia that results from impaired insulin secretion, insulin action, or both. This dis-
turbance affects carbohydrate, lipid, and protein metabolism, thus leading to a progressive
metabolic dysfunction [1]. The global prevalence of diabetes has risen sharply, increasing
from around 200 million cases in 1990 to nearly 830 million in 2022, with an estimated 14%
of adults aged 18 years or more living with the disease. Additionally, in the year 2021 alone,
diabetes was recognized to be a direct cause of approximatively 1.6 million deaths, half
of them occurring before the age of 70. Furthermore, around 530,000 deaths from kidney
diseases were found to be linked directly to diabetes disorder, and elevated blood glucose
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contributed to nearly 11% of all cardiovascular-induced deaths [2]. Regarding the clini-
cal manifestations of diabetes, these can vary within individuals, depending principally
on blood glucose levels and common symptoms, including: (i) polyuria, (ii) polydipsia,
(iii) polyphagia, (iv) unexplained weight loss, (v) recurrent skin infections, (vi) genital
infections, (vii) irritability, (viii) ketonuria, (ix) dysuria, as well as (x) blurred vision [3]. If
these symptoms are left uncontrolled and/or untreated, diabetes progresses to more severe
complications including cardiovascular disease, neuropathy, nephropathy, retinopathy, and
chronic ulceration [4].

Type 1 diabetes (T1DM) results from autoimmune destruction of pancreatic 3-cells,
whereas type 2 diabetes (T2DM) is primarily driven by insulin resistance and impaired
insulin receptor signaling [5,6]. Other forms of diabetes include gestational diabetes, mono-
genic diabetes, and secondary diabetes caused by pancreatic or endocrine disorders [4,7].
Several risk factors contribute to diabetes onset, including obesity, inflammation, genetic
predisposition, aging, physical inactivity, and oxidative stress [8,9]. While conventional
antidiabetic therapies such as metformin, sulfonylureas, insulin, GLP-1 receptor agonists,
and SGLT-2 inhibitors have been reported to be effective in managing diabetes, they are
unfortunately associated with several limitations and health-related side effects [10]. Such
adverse effects include hypoglycemia, weight gain, gastrointestinal disturbances and, in
some cases, cardiovascular risks [10]. Some of these effects often require a combination
therapy in advanced T2DM, leading thus to increased healthcare costs and associated
high risks of drug interaction [10]. Besides these critical health impacts, it should also be
mentioned that the global economic burden of diabetes is shocking, with annual direct
medical costs exceeding USD 727 billion worldwide, excluding the indirect costs that are
related to productivity loss and disability [3]. This economic impact, combined with the
growing prevalence of diabetes, especially in developing nations with limited healthcare
infrastructure, highlights the urgent need for accessible, affordable, and most importantly,
effective therapeutic alternatives [3,10].

Herbal medicines have long been used in traditional medical systems to manage vari-
ous diseases, and modern experimental studies support their potential, showing antiviral,
anthelmintic, antibacterial, anti-allergic, anticancer, antimalarial, antidiabetic, antioxidant,
and anti-inflammatory activities [11]. Plants produce a wide variety of secondary metabo-
lites, which can be classified based on their chemical structure, biosynthetic pathway, or
solubility. These compounds, including alkaloids, phenolics, flavonoids, tannins, terpenes,
saponins, glycosides, and volatile oils, contribute significantly to the therapeutic properties
of medicinal plants [11].

Alkaloids, nitrogen-containing compounds derived from amino acids, are widely dis-
tributed in higher plants and show diverse pharmacological properties such as anticancer,
antimalarial, antihypertensive, and analgesic effects [11]. Phenolic compounds, including
flavonoids and tannins, are key antioxidants that help to regulate oxidative stress and
inflammations, which are central to diabetes pathophysiology [11]. Flavonoids, often gly-
cosylated, and tannins, demonstrate anti-inflammatory, antimicrobial, and cytoprotective
properties [11]. Terpenes and terpenoids, which are the largest class of secondary metabo-
lites, are composed of isoprene units and contribute in a wide range of biological activities,
including cytotoxic, antimicrobial, and anti-inflammatory effects. Saponins, glycosylated
steroids or triterpenoids, exert immunomodulatory, antioxidant, and cardioprotective prop-
erties [11]. Essential oils, which are volatile mixtures of terpenes and aromatic compounds,
contribute to antimicrobial, anti-inflammatory, and antioxidant activities [11].

Therefore, these diverse phytochemicals are responsible for the antidiabetic, antiox-
idant, and anti-inflammatory effects of medicinal plants, highlighting the importance of



Biomolecules 2025, 15, 1674

30f28

integrating phytochemical composition with pharmacological studies in the management
of diabetes.

Several reviews have discussed antidiabetic plants, but most remain limited to individ-
ual species, single mechanisms, or narrow phytochemical classes, resulting in fragmented
and incomplete understanding. Additionally, existing literature often lacks an integrated
comparison of phytochemistry, molecular mechanisms, in vitro and in vivo evidences,
dosage considerations, and potential clinical relevance. No recent review has showed
multiple antidiabetic plants while linking their bioactive compounds to shared and distinct
molecular pathways, including glucose homeostasis, oxidative stress, inflammation, and
metabolic regulation. This gap highlights the need for an updated and comprehensive
review that unifies current findings in a structured and comparative manner.

Therefore, this review aims to summarize the key medicinal plants with reported
antidiabetic activity, their major bioactive molecules, and the mechanisms through which
they contribute to the management of diabetes mellitus.

2. Materials and Methods

A comprehensive literature search was performed to identify the studies focused on
the use of herbal medicines to manage diabetes mellitus. Databases including PubMed,
Scopus, Web of Science, and Google Scholar were searched by using combinations of
keywords such as “herbal medicine”, “plant extracts”, “bioactive compounds”, “diabetes
mellitus”, “type 2 diabetes”, and “mechanism of action”.

Articles were included if they:

(i) Contained the antidiabetic effects of herbal medicines or plant-derived bioactive compounds;
(ii) Provided insights for the mechanisms of action or therapeutic potential;
(iii) Were original research, reviews, or clinical studies published in English.

Studies were excluded if they were not related to diabetes, lack evidence for the
antidiabetic activity, or were conference abstracts. The titles and abstracts were screened
for relevance, followed by a full-text assessment to select studies that provided the most
accurate and up-to-date information. This approach allowed for a comprehensive overview
of the current knowledge on herbal therapies in diabetes mellitus management.

2.1. Biological Pathways Involved in Diabetes Management

Diabetes mellitus is a disorder that is characterized by impaired insulin secretion,
insulin resistance, oxidative stress, and chronic inflammation, disrupting the balance of
glucose in circulating blood and damaging various tissues. The mechanisms underlying
these effects are well known, and herbal medicine has been shown to have an important
effect in regulating blood glucose.

Insulin signaling and the incretin and oxidative stress pathways are considered the
targets for herbal interventions. For example, some major plant compounds stimulate
insulin signaling and promote glucose uptake, while other bioactive molecules modulate
incretin hormones such as GLP-1, leading to improved insulin secretion and glycemic
control [8].

Moreover, antioxidants that are derived from plants play a critical role by reducing
reactive oxygen species (ROS) and suppressing pro-inflammatory cytokines such as TNF-«,
IL-6, and IL-13, therefore protecting pancreatic 3-cells from apoptosis [10]. By targeting the
multiple pathways that contribute in controlling diabetes mellitus, herbal medicine offers
a multi-tasking approach that complements conventional therapies and highlights their
therapeutic role in the management of diabetes [10].

Figure 1 shows these interconnected pathways, where medicinal plants might exert
their effects in controlling glucose homeostasis.
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Figure 1. An illustration showcasing insulin binding to its receptor activates IRS1, which leads
to subsequent Akt pathway activation. Activated Akt initiates three major cascades: 1—glycogen
synthase kinase activation, 2—MAPK/ERK activation, 3—GLUT-4 translocation. Moreover, ROS and
AGE inhibit IRS1 activation and disrupt insulin signaling.

2.2. Methodological Considerations and Quality Assessment

Research on herbal medicines involves several methodological challenges that need to
be considered when interpreting their findings. The concentration of active compounds
can vary significantly depending on the plant’s origin, growing conditions, harvest time,
extraction procedure, and storage. Because different studies use different preparation
protocols, comparing between the results becomes more difficult, and the reproducibility
of findings is often limited. This problem is further amplified by the variability in clinical
evidence, since studies remain small, short-term, or lack proper randomization. Although
numerous in vitro and animal studies suggest promising antidiabetic effects, well-designed
clinical trials, larger sample sizes, and long-term safety evaluations are still needed to
confirm these benefits. More pharmacokinetic research is also required to clarify the
absorption and metabolism of key phytochemicals. Along with these issues, ensuring
the quality and consistency of plant material is essential in herbal medicine research.
Differences in plant species, environmental conditions, and preparation methods can
greatly affect chemical composition and therapeutic activity.

Modern quality-control approaches, such as chromatographic profiling and chemical
fingerprinting, are used in an increased manner to verify extract identity, purity, and batch-
to-batch consistency. These techniques help strengthen the reliability and reproducibility of
studies on herbal interventions for various diseases including diabetes [12-14].

The rising global interest in medicinal plants further highlights the need for strong
standardization practices. Herbal preparations appear in multiple forms (decoctions, powders,
syrups, tablets), each influencing the chemical composition differently. Recent literature shows
the importance of applying clear procedures for evaluating the plant materials, including
microscopic, physical, chemical, and biological analyses, along with purity assessments and
chromatographic techniques. These steps ensure that the herbal materials can meet the defined
quality specifications and exhibit predictable biological effects [12].

This is considered particularly important since about 80% of the world’s population
relies on medicinal plants for healthcare. However, many species still lack validated analytical
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methods, and some rely on low-selectivity tests that cannot guarantee the proper standardiza-
tion. Importantly, chemical composition varies due to environmental and genetic factors, and
for many plants, comprehensive phytochemical data remain incomplete. These limitations
highlight the need for more rigorous analytical approaches in herbal standardization [13].
Techniques such as chemical fingerprinting have therefore become an important tool for
assessing the quality of herbal raw materials and finished products [14]. It provides an overall
chemical profile rather than relying on one or two markers, allowing researchers to classify the
samples and link chemical patterns to biological activity using a chemometric tools. The proper
standardization also requires evaluating the stability, efficacy, and safety of herbal products,
as well as providing clear documentation for the appropriate use. Therefore, before herbal
medicines can be reliably used in clinical settings, high-quality clinical trials and well-defined
chemical specifications are required to ensure consistent therapeutic outcomes [14].

2.3. Medicinal Herbs: Past and Present Insights

In recent decades, complementary and alternative medicine, particularly herbal
medicine (HM), has gained significant interest in the management of chronic diseases.
Herbal preparations are applied across diverse cultures including China, Japan, New
Zealand, Canada, the United States, and Russia due to their therapeutic value and tradi-
tional acceptance [15,16]. Plants contain diverse bioactive secondary metabolites, such as al-
kaloids, terpenes, phenolics, vitamins, and other nitrogenous compounds, which contribute
to their defense mechanisms and other biological activities [17]. These phytochemicals have
been shown to exert antimicrobial [18,19], antioxidant, and anti-inflammatory effects [20],
in addition to displaying anti-carcinogenic properties, cardiovascular protection, neuropro-
tective activity, and regulation of apoptosis and cell cycle processes [21-23]. In the context
of diabetes, numerous medicinal plants have demonstrated many hypoglycemic effects and
now are used alongside conventional antidiabetic drugs (Figure 2) [24-26]. Their mecha-
nisms include enhancing glucose uptake by adipose and muscle tissues, inhibiting glucose
absorption from intestines and inhibiting glucose production from hepatocytes [24-26].
Importantly, plant-based therapies are generally considered safer, more affordable, and
more accessible than synthetic drugs, and with fewer adverse effects [27].
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Figure 2. A graphical illustration showcasing the effect of herbal medicines on various organs during
treatment against diabetes. Green and red arrows indicate increase and decrease, respectively.
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2.4. Safety Considerations and Drug Interactions

While herbal medicines are generally considered safer alternatives to synthetic drugs,
their use in diabetes management requires careful consideration of the potential adverse
effects and drug interactions. Several of the medicinal plants discussed in this review
exhibit strong hypoglycemic activity, which may enhance or overlap with the effects of
conventional antidiabetic medications and potentially increase the risk of hypoglycemic
episodes. For instance, bitter melon (Momordica charantia) and fenugreek (Trigonella foenum-
graecum) have been reported to enhance insulin sensitivity and glucose uptake, which
may necessitate dosage adjustments of the current insulin or sulfonylurea therapy [28].
Additionally, herbal medicines may affect the metabolism of conventional drugs through
the modulation of various enzymes. For example, garlic (Allium sativum) and turmeric
(Curcuma longa) have been shown to influence drug-metabolizing enzymes, potentially al-
tering the pharmacokinetics of co-administered medications [28]. Healthcare professionals
should be aware of these potential interactions and monitor patients closely when herbal
medicines are used alongside the conventional therapies. Moreover, patient education
regarding the importance and usage of herbal medicine by healthcare providers is essential
for safer and more effective diabetes management [28,29].

2.5. Traditional Medicine and Diabetes

Before discussing each plant individually, it is important to mention that traditional
medicine had been used for a long time in managing diabetes. For example, traditional
medicine in China, India, the Middle East and other countries has used combinations
of herbs and plant extracts to regulate diabetes by targeting multiple pathways that are
involved in regulating blood glucose. While the composition, formulations, and specificity
of plants differ between different regions, the main goal is to improve health and reduce the
complications associated with diabetes mellitus. Highlighting these traditional approaches
provides a better understanding of the wide variety of plants and bioactive molecules used
in modern research, allowing the reader to better understand the historical usage of plants
and recent scientific research in managing diabetes mellitus [30-32].

2.6. Antidiabetic Medicinal Plants

The 16 plants discussed in this section were selected because they are readily available
and well-documented in the literature for their potential effectiveness in diabetes management.

2.6.1. Achyranthes aspera

Achyranthes aspera, commonly known as Devil’s horsewhip, is a member of the Ama-
ranthaceae family and is widely distributed as a weed throughout India [33]. Phytochemical
screening has revealed that the plant contains a variety of bioactive compounds, including
saponins, alkaloids, steroids, flavonoids, and terpenoids [34]. Traditionally, it has been
used in Ayurvedic medicine for the treatment of conditions such as toothache, rheumatism,
inflammation, bronchitis, microbial infections, skin diseases, colds, asthma, piles, rabies,
and notably, diabetes [34,35]. Several studies have highlighted its antidiabetic potential. In
an in vivo study, ethanolic seed extracts of Achyranthes aspera (300 mg/kg and 600 mg/kg
body weight) were administered orally to streptozotocin (STZ)-induced diabetic rats for
28 days. The treatment significantly reduced blood glucose levels in comparison with
the standard drug glibenclamide (5 mg/kg body weight) [35]. Although the findings are
encouraging, the study relied on a single diabetic model and the sample size was small,
which may restrict the strength of the conclusions.

Similarly, in vitro investigations showed that the leaf extracts of Achyranthes aspera
inhibited the activities of x-amylase and «-glucosidase in a dose-dependent manner
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when compared to standard antidiabetic drugs [36]. The methanolic extract exhibited
the strongest inhibition, reaching 55.0 & 0.50% for a-amylase and 53.06 £+ 0.23% for «-
glucosidase at 160 ng/mL, whereas the petroleum ether extract showed 51.87 £ 0.00% and
46.0 £ 0.22% inhibition for the same enzymes at the same concentration. Because these
enzymes play key roles in the carbohydrate digestion and the post-prandial rise in blood
glucose, their inhibition represents a promising strategy for glycemic control [36]. These
in vitro results are useful, but they do not provide information about how the compounds
act in the body, so the real therapeutic relevance should be interpreted with caution.

Another study reported that the administration of Achyranthes aspera as herbal tea
led to a significant reduction in blood glucose and serum triglyceride levels after one
week of treatment [37]. The antidiabetic and hypolipidemic effects of the herbal tea were
evaluated using five groups of rats: NC (non-diabetic rats given standard feed and tap
water), DC (diabetic rats given feed and tap water), CON1 (diabetic rats given feed and
1 g/100 mL herbal tea), CON2 (diabetic rats given feed and 2 g/100 mL herbal tea), and
CONS3 (diabetic rats given feed and 3 g/100 mL herbal tea). The animals received either
water or the herbal tea alongside their feed for 21 days. The fasting blood glucose levels
were measured weekly, and Achyranthes aspera extracts showed a significant reduction
in blood glucose concentrations compared with the control group [37]. The herbal tea
showed beneficial effects. However, the study did not fully describe the composition
or standardization of the preparation, which can influence reproducibility. Furthermore,
experimental evidence in diabetic rats indicated that oral administration of Achyranthes
aspera not only reduced hyperglycemia and dyslipidemia but also decreased oxidative stress
and enhanced pancreatic insulin protein expression, confirming both its antidiabetic and
antilipidemic activities [34]. Overall, the differences in extract type, dose, and treatment
duration across studies indicate that more standardized experimental approaches are
still needed.

2.6.2. Allium sativum

Allium sativum, commonly known as garlic, is a flowering plant belonging to the family
Amaryllidaceae and the genus Allium [38]. It is thought to have originated in Southern
Europe and Central Asia and is now widely cultivated worldwide, with China being the
largest producer. Garlic has been used in almost all major traditional medicinal systems,
and it has been extensively used both as a culinary spice and a medicinal herb due to its
broad spectrum of biological activities. Garlic possesses anticancer, antibacterial, antifungal,
anti-inflammatory, and antioxidant properties. A study reported that insulin-resistant (IR)
mice, induced by a high-oil, high-sugar diet followed by streptozotocin (STZ), were treated
with GP at doses of 1.25, 2.5, and 5.0 g/kg-bw for five weeks. The fasting blood glucose
level in the high-dose GP (DGH) group was approximately 42% lower than that of the
diabetic model group, which demonstrates a notable hypoglycemic effect [39]. Although
these findings are encouraging, the study used only a single animal model and did not
provide details regarding sample size, which may limit the robustness of its conclusions.
In addition, garlic has demonstrated beneficial effects in the management of several dis-
eases such as cardiovascular disease, hypertension, and diabetes. Phytochemically, garlic
is rich in a variety of plant material including fiber, adenosine sulfur, pectin, fructans,
lectin, prostaglandins, nicotinic acid, carbohydrates, phospholipids, fatty acids, essential
amino acids, selenium, potassium, iron, manganese, calcium, phosphorus, sodium, and
vitamins C, E, B1, B2, and B6. Many of these constituents are believed to contribute to
its therapeutic potential. In the context of diabetes, garlic has been shown to inhibit the
enzyme x-glucosidase, a key enzyme in carbohydrate metabolism, thereby reducing sub-
sequent blood glucose levels [40]. Clinical and experimental evidence also indicates that
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garlic lowers total cholesterol, triglycerides, and LDL cholesterol, while simultaneously
improving insulin sensitivity [41]. Collectively, these effects support the use of Allium
sativum as a complementary medicine in the management of diabetes and its associated
metabolic complications.

2.6.3. Aloe vera

Aloe vera has been used for centuries in cosmetics in multiple traditional medical
systems and as well as modern healthcare products. It possesses a wide range of pharma-
cological properties, including anti-inflammatory, antioxidant, anti-tumor, laxative, wound
healing, anti-aging, and antidiabetic activities [42,43]. Taxonomically, Aloe vera belongs to
the family Liliaceae. Its bioactive compounds include minerals, lignin, enzymes, vitamins,
sugars, amino acids, and salicylic acid [42,43]. Other key compounds such as alprogen and
chromium have also been shown to lower blood glucose levels, restore pancreatic 3-cell
function, and enhance insulin activity [44]. Several studies have highlighted its role in
diabetes management. For example, one study demonstrated that Aloe vera reduced blood
glucose levels by inhibiting the glycation pathway and managing hyperlipidemia [42].
Another comparative study reported beneficial effects in both in vivo and in vitro models.
In vivo, Aloe vera treatment (10 mL/kg, p.o.) increased serum insulin levels and reduced
serum glucose concentrations when compared with control diabetic rats. In vitro experi-
ments using isolated pancreatic islets from adult female albino rats further demonstrated
that Aloe vera enhanced the insulin secretion from the isolated islets [45]. Still, the use
of different experimental models and preparations makes it difficult to directly compare
outcomes across different studies.

Moreover, in clinical trials involving patients aged 40-60 years, the administration
of aloe leaf gel (300 mg capsules taken every 12 h for two months) alongside standard
oral antihyperglycemic medications was evaluated in 35 individuals and compared with a
placebo group. The findings demonstrated that Aloe vera gel improved glycemic control in
patients with type 2 diabetes without producing significant changes in lipid profiles [46].
The results are promising, but the small number of participants and short intervention
period mean that larger and longer trials are needed to confirm these clinical effects.

2.6.4. Amaranthus tricolor (Lal Chaulai/Joseph’s Coat)

Amaranthus tricolor, also known as Lal Chaulai or Joseph'’s coat, belongs to the family
Amaranthaceae and is mainly distributed in temperate and tropical regions [33,47]. Tradi-
tionally, it has been used in multiple regions, especially Asia and Africa, to treat piles, leuc-
orrhea, constipation, leprosy, and bronchitis [47]. Pharmacological studies have confirmed
its anti-hyperlipidemic, anti-hyperglycemic, antiviral, anti-proliferative, cyclooxygenase
enzyme inhibitory, antioxidant, and antidiabetic activities [33,48,49]. Experimental studies
have demonstrated its potential against diabetes. For example, one study used Rattus
norvegicus white rats that were assigned to five groups: a C(-) group, in which rats were
neither exposed to a diabetogenic agent nor treated; a C(+) group as control; and T1, T2,
and T3 groups, which were induced with MLD-STZ and then treated with red spinach
(Amaranthus tricolor L.) extract at doses of 200 mg/kg bw, 300 mg/kg bw, and 400 mg/kg
bw, respectively. Treatment with Amaranthus tricolor extract significantly lowered pancre-
atic malondialdehyde (MDA) levels and blood glucose concentrations in the STZ-induced
diabetic rats, indicating a protective effect against oxidative stress [50]. The findings are
encouraging, but the study relied on a single diabetic model and did not provide detailed
sample-size justification.

Another in vitro study reported that the aqueous extracts prepared from the leaves
and stems of two edible Amaranthus species, tested at concentrations of 0.25, 0.5, and
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1 mg, exhibited notable antidiabetic activity, anti-lipase, anti-x-amylase, anti-x-glucosidase,
and anti-acetylcholinesterase (AChE) activities, highlighting its therapeutic role in the
prevention and management of diabetes [51]. Still, the in vitro enzyme inhibition does not
account for metabolism or absorption, so these results should be interpreted with caution.

2.6.5. Anacardium occidentale (Cashew Tree)

Anacardium occidentale, commonly known as the cashew tree, belongs to the family
Anacardiaceae. Native to Brazil and now cultivated worldwide, its nuts are rich in bioactive
compounds such as linoleic acid, oleic acid, tannins, tocopherols, flavonoids, anthocyanins,
dietary fiber, folate, and unsaturated fatty acids (UFAs). Traditionally, it has been used in
multiple regions to treat skin diseases, fever, pain, diarrhea, and arthritis [52,53]. Recent
studies on the aerial parts of Anacardium occidentale have highlighted their strong antioxi-
dant properties, which are closely linked to antidiabetic activity [54]. These extracts exhibit
a potent free radical scavenging capacity while also enhancing the expression and activity
of key endogenous antioxidant enzymes, including superoxide dismutase (SOD), catalase
(CAT), and glutathione peroxidase (GPx). Such antioxidant protection is particularly rele-
vant in type 2 diabetes mellitus (T2DM), where oxidative stress is a major driver of insulin
resistance and (-cell dysfunction. The elevated reactive oxygen species (ROS) disrupt
insulin receptor signaling and stimulate the release of pro-inflammatory cytokines, thereby
worsening metabolic imbalance. By reducing oxidative stress, Anacardium occidentale extract
supports insulin signaling, suppress inflammation, and protect pancreatic (3-cells against
apoptosis [54]. Scientific studies highlight its potential in diabetes management. For exam-
ple, the inner bark extract of Anacardium occidentale significantly reduced hyperglycemia
in alloxan-induced diabetic rats [55]. However, depending on an alloxan model limits the
ability to predict long-term relevance, since alloxan causes acute (3-cell destruction that
does not fully mimic human type 2 diabetes.

Similarly, an animal study using rats divided the animals into four groups: group
A (control), group B (given 200 mg/kg body weight of the extract orally), group C (fed
an enriched fructose diet containing 25% fructose, w:w), and group D (fed the same
fructose-enriched diet along with 200 mg/kg body weight of the extract orally). The
treatments were administered for 21 days, and the methanolic stem bark extract was
found to reduce hyperglycemia, hyperlipidemia, and lipid peroxidation, therefore offering
protection against the diabetes-inducing effects of a high-fructose diet in diabetic rats [56].
While these results support the metabolic benefits, the study lacks details about the chemical
characterization of the extract, making it difficult to identify the specific active constituents
responsible for such effects. Moreover, leaf extract combined with Riboceine improved
hepatic and renal function, restored (3-cell activity, and modulated several diabetes-related
genes, contributing to better glycemic control [57].

2.6.6. Annona squamosa (Custard Apple/Sugar Apple)

Annona squamosa, a tropical tree belonging to the family Annonaceae, is traditionally
used in multiple regions and known as custard apple or sugar apple. Various parts of the
plant (roots, bark, seeds, leaves, and fruits) possess anti-ulcer, antiseptic, renoprotective,
hepatoprotective, analgesic, antipyretic, anti-inflammatory, antioxidant, and antidiabetic prop-
erties. Consequently, it has been widely used in the treatment of gastritis, diarrhea, parasitic
infections, rheumatism, splenic disorders, dysentery, and diabetes [58,59]. Experimental
evidence supports its antidiabetic role. For example, in streptozotocin (STZ)-induced dia-
betic rats, fruit peel extracts of Annona squamosa were administered orally (250 mg/kg body
weight) for 21 days and the effects were compared with glibenclamide. Annona squamosa
significantly reduced blood glucose levels, lowered cholesterol, VLDL, LDL, triglycerides, and
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improved liver function markers [60]. Although the study showed clear beneficial effects,
it relied on a single rodent model, which limits the applicability of the results. Another
study was conducted in both rabbits (non-rodents) and rats (rodents), using the oral route of
administration to evaluate the effects of Annona squamosa water extract in alloxan-induced
diabetic rabbits (80 mg/kg bw) and STZ-induced diabetic rats (50 mg/kg bw). The findings
showed that the extract effectively controlled hyperglycemia in both models by promoting
glucose uptake in muscle and intestinal tissues and by enhancing insulin secretion from the
pancreas [61]. These were promising results, but the use of different animal models and
experimental designs between studies makes direct comparison more difficult. Furthermore,
after oral administration of Annona squamosa aqueous extract to diabetic rats for 30 days,
aqueous extract supplementation improved lipid metabolism, increased plasma insulin, and
prevented diabetic complications in STZ-induced diabetic rats [62]. Still, the studies do not
clearly show the extract standardization, which might affect reproducibility and identification
of the active compounds responsible for the effects.

2.6.7. Berberis vulgaris (Barberry)

Berberis vulgaris, commonly known as barberry, belongs to the family Berberidaceae.
It is a deciduous, spiny shrub with elliptic leaves, traditionally used in multiple regions.
Phytochemical analyses have revealed the presence of vitamins, proteins, lipids, tannins,
carotenoids, anthocyanins, alkaloids, and phenolic compounds [63]. Among its bioactive
compounds, the isoquinoline alkaloid berberine (a quaternary ammonium salt) is consid-
ered the most potent, with documented effects in preventing and treating several chronic
diseases, including cardiovascular disorders, cancer, inflammatory diseases, depression,
and diabetes [64]. Experimental studies support the antidiabetic effects of Berberis vulgaris.
For example, in rats where diabetes was induced by intraperitoneal injection of STZ at a
dose of 65 mg/kg bw with saponin extracts and 25 mg/kg aqueous extracts, significantly
reduced blood glucose, cholesterol, and triglyceride levels were found compared with the
control group, showing the potential of both aqueous and saponin extracts in managing
STZ-induced diabetes rats [65]. Although the results are encouraging, the study relied on a
single animal model, which may limit the broader applicability of the results.

In another study, a double-blind randomized clinical trial was conducted, in which
31 diabetic patients were randomly assigned to receive either 3 g/day of Berberis vulgaris
fruit extract (BVFE) or a placebo for three months. Serum glucose, lipoproteins, apoB,
apoA-I, insulin, homocysteine, and HbAlc levels were measured at baseline and at the
end of the third month. The results showed that berberine prevented fructose-induced
insulin resistance in rats by downregulating aldose reductase expression and inhibiting its
enzymatic activity, therefore suppressing the polyol pathway that is overstimulated under
hyperglycemia [66]. This clinical trial provides human evidence, but the small number of
participants and short intervention period limit the external validity of such results.

The antidiabetic mechanisms of berberine (BBR) are multifactorial. It enhances glucose-
stimulated insulin secretion (GSIS), improves insulin sensitivity, inhibits glucagon release, and
stimulates pancreatic 3-cell proliferation [63]. Berberine also promotes glucagon-like peptide-
1 (GLP-1) secretion, modulates gut microbiota linked to type 2 diabetes, and reduces insulin
resistance through upregulation of insulin receptor proteins (InsR) via the protein kinase C
(PKC)-dependent pathway [63,64]. Furthermore, it exerts anti-inflammatory effects by reducing
the expression of TNF-«, ROS, IL-6, and IL-1. On a molecular level, berberine also inhibits
key enzymes such as x-glucosidase, protein tyrosine phosphatase 1B (PTP1B), and dipeptidyl
peptidase-4 (DPP-4), leading to reduced intestinal glucose absorption. It also induces glycolysis
by stimulating the translocation of glucose transporters GLUT1 and GLUT4 and by activating
the AMP-activated protein kinase (AMPK) pathway [63,64,67].
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2.6.8. Cinnamomum zeylanicum

Cinnamomum zeylanicum, also known as true cinnamon or Ceylon cinnamon, is one of
the 250 species belonging to the genus Cinnamomum and family Lauraceae. Traditionally used
in multiple regions as a spice and flavoring agent, it has also been widely recognized for its
medicinal applications [68]. Phytochemical analyses have revealed that Cinnamomum zeylan-
icum contains numerous bioactive constituents with diverse biological activities, including
anti-inflammatory, antimicrobial, antibacterial, anti-oxidant, anti-allergic, anti-pyretic, anal-
gesic, and antidiabetic properties. The key components include eugenol (predominantly in
the leaves), tannins, 3-caryophyllene, linalool, cinnamic acid, weiterhin, mucilage, diterpenes,
proanthocyanidins, cinnamaldehyde, cinnamyl acetate, cinnamyl alcohol, methyl chavicol,
and methyl-hydroxy chalcone polymer (MHCP) [69]. In diabetic patients, Ceylon cinnamon
has demonstrated multiple health benefits, such as lowering fasting blood glucose, reducing
LDL cholesterol, increasing HDL cholesterol, and contributing to weight loss [70]. The antidia-
betic mechanisms of Cinnamomum zeylanicum are multifaceted: (i) Inhibition of carbohydrate-
digesting enzymes: cinnamon reduces intestinal glucose absorption by inhibiting pancreatic
o-amylase and «-glucosidase [70-72]; (ii) regulation of glucose metabolism: It enhances glyco-
gen synthesis and promotes glucose metabolism in peripheral tissues [70]; (iii) stimulation of
glucose transporters: cinnamon upregulates GLUT-4 expression and facilitates its translocation
to the plasma membrane, thereby increasing cellular glucose uptake [73]; and (iv) insulin-like
activity. The extracts of Cinnamomum zeylanicum have been shown to decrease plasma glucose
and increase plasma insulin in both animal (rats) and human models [72,74]. One active com-
pound, cinnamtannin B1, exhibits insulin-mimetic activity by binding to the insulin receptors,
triggering auto-phosphorylation, PI3K activation, and subsequent GLUT-4 translocation, which
enhances glucose uptake [75]. Together, these findings suggest that Cinnamomum zeylanicum
exerts its hypoglycemic effects through both insulin-sensitizing and insulin-mimetic actions,
making it a valuable complementary therapy for diabetes management (Figure 3).
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Figure 3. A graphical representation of the molecular mechanism of cinnamon inhibiting x-amylase,

a-glucosidase, and plasma glucose, and stimulating plasma insulin, glycogen synthesis, glucose
metabolism, and insulin receptor phosphorylation. Green and red arrows indicate increase and
decrease, respectively. Image was created using BioRender.com.
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2.6.9. Curcuma longa (Turmeric)

Curcuma longa, commonly known as turmeric, belongs to the family Zingiberaceae and
is widely cultivated in Southeast Asia and traditionally used in various regions [76]. Type
2 diabetes mellitus (T2DM) development is strongly associated with oxidative stress, which
activates protein kinase C and enhances polyol pathway flux [77]. Curcumin, the principal
bioactive compound in Curcuma longa, exhibits strong protective effects on pancreatic islet
cells through diverse molecular pathways. It promotes islet cell survival by attenuating
reactive oxygen species (ROS) production and inhibiting pro-inflammatory mediators such
as TNF and IL-1, IL-6, and IL-8 [76]. Curcuminoids enhance antioxidant defenses by regu-
lating the expression of gamma-glutamyl-cysteine ligase, HO-1, and NAD(P)H:quinone
oxidoreductase 1 at both the transcript and protein levels in human pancreatic islets [77].
This modulation results in increased antioxidant enzyme activity and elevated glutathione
content, which collectively protect islet cells against oxidative damage. Moreover, curcumin
interacts with a wide spectrum of signaling pathways, targeting growth factors, enzymes,
transcription factors, cytokines, interleukins, and chemokines, underscoring its broad ther-
apeutic value in diabetes management [76,78,79]. In patients with T2DM, treatment with
Curcuma longa extracts has been shown to reduce fasting glucose levels and lower leptin,
resistin, TNF-«, IL-6, and IL-1$3 while improving insulin resistance, hyperlipidemia, and
hyperglycemia. Additionally, it increases adiponectin secretion and protects against pan-
creatic islet apoptosis and necrosis [77,80]. These effects confirm that curcumin, the major
bioactive compound, plays a central role in diabetes prevention and treatment [80]. Several
studies have supported these findings. A randomized, double-blind, placebo-controlled
clinical trial demonstrated that curcumin supplementation significantly reduced the risk of
developing T2DM in prediabetic individuals and improved (3-cell function [81]. Another
clinical study reported that in T2DM patients, Curcuma longa significantly decreased HbAlc,
fasting blood glucose (FBG), and other metabolic parameters [82].

2.6.10. Gymnema sylvestre

Gymnema sylvestre, also known as meshashringi or madhunashini, belongs to the
Asclepiadaceae family and is primarily found in tropical Africa, Australia, and central
and western India. Traditionally used across different regions, it has been used to treat
inflammation, snakebites, asthma, eye disorders, and microbial infections, and also exhibits
anti-obesity, anti-hypercholesterolemic, and hepatoprotective activities [83,84]. A study
on 30 rabbits given Gymnema sylvestre alone and along with Trigonella foenum-graecum
showed that the antidiabetic effects of Gymnema sylvestre were primarily related to the
regeneration of pancreatic islet cells, increased insulin secretion, inhibition of intestinal
glucose absorption, inhibition of x-glucosidase enzyme, and enhancement of peripheral
glucose metabolism [85,86] (Figure 4). The leaves contain bioactive compounds including
gymnemic acids, gurmarin, gymnemagenol, gymnomosides, and gymnemanol, which
contribute to these effects [84].

More experimental studies have confirmed this hypoglycemic activity. For example,
in a study on alloxan-induced hyperglycemic rats, Gymnema sylvestre was supplemented in
the diet at doses of 250 mg/kg and 500 mg/kg bw. The pancreas and liver were collected
for biochemical, gene expression, and histological analyses, and the results demonstrated
that the leaf extracts of Gymmnema sylvestre increased plasma insulin levels and significantly
reduced blood glucose by modulating the expression of key genes involved in glucose
metabolism and diabetes control, such as Irs1, Irs2, SREBP1c, Foxol, Ins-1, Ins-2, and
NF-«B [84]. Although the study demonstrates clear gene-level effects, it relied on a single
animal model, which may limit the broader relevance. Another study demonstrated that
rabbits treated with aqueous extracts of Gymmnema sylvestre in combination with metformin,
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showed enhanced hypoglycemic effects, increased insulin secretion, and improved kidney
and liver function markers (creatinine, serum urea, and liver enzymes) when compared to
controls [87]. Nevertheless, the co-administration with another compound like metformin
introduces a confounding factor, making it more difficult to isolate the independent effects
of Gymnema sylvestre.
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Figure 4. A graphical representation of a potential (and probable) molecular mechanism associated
with the antidiabetic effect of the Gymnema sylvestre plant. Green and red lines indicate increase and
decrease, respectively. Image was created using BioRender.com.

2.6.11. Gynostemma pentaphyllum

Gynostemma pentaphyllum is a climbing plant mainly found in the mountainous re-
gions of Vietnam, Japan, North Korea, China, and Southeast Asia. It belongs to the family
Cucurbitaceae and is traditionally used in various regions and especially Asia. The plant
exhibits multiple biological activities (Figure 5), including anti-oxidant, anti-apoptotic, anti-
hyperlipidemia, anticancer, anti-inflammatory, immunomodulatory, anti-fatigue, cardio
protective, and neuroprotective, regulating micro flora and hypoglycemic effects [88,89].
Studies in patients with type 2 diabetes, in which participants received either 6 g/day of
Gynostemma pentaphyllum (GP) tea or a placebo for four weeks, followed by a two-week
washout period before crossover, demonstrated that GP significantly lowered plasma glu-
cose when compared with placebo. Additionally, Gynostemma pentaphyllum was shown to
improve insulin sensitivity and reduce hyperglycemia through the activation of the AMPK-
mediated signaling pathway [90,91]. These are promising results, but the study included
a relatively small number of participants, which may limit the broader applicability of
the findings. Additionally, heat-processed extracts of Gynostemma pentaphyllum have been
shown to increase GLUT4 expression and decrease liver histological damage in high-fat
diet-induced glucose metabolic disorder models, indicating protection against metabolic
and hepatic dysfunction [92].
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Figure 5. A schematic illustration summarizing the main GPS biological activities. Image was created
using BioRender.com.

2.6.12. Momordica charantia

Momordica charantia, commonly known as bitter gourd or bitter melon, is a tropical and
subtropical plant that belongs to the Cucurbitaceae family. It is widely cultivated in South
America, East Africa, Asia, and India, and used in multiple traditional medical systems [93].
Momordica charantia is considered a nutrient-dense plant that is rich in essential minerals
such as potassium, calcium, zinc, magnesium, phosphorus, and iron, as well as antioxidants
and vitamins including vitamin C, vitamin A, vitamin E, vitamin B9, and several B-complex
vitamins (B1, B2, B3) [35]. In addition, phytochemical analyses have identified various
bioactive compounds such as steroids, alkaloids, triterpenes, proteins, phenolics, and
lipids, which are believed to contribute to its therapeutic activities [93-95]. The antidiabetic
properties of Momordica charantia have been well-documented. Its hypoglycemic effect is
mediated through several mechanisms: (i) Momordica charantia reduces the activity of key
gluconeogenic enzymes, including glucose-6-phosphatase and fructose-1,6-bisphosphatase,
thereby suppressing hepatic glucose production; (ii) it promotes glucose transport into
skeletal muscle cells and increases the expression of intestinal Na* /glucose co-transporters,
both of which contribute to lowering postprandial blood glucose levels; and (iii) experimen-
tal studies suggest that Momordica charantia helps preserve the morphology and function of
pancreatic islet -cells, which are responsible for insulin secretion. This protective effect
supports improved insulin production and overall pancreatic health [95-97]. Collectively,
these mechanisms highlight Momordica charantia as a promising antidiabetic medicinal plant
with multiple actions, including enhancement of peripheral glucose utilization, reduction
of hepatic glucose output, and preservation of 3-cell integrity (Figure 6).



Biomolecules 2025, 15, 1674 15 of 28
Sber v,
ooca .Q ‘, I1IO0CB00DO0O! OOCCeoBD! '\ J o000
~ \\‘/ C O
®oecq \(jo—/ ' O0C0COVOO! 0000000(¢ ’JiLi> Pooo
Glucose
fructosediphosphatase

O \
see ¢ |
Momordica charantia ‘

eesis B
L4

/ \ glucose-6-phosphatase
Insulin e
a
b@

Muscle

pancreatic islet 3 cells

Figure 6. A graphical representation of the biological effects of Momordica charantia on glucose
metabolism and insulin regulation. Image was created using BioRender.com.

2.6.13. Nigella sativa (Black Seed /Black Cumin)

Nigella sativa, commonly known as black seed or black cumin, belongs to the genus
Nigella L. in the family Ranunculaceae, order Ranunculales, class Magnoliopsida, division
Tracheophyta, kingdom Plantae [98]. It is mainly distributed in Mediterranean countries
and Iran. The oil derived from Nigella sativa contains bioactive compounds such as al-
kaloids, phenolics, and terpenes [99]. Traditionally, Nigella sativa has been used across
several regions for the treatment of various chronic conditions including cancer, obesity,
hypertension, and diabetes (Figure 7) [100]. The most important bioactive constituent
is thymoquinone (TQ), which exhibits antidiabetic effects through multiple mechanisms.
TQ inhibits x-glucosidase and x-amylase digestive enzymes, stimulates MAPK pathway
activation that leads to an increase in muscle GLUT-4 levels, inhibits the activity of COX and
lipoxygenase (LOX) enzymes, suppresses hepatic gluconeogenesis by targeting fructose-
1,6-bisphosphatase and glucose-6-phosphatase, suppresses pro-inflammatory cytokines
such as IL-6, TNF-«, IFN-y and IL-13, inhibits NO production, and reduces intestinal
glucose absorption by inhibiting sodium-glucose linked transporter 1 (SLGT1) [98]. Ad-
ditionally, since diabetes is associated with increased reactive oxygen species (ROS) that
damage pancreatic (3-cells, Nigella sativa enhances antioxidant defense by increasing the
activity of superoxide dismutase (SOD), glutathione peroxidase (GPx), and catalase (CAT).
It also protects and stimulates (3-cell proliferation, decreases liver glucose production via
gluconeogenesis, enhances insulin secretion, decreases insulin resistance, decreases fasting
blood glucose, and produces a significant rise in serum insulin [98,101,102].
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Figure 7. A graphical illustration of the antidiabetic actional mode of the nigella sativa plant. Green
and red arrows indicate increase and decrease, respectively. Image was created using BioRender.com.

Several experimental and clinical studies have confirmed these effects. For instance, Type
1 diabetes mellitus was induced in 24 rats by a single intraperitoneal injection of streptozotocin
(STZ) at 65 mg/kg. The animals were equally divided into four groups: (1) control group,
(2) diabetic untreated group, and (3) and (4) groups treated with different doses of Nigella
sativa oil (NSO) at 0.2 and 0.4 mL/kg, respectively, for 30 consecutive days. The results showed
that administration of the low-dose NSO protected the pancreatic islets and increased serum
insulin levels in the type 1 diabetes models [103]. Although the results show a protective
effect, the study used a single animal model with a small sample size, which may limit the
broader applicability of such findings. Moreover, in a clinical observation, a 2-year case study
was carried out on a 72-year-old man with type-2 diabetes, stage 3—4 chronic kidney disease,
and congestive heart failure. The daily intake of Nigella sativa tea reduced body weight and
blood glucose levels in the patient [104]. However, this single-patient observation cannot
provide generalizable evidence; thus, larger clinical studies are needed.

2.6.14. Ocimum sanctum

Ocimum sanctum, also known as holy basil, belongs to the family Lamiaceae and is
predominantly found in the South Asian region. Traditionally used in multiple medical
systems, its leaves have been applied to manage a wide variety of conditions includ-
ing chronic fever, helminthiasis, dyspepsia, skin disorders, bronchial asthma, dysentery,
catarrhal bronchitis, hemorrhage, and hypoglycemia. The hypoglycemic effect of Ocimum
sanctum is related primarily to its ability to lower blood glucose levels and stimulate insulin
secretion from pancreatic (3-cells [105]. Several experimental studies have confirmed the
antidiabetic potential of Ocimum sanctum. For example, the ethanolic leaf extract of Ocimum
sanctum was evaluated for its hypoglycemic effect in alloxan-induced diabetic rats in a
study that included four groups of six rats each, with glibenclamide used as the standard
drug. Ocimum sanctum demonstrated a significant hypoglycemic effect when compared
to glibenclamide (a standard sulfonylurea antidiabetic drug). The proposed mechanism
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involved an increase in intracellular calcium levels within pancreatic (3-cells, which in turn
enhanced the insulin secretion [106]. Although the study shows promising results, the
small sample size and single animal model may limit the broader applicability of the study.
Another study reported that the leaf oil extract of Ocimum sanctum was administered to
male Wistar rats divided into three groups (n = 7 per group) and fed daily with the fixed
oil for three weeks. The treatment significantly reduced blood glucose and serum lipid
levels, while simultaneously increasing serum insulin concentrations in streptozotocin
(STZ)-induced diabetic rats [107]. Like the previous study, the small sample size and single
animal model may limit the broader applicability of this study, but taken together, these
findings suggest that Ocimum sanctum exerts its antidiabetic effects through the stimula-
tion of insulin secretion, improvement of lipid profile, and reduction of hyperglycemia,
highlighting its potential as a supportive herbal therapy for diabetes management.

2.6.15. Punica granatum (Pomegranate)

Punica granatum, commonly known as pomegranate, is a medicinal and edible plant
belonging to the family Punicaceae (sometimes classified under Lythraceae). It is widely
distributed across the Mediterranean region, Southeast Asia, Africa, Europe, and the north-
western provinces of China. Pomegranate leaves are particularly rich in triterpenoids, phe-
nolic compounds, and tannins, which contribute to its pharmacological activities [108,109].
Traditionally used in multiple medical systems, pomegranate has been prescribed for the
prevention and treatment of various conditions including dental disorders, erectile dysfunc-
tion, cardiovascular disease, cancer, and diabetes. Its therapeutic value is largely related to
its potent antioxidant capacity, particularly in scavenging the free radicals and reducing
oxidative stress that are considered key factors in the pathogenesis of diabetes [108]. The
antidiabetic mechanisms of Punica granatum include stimulating pancreatic 3-cell secretion,
enhancing insulin expression, and increasing glucose uptake by upregulating the mRNA
expression of IRS-1 and Akt genes [109]. These effects improve insulin signaling and glucose
metabolism. Several experimental studies support its antidiabetic potential. For example,
in type 2 diabetic rats, the rat model was orally administrated with polyphenols extract at
doses of 50 and 100 mg/kg for 4 weeks. The flower polyphenol extracts improved blood
antioxidant status, lipid profile, liver glycogen storage, and insulin sensitivity, resulting in
reduced blood glucose levels [110]. Another study involved oral administration of fresh
fruit juice (500 mg/kg body weight) and peel extract (500 mg/kg body weight) in sixty
adult male albino rats. The treatment resulted in an increase in the catalase (CAT) enzyme
activity, improved pancreatic islet health, and exhibited antioxidant and lipid-lowering
effects in diabetic male albino rats [111]. As with the previous studies, the small sample
size and single animal model may limit the broader applicability of the study.

Overall, Punica granatum exerts its antidiabetic effect by combining antioxidant
activity, 3-cell protection, enhancement of insulin signaling, and improvement of lipid
metabolism, making it a promising natural therapeutic agent for diabetes management.

2.6.16. Trigonella foenum-graecum

Trigonella foenum-graecum, commonly known as fenugreek, is a medicinal plant belong-
ing to the Fabaceae family traditionally used in multiple medical systems. Its leaves and
seeds are nutrient-rich, containing essential vitamins, minerals, and macronutrients [112].
Fenugreek has long been recognized for its therapeutic properties, particularly as an an-
tidiabetic herb, due to its diverse phytochemical composition. The seeds and leaves of
fenugreek contain polyphenols, alkaloids, flavonoids, saponins, steroids, lipids, carbo-
hydrates, hydrocarbons, galactomannan fiber, and amino acids [113,114]. Among these,
diosgenin (a steroidal saponin) is considered the most bioactive compound, and is known
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to improve diabetic status by promoting pancreatic 3-cell renewal and stimulating insulin
secretion [114]. Another key compound, 4-hydroxyisoleucine, a plant-derived amino acid
present in high amounts in fenugreek, has been shown to enhance insulin secretion and
reduce insulin resistance in peripheral tissues such as muscle and liver [114,115]. The high
fiber content of fenugreek seeds, particularly galactomannan, which constitutes 45-60%
of the seed, contributes significantly to its antidiabetic effect. This soluble fiber forms a
viscous gel in the intestine, thereby slowing glucose absorption and creating a physical
barrier that reduces postprandial glucose spikes [114,115]. Additionally, fenugreek fibers
inhibit lipid and carbohydrate-hydrolyzing enzymes, thereby further supporting glycemic
control [115]. Experimental evidence also supports fenugreek’s role in modulating cellular
glucose uptake. For example, in HepG2 cells, fenugreek treatment increased glucose uptake
through upregulation of glucose transporter-2 (GLUT-2) mRNA levels [116]. Furthermore,
studies in cell lines including CHO-HIRc-mycGLUT4eGFP, 3T3-L1-mycGLUT4, 3T3-L1,
HepG2, and A431 demonstrated that fenugreek seeds enhanced tyrosine phosphorylation
of IRS1 and PI3K proteins, leading to protein kinase C (PKC) activation. This signaling
cascade facilitated the translocation of GLUT4 to the plasma membrane, thereby increas-
ing glucose uptake from the blood [117]. Collectively, the diverse bioactive constituents
of Trigonella foenum-graecum (fenugreek) exert significant hypoglycemic effects through
multiple mechanisms. These include the regeneration of pancreatic (3-cells, stimulation of
insulin secretion, enhancement of insulin sensitivity, inhibition of carbohydrate-digesting
enzymes such as a-amylase and x-glucosidase, and upregulation of glucose transporter
activity. Furthermore, Trigonella foenum-graecum promotes insulin signaling by inducing
tyrosine phosphorylation of insulin receptor substrate-1 (IRS-1) and phosphoinositide
3-kinase (PI3K), leading to the activation of protein kinase C (PKC) and subsequent translo-
cation of glucose transporter type 4 (GLUT4) to the cell membrane, thereby facilitating
glucose uptake [117]. These properties highlight Trigonella foenum-graecum as a promising
complementary therapeutic agent for diabetes management (Figure 8).
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Figure 8. A schematic representation of the hypoglycemic effects of Trigonella foenum-graecum (also
referred to as fenugreek). Image was created using BioRender.com.
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3. Approaches for Enhancing for Bioavailability of Phytochemicals

Most of the bioactive molecules of medicinal plants, such as phenolics, glycosides,
and flavonoids are water-soluble molecules, so that they have a low absorption and limited
biological effects, in other words, low bioavailability [118]. This limitation in bioavailability
is due to several factors, including large molecular size, multiple ring structures, and low
lipid solubility that decreases the bioactive molecules’ intestinal diffusion and transport
into the bloodstream [118]. In addition, many phytochemicals are bound tightly to the
plant fibers or located within vacuoles, making them inaccessible during digestion [119].

To overcome these challenges, many strategies have been developed to improve and
increase the bioavailability; for example, the use of solubility enhancers, making structural
modification, or incorporation into lipophilic carriers [118]. Among the most promising
technologies is using the phytosomes, so that natural molecules form complexes with
phospholipids, leading to highly improved absorption of bioactive molecules through the
gastrointestinal tract [118]. Phytosomes are safe and approved for usage in pharmaceutical
and cosmetic domains, and have shown enhancement of bioavailability of hydrophilic
flavonoids and other compounds when compared to conventional herbal extracts [118].

Moreover, delivery systems of molecules based on nanotechnology, such as poly-
meric micelles, liposomes, solid lipid nanoparticles, and nanogels, have been shown to
be a powerful tool for increasing permeability and stability of phytochemicals [120,121].
These nanostructures encapsulate or bind bioactive compounds, protecting them from
degradation and increasing their circulation time in the body [120,121].

For instance, Tsai et al. demonstrated that curcumin-loaded PLGA nanoparticle, signif-
icantly increases curcumin’s half-life [121]. Although niosomal formulations of Gymnema
sylvestre extract improved blood glucose control compared with conventional prepara-
tions [122]. Overall, combining phytochemicals with advanced delivery systems represents
a promising approach to enhance their therapeutic efficacy and clinical potential.

3.1. Diabetes and Osteoporosis

Diabetes is considered an important cause of secondary osteoporosis; people with dia-
betes have a significantly higher risk of fractures compared to the general population [123].

Diabetic osteoporosis (DO) is a metabolic bone disorder that is linked to chronic
hyperglycemia. The prolonged hyperglycemic microenvironment in DO contributes to
bone dysfunction in the metabolism as well as oxidative damage to progenitor cells [124].

Plants and their bioactive molecules play an important role in maintaining healthy bones,
and targeting oxidative stress using medicinal plants represents a potential strategy to prevent
osteoporosis. Vitamins such as D, K2, and biotin A have been shown to be very important in pre-
venting diabetic osteoporosis [124]. Chen et al. showed that vitamin K2 decreases mitochondrial
oxidative stress and metabolic disorders that are induced by a hyperglycemic environment [124].
Curcumin has been shown to control diabetic osteoporosis through increasing mitochondrial
protection as well as decreasing oxidative stress and ROS-driven osteoblast apoptosis [124].

Data regarding the plants with known action against diabetes, including active parts
and mechanisms, are summarized in Tables 1 and 2.

Table 1. A comprehensive summary of various plants known for their antidiabetic properties
including the parts usually used for treatment procedures along with their respective mode of action
and their corresponding therapeutic relevance.

Plant Name Family Used Plant Parts  Mode of Action Ref.
Achuranth e  Inhibits the activities of glucosidase enzymes
as;e%[m €s Amaranthaceae Seed, leaf e  Reduces oxidative damage and increases the [34,36]

expression of the pancreatic insulin protein
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Table 1. Cont.

Plant Name Family Used Plant Parts  Mode of Action Ref.

Inhibits the enzyme alpha glucosidase

Increases insulin sensitivity [40,41]

Allium sativum Amaryllidaceae Whole plant

Inhibits glycation pathway

Affects insulin secretion rate [42,45]

Aloe vera Liliaceal Whole plant

Prevents oxidative stress in cells
Stimulates anti-x-amylase, [50,51]
anti-a-glucosidase properties

Amaranthus
tricolor

Amaranthaceae Leaf and stem

Anacardium . e Improves hepatic and renal functions
. Anacardiaceous Leaf and stem .
occidentale e  Enhances B-cell functions

Annona Roots, seeds, e  Stimulates glucose uptake and the release of the
Annonaceae . . -
squamosa leaves, and fruits insulin hormone

Inhibits fructose-induced insulin resistance

e Downregulates the expression of
aldose reductase

e Improves the sensitivity and the secretion
of insulin
Inhibits the release of glucagon

Berberis vulgaris ~ Berberidaceae Fruit e  Stimulates the proliferation of pancreatic 3-cells  [63,64,66,67]

and that of the GLP-1 hormone secretion which
plays a role in insulin secretion

o  Upregulates the expression of insulin
receptor proteins

e  Inhibits key enzymes contribution to
glucose regulation

e  Inhibits pancreatic x-amylase and
Cinnamomum a-glucosidase by stimulating the synthesis of
zeylanicum Lauraceae Whole plant glycogen and the metabolism of glucose

e  Enhances GLUT-4 production and translocation

[70,71,73]

Improves the overall functions of b-cells

Reduces the levels of metabolic parameters [81,82]

Curcuma longa Zingiberaceae Root

° Increases insulin secretion, inhibits intestinal

Asclepiadaceae Leaves glucose absorption, inhibits [84]
x-glucosidase enzyme

Gymnema
sylvestre

e  Improves insulin sensitivity
Cucurbitaceae e Increases the expression of GLUT4 [91,92]
o  Decreases the histological liver damage

Gynostemma
pentaphylium

Controls glucose transportation
Reduces gluconeogenic enzymes (such as
glucose-6-phosphatase and
Cucurbitaceae Fruit fructosebiphosphatase) [95-97]
e  Increases the levels of intestinal Na* /glucose
co-transporters, protectors of pancreatic islet
B cells

Momordica
charantia

o Blocks a-glucosidase and x-amylase

digestive enzymes

Reduces gluconeogenesis in the liver

Inhibits the intestinal glucose transporters
Increases the secretion of antioxidant enzymes
Stimulates pancreatic-cell proliferation

Nigella sativa Ranunculaceae Whole plant [98-101]

° Increases the intra cellular calcium

concentration of beta islet cells [106]

Ocimum sanctum  Lamiaceae Leaves




Biomolecules 2025, 15, 1674 21 of 28
Table 1. Cont.
Plant Name Family Used Plant Parts  Mode of Action Ref.
Increases the secretion of pancreatic (3-cells
Stimulates the mRNAs expression of IRS-1 and
. Akt genes
Punica granatum  Lythraceae Leave and flower Increases the activity of CAT enzymes and [109,111]
improves the health of pancreatic islets
of Langerhans
Overexpresses of GLUT2 mRNA
e  Renews B-cell and promotes insulin
Tri il secretion stimulation
rigonetia Fabaceae Seeds and leaves ] Inhibits hpld‘ and [‘l 14_1]7]
foenum-graccum carbohydrate-hydrolyzing enzymes
° Stimulates translocation of GLUT4 to
cell membrane
Table 2. Pharmacological data by study type.
Plant Study Type Model Extract/Compound  Results Ref
. . Reduced the blood glucose levels
Achyranthes Fn V.ltI'O, Rats Ethanolic seed Inhibited the activities of x-amylase and [35,36]
aspera 1n vivo extracts .
a-glucosidase enzymes
Allium satioum  In vivo Mice Garlic Reduced blood glucose; . [39,41]
polysaccharide inhibited the enzyme «-glucosidase
Invivo and Aqueous crude Increased serum insulin and decreased
Aleo vera in vitro and Rats extract (PBS- [45]
. . serum glucose
clinical homogenized)
70% ethanolic Reduced the pancreatic malondialdehyde
. . (MDA) levels and blood glucose.
Amaranthus In vivo and extract (in vivo). 1 . 1. .
. .. Rats antidiabetic, anti-lipase, anti--amylase, [50,51]
tricolor in vitro Water extract . .
.. anti-o-glucosidase, and
(in vitro) . .
anti-acetylcholinesterase
Anacardium . . .
occidentale In vivo Rats Ethanolic extract Reduced hyperglycemia [55]
Petroleum ether,
Annona squamosa  In vivo Rats ethyl acetate and Blood glucose levels [60]
alcoholic extracts
In vivo and Rats Reduced blood glucose.
Berberis vulgaris .. ! Water extract downregulating aldose reductase expression  [65,66]
clinical human Lo . ..
and inhibiting its enzymatic activity
Cinnamomum In vivo, clinical Rats, Decreas.e pla.sma glucose and increase
evlanicum and in vitro human Water extract plasma insulin. [72,75]
Y GLUT4 translocation
In vivo and . . .
Curcuma longa clinical and Mice, Ethanolic extract Redpced reactive oxygen species (ROS) and [79]
S human fasting glucose levels
1n vitro
Regeneration of pancreatic islet cells,
Gumnema increased insulin secretion, inhibition of
. }fves tre In vivo Rabbits Ethanolic extract intestinal glucose absorption, inhibition of [85]
Y a-glucosidase enzyme, enhancement of
peripheral glucose metabolism
Gynostemma Invivo, Mice
Y in vitro and ! Water extract Lowered plasma glucose [91]
pentaphyllum human

clinical
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Table 2. Cont.

Plant Study Type Model Extract/Compound  Results Ref
Momordica In vivo and Preserved the morphology and function of

. . Mice Methanolic extract ~ pancreatic islet 3-cells, which are responsible  [96]
charantia vitro . . .

for insulin secretion

Nigella sativa In vivo Rats Essential oil extract ~ Protected the pancreatic islets [103]
Ocimum sanctum  In vivo Rats Ethanolic extract Enhanced the insulin secretion [106]
Punica granatum In vivo Rat Ethanolic extract Resulted in reduced blood glucose levels [110]
Trigonella Increased glucose uptake through
foenum-graecum In vitro HepG2 cells Water extract upregulation of glucose [116]

ranatum

transporter-2 (GLUT-2) mRNA levels

3.2. Limitations and Future Research Directions

Despite the promising findings regarding the antidiabetic potential of various medici-
nal plants, several limitations remain holding back the research. For example, many studies
rely on small sample sizes, single animal models, or short intervention periods, which
may affect the reliability and broader applicability of their results. In addition, the lack of
standardization in plant extracts and the incomplete characterization of active compounds
make it more difficult to compare the findings across different studies.

Future research should prioritize well-designed, equally powered clinical trials to vali-
date the efficacy and safety of these plant-based interventions. For example, standardized
formulations and dosing regimens are needed, along with detailed identification of the active
compounds and their mechanisms of action. Filling such gaps will help to better translate
preclinical findings into practical and reliable interventions for diabetes management.

4. Conclusions

Plants have demonstrated significant potential as herbal medicines by serving as
natural antioxidants and showing a high therapeutic value in the treatment of several
diseases, including diabetes mellitus. While many studies report promising antidiabetic
effects, most are limited because of small sample sizes, short experimental durations, or
insufficient characterization of plant extracts. Addressing these limitations will be essential
to developing safe, effective, and accessible herbal therapies.

When compared to conventional drugs, plants provide greater availability, lower cost,
and better safety profiles. However, further research is required to identify additional
plant species with antidiabetic potential, and to clarify precise molecular mechanisms,
optimize the dosing, and explore the synergistic effects of combining different plant-
derived molecules.

A deeper understanding of these interactions and the crosstalk between several af-
fected cellular pathways is essential to fully identify the therapeutic benefits of medicinal
plants in diabetes treatment. Integrating herbal medicines into modern diabetes care repre-
sents a promising frontier that requires continued research, standardization efforts, and
collaborative approaches between traditional and modern medicine. Finally, as the global
burden of diabetes continues to rise, the development of safe, effective, and accessible
herbal therapies may provide a valuable complementary option for patients around the
world, especially in resource-limited countries where conventional treatments may be less
available or affordable.
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