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Medicinal plants and mushrooms have been used for the prevention and treatment
of various diseases since ancient times. For thousands of years, they have attracted
significant interest due to their broad spectrum of biological activities and drug-
like properties. Their continued use in traditional medicine has evolved alongside,
and increasingly been supported by modern scientific research. Diabetes mellitus
poses a serious global health, social and economic challenge and is among the
most rapidly growing health issues of the 21st century. Type 2 diabetes mellitus
(T2DM), which accounts for 90-95% of diabetes cases, is largely attributed to
sedentary lifestyles, unhealthy diets and obesity. Herbal medicine has already
played a key role in the development of antidiabetic drugs, as exemplified by
the plant-derived origins of metformin. The development of new therapeutics
or therapeutic adjuvants from natural sources offers several advantages over
synthetic drugs, including improved safety profiles for long-term use, efficacy,
affordability and reliance on renewable raw materials. This review highlights the
potential of bioactive compounds from medicinal plants and mushrooms, discussing
their mechanism of action, extraction techniques and their significance for the
prevention, management and treatment of T2DM.

KEYWORDS

antidiabetic properties, medicinal plants, medicinal mushrooms, bioactive
compounds, extracts

1 Introduction

Natural products, such as plants and mushrooms, have been used in the traditional
medicine across various cultures since ancient times (1, 2). These natural derived therapies
have long served in the prevention and treatment of many diseases, with evidence of their use
even found in fossil records (1, 3). Today, their value extends beyond anthropological and
archaeological significance. The World Health Organization (WHO) acknowledges traditional
and complementary medicine as a valuable health resource with many potential applications
in preventing and managing lifestyle-related chronic diseases (4). In addition to their role in
traditional therapies, plants and mushrooms are widely consumed as health-promoting foods
and are commonly used in the production of dietary supplements. These natural sources
contain a diverse array of secondary metabolites with unique chemical structures, biological
activities and drug-like properties (2, 5). This diversity has attracted increasing scientific
interest. Modern research has further validated traditional medicine by supporting the
selection and identification of medicinal plants, characterization of active compounds, and
understanding of therapeutic principles (3, 6). Advances have also been made in standardizing
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preparation methods and dosage. The integration of modern scientific
techniques with traditional knowledge-such as ethnomedicine and
ethnobotany— has positioned natural products as important
contributors to drug discovery (6). They continue to play a key role in
the development of new nutraceuticals and pharmaceuticals. It is
estimated that more than 40% of pharmaceutical drugs are derived
from natural products originally used in traditional medicine (7).

The use of natural products as a foundation for developing new
drugs and nutraceuticals offers several advantages, including the long-
standing safety profile of bioactive compounds compared to synthetic
alternatives. Furthermore, natural products are renewable sources of
raw materials, enabling the extraction of unique and complex
structures that may not be easily synthesized (1). Today, green
extraction methods are increasingly used to unlock the therapeutic
potential of these natural products. These environmentally friendly
techniques focus on sustainability and safety, preserving the active
ingredients while improving both yield and purity. By reducing
harmful residues, green extraction makes the resulting extracts more
suitable for health-related applications. The broad range of secondary
metabolites obtained through these methods supports diverse
biological activities and drug-like properties, reinforcing their value
in modern research and development.

Diabetes mellitus (DM), commonly referred to as diabetes, is a
chronic metabolic disorder affecting people worldwide. It is
characterized by elevated blood glucose levels resulting from an
imbalance in insulin—a hormone responsible for regulating blood
sugar. This imbalance may be due to insufficient insulin production or
the inability of cells to respond to it. If left undiagnosed or untreated,
diabetes can lead to serious and potentially life-threatening health
complications (8-10). According to the American Diabetes
Association, diabetes is classified into four main types. Type 1 diabetes
mellitus (T1DM) is an immune-mediated diabetes that occurs as a
result of autoimmune destruction of pancreatic f-cells and usually
leads to absolute insulin deficiency. Type 2 diabetes mellitus (T2DM),
the most common form, is associated with obesity and involves either
a gradual decline in insulin secretion by f-cells or a reduced sensitivity
of the body’s cells to insulin (insulin resistance) (11).

T2DM accounts for approximately 90-95% of all diabetes cases.
It is often referred to as non-insulin-dependent or adult-onset
diabetes, although its exact etiology is unknown. Gestational diabetes
is another form, diagnosed during the second or third trimester of
pregnancy in individuals who did not previously have diabetes. The
fourth category includes specific types of DM caused by a variety of
underlying factors. These include genetic defects affecting f-cell
function or insulin action, as well as diseases of the exocrine pancreas
such as cystic fibrosis and pancreatitis that can contribute to the
development of diabetes. Additionally, this group covers drug- or
chemical-induced DM or DM caused by viral or other infections, as
well as rare forms of immune-mediated diabetes and other genetic
syndromes sometimes associated with diabetes (11).

According to the International Diabetes Federation (IDF),
diabetes is one of the fastest-growing global health challenges of the
21st century. Among adults aged 20 to 79, the estimated number of
people living with diabetes rose from 151 million in 2000 to 425
million in 2017, 537 million in 2021, reaching 589 million in 2024
(11.1% of the adult population). Without effective interventions this
number is projected to increase to 643 million by 2030 and 783
million by 2045 posing a serious public health concern across all
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regions. Diabetes not only affects individual health but also places a
substantial social and economic burden on healthcare systems. In
2024 alone, diabetes was responsible for 3.4 million deaths (9.3% of all
causes global deaths) and an estimated USD 1.015 trillion in
healthcare spending. This accounts for 12% of worldwide healthcare
costs and 338% increase since 2007 (12).

The near pandemic prevalence of T2DM which accounts for over
90% of all diabetes cases is largely attributed to modern lifestyles
characterized by physical inactivity, poor dietary habits and rising
obesity rates. This growing health crisis underscores the urgent need
for effective treatment, prevention strategies, and education to support
better health outcomes. Biochemical studies have revealed correlation
between obesity and T2DM with insulin resistance. However, not all
individuals with obesity and insulin resistance develop hyperglycemia.
In many cases, pancreatic f-cells can produce and release a sufficient
concentration of insulin that overcomes their reduced efficiency and
maintain normal blood glucose levels. On the other hand, high blood
glucose levels are not a mitigating factor in patients with pancreatic
p-cell dysfunction, and they are at high risk of developing T2DM (13).

Insufficient insulin secretion not only disrupts blood glucose
regulation but also contribute to the development of serious
complications, including cardiovascular disease, blindness, kidney
failure and limb amputations (14). Importantly, T2DM is considered
largely preventable and manageable through health dietary habits and
lifestyle changes (8, 10). In an effort to prevent and control T2DM,
there has been renewed interest in natural products traditionally
known for their therapeutic properties. Medicinal plants and
mushrooms, in particular, are being explored as sources of bioactive
compounds with antidiabetic potential. These natural sources may
serve as ingredients in functional foods or nutraceuticals aimed to
prevent diabetes and its complications. Advancements in the
identification of plant and mushroom species, along with analyses of
their bioactive compounds, phytochemistry, pharmacology, and
toxicology provide a strong foundation for the development of new,
safe and cost-effective antidiabetic agents (8, 15). The growing interest
in this field is evident from a search of the PubMed database (16). The
keywords plant and diabetes yielded 22,201 publications, including
1,103 clinical studies, while mushrooms and diabetes, resulted in 530
publications, with 7 clinical trials.

The objective of this review is to provide a comprehensive analysis
of the role of phytotherapy and mycotherapy in the prevention,
management, and treatment of T2DM. This review explores a range
of bioactive compounds derived from medicinal plants and
mushrooms, discussing their mechanisms of action, extraction
methods and therapeutic potential. By integrating insights from
traditional knowledge with findings from scientific research, this
review aims to illustrate how these natural solutions can complement
existing diabetes management approaches and contribute to improved
health outcomes.

2 The role of naturally derived
bioactive compounds in type 2
diabetes mellitus treatment

The development of natural antidiabetic nutraceuticals and
therapeutics from plants offers a promising strategy for improving
physiological conditions and managing diabetes. Plants from different
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regions around the world, along with their extracts and isolated
compounds have been extensively studied for their antidiabetic
properties. These plant-derived substances exhibit a variety of
mechanisms of action in diabetes control, including the inhibition of
enzymes that metabolize carbohydrates to reduce glucose absorption
in the intestine, suppression of sodium-glucose co-transporter;
enhancement of hepatic enzymatic activity, and improvement of
pancreatic f-cell function. Additionally, many plant extracts
demonstrate antihyperglycemic, hypolipidemic and antioxidant
effects. Beyond glucose regulation, plant-based therapies may also
address diabetes-related complications. Reported benefits include
neuroprotective and immunomodulatory effects, protection against
diabetic nephropathy, a prevention of cardiovascular complications
and promotion of diabetic wound healing (15).

Numerous plant-derived extracts and isolated compounds have
shown proven antidiabetic potential. Notable examples includes
berberine derived from spices, ginsenosides, curcumin and capsaicin,
sterols derived from plants, phenolic compounds derived from herbs,
tea, fruits and vegetables (catechins, phenolic acids, anthocyanins,
resveratrol, isoflavonoids, flavanones); terpenoids and alkaloids
derived from herbs (10, 15, 17). Overall, these studies underline the
great potential of natural plant-based products as effective and
affordable sources for the development of new therapeutics or
therapeutic adjuncts.

Medicinal mushrooms, much like medicinal plants, have
transitioned from traditional therapy and natural health food to
valuable components of modern medicine and functional food. They
are increasingly recognized as a source of various biologically active
compounds that have offer a range of nutritional and therapeutic
benefits, including notable hypoglycemic and antidiabetic effect,
making them a promising source of nutraceuticals and
pharmaceuticals. From a nutritional standpoint, edible mushrooms
are well-suited for diabetic diets due to their high fiber, protein and
mineral content coupled with low fat and energy density. Research on
the antidiabetic properties of mushrooms by examining both their
fruiting bodies and cultured mycelia, identified several mechanisms
for controlling and reversing diabetes. These include lowering serum
glucose levels, inhibiting carbohydrate-metabolizing enzymes,
enhancing pancreatic f-cells function, increasing insulin secretion,
prebiotic activity, exerting antioxidant effects, suppressing oxidative
stress, and supporting diabetic wound healing. A wide variety of
bioactive compounds found in mushrooms have been linked to these
effects. These include oligosaccharides, glucan-rich polysaccharides,
dietary fibers, polysaccharide-peptide complexes, terpenoids, sterols
and phenolic compounds - each contributing to the mushrooms’
antidiabetic potential (8, 18).

Commercial mushroom extracts are available on the market,
containing ingredients that support healthy blood glucose levels. One
notable example is SX-fraction® developed by Mushroom Wisdom.
This product is derived from the fruiting body of the maitake
mushroom (Grifola frondosa) and contains a bioactive glycoprotein.
The composition and extraction process of SX-fraction® are protected
under US patent no. 7,214,778 (19).

Sodium-glucose co-transporter (SGLT) inhibitors based on
phlorizin, a plant-based active ingredient, have made a significant
contribution to modern antidiabetic therapy. Phlorizin, a
dihydrohalcon first isolated from the bark of apple trees in 1835,
inhibits both SGLT1 and SGLT2. Notably, SGLT2 inhibition is one of
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the key mechanisms for glucose homeostasis. Due to its inhibitory
effects against SGLTs and certain critical limitations, phlorizin has
been the subject of numerous studies aimed to find an analog with
improved SGLT2 selectivity, bioavailability and stability. Thus,
dapagliflozin was developed by AstraZeneca and Bristol Myers Squibb
Company as a selective SGLT2 inhibitor for the treatment of T2DM,
effectively lowering plasma glucose levels and glycosylated
hemoglobin and improving glycemic control and body weight
reduction (17, 20). Dapagliflozin has been approved and marketed for
the treatment of T2DM by both the European Union (21) and the US
Food and Drug Administration (FDA) (22). Since then, numerous
other SGLT inhibitors have been derived from phlorizin and approved
by regulatory agencies such as the FDA, the European Medicines
Agency (EMA) and health authorities in Japan. These agents are
administered orally and are either in clinical use or undergoing
clinical trials for diabetes treatment (20). The valuable role of
ethnomedicine in antidiabetic drug development is also exemplified
by the history of metformin (1,1-dimethylbiguanide hydrochloride;
Met), a widely used oral hypoglycemic agent. Its origin traces back to
the traditional medicinal use of Galega officinalis, which contains
guanidine and its derivatives - compounds that served as the
foundation for metformin’s synthesis (I, 23). Currently, oral
antidiabetic medications are categorized into five main groups: insulin
secretagogues, insulin sensitizers, biguanides, a-glucosidase inhibitors
and dipeptidyl peptidase-4 inhibitors (DPP-4 inhibitors). Among
these, a-glucosidase inhibitors are most commonly used to lower
blood sugar after digestion. Enzyme inhibitors such as acarbose,
voglibose and miglitol are used in clinical practice for the treatment
of T2DM and as adjunct therapies in the treatment of TIDM (24).
a-glycosidase inhibitors can be synthetically produced or extracted
from animals, plants and microorganisms, or identified as microbial
metabolic products (24).

3 Sources of antidiabetic compounds:
plants and mushrooms

Bioactive compounds derived from natural sources, particularly
plants and mushrooms, play a pivotal role in the development of
antidiabetic therapeutics. Both plants and mushrooms contain a
diverse array of secondary metabolites that exhibit significant
pharmacological activities, including the regulation of blood glucose
levels and the mitigation of diabetes-related complications. The
complexity of their chemical compositions and the various
mechanisms through which they exert their effects underscore their
potential as effective agents in diabetes management. Accordingly, this
section explores the major bioactive compounds from both plants and
mushrooms, highlighting their therapeutic properties, modes of
action, and the implications for their use in treating and
preventing diabetes.

3.1 Plants

Bioactive compounds of plant and mushroom origin hold a
significant place in modern pharmacology. Plants, characterized by
their complex chemical composition, exhibit a broad spectrum of
pharmacological activities. The therapeutic effects of these organisms
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are primarily based on the chemical structure of their constituents,
their pharmacodynamics, and bioavailability. Among the most
important contributors to these effects are secondary metabolites.
Secondary metabolism in plants is a direct continuation of primary
metabolism, in which more than 200,000 structurally different
compounds can be formed. These compounds play essential roles in
plant survival and interactions with the environment. They are
synthesized in different parts of the plant via pathways that typically
involve two phases. The first phase corresponds to primary
metabolism, while the second phase is less clear and is based on
intermediates formed during the first. The final metabolites vary
depending on the specific enzymes and regulatory mechanisms
present in different plant species (25). Due to the complexity of these
biogenetic metabolic pathways and the presence of many unidentified
enzymes, chemical synthesis of secondary metabolites is challenging
(Figure 1). As a result, current pharmacological use of these
compounds focuses on their isolation from natural sources.

The large number and structural diversity of secondary
metabolites make their classification difficult. Today, several
subdivisions of this large group of compounds exist. However, there
are no clear boundaries between these classes, and overlapping is
frequent. The two most important classifications are certainly those
based on their chemical structure or their biogenetic origin. Regardless
of classification, all secondary metabolites share a high degree of
biological activity, which is preserved even after extraction from the
plant matrix. Key biological activities include antioxidant,
antimicrobial, cytotoxic, antifungal, and anti-inflammatory effects,
with particular emphasis on their potential therapeutic roles in
diabetes management (26, 27).

According to ethnopharmacological data, over 800 plant species
are used in the treatment of diabetes. Notably, several plant-derived

10.3389/fnut.2025.1511049

compounds have demonstrated significant antidiabetic properties. For
instance, flavonoids such as quercetin and kaempferol - found in
onions and apples - enhance insulin sensitivity; alkaloids like
berberine, extracted from Berberis vulgaris, effectively lower blood
glucose levels; phenolic acids, such as chlorogenic acid present in
coffee, improve glucose metabolism; terpenoids like ginsenosides
from ginseng support insulin sensitivity; and polysaccharides found
in soluble fibers from oats aid in glycemic regulation (28-31). Many
of them are used in the preparation of extracts, tinctures and other
herbal formulations, which may be applied at different stages of the
disease. Others are valued for their preventive potential, particularly
among individuals with a genetic predisposition to diabetes. Their
ability to regulate blood sugar levels positions them as promising
agents for controlling the progression of the disease and its possible
complications. Harnessing their potential offers modern science
valuable avenues for addressing limitations of conventional medicines
and therapies, including gastrointestinal disorders, possible
toxicity, etc.

3.2 Mushrooms

Mushrooms have been consumed for centuries as both food and
a valuable source of micro- and macronutrients due to their high
nutritional value. Although approximately 14,000 species of
mushrooms are known to date, only about 25 of them are commonly
consumed in the human diet and even fewer are commercially
cultivated. About 700 species exert various pharmacological activities
and can be used in the form of fruiting bodies, mycelia or different
extracts for the prevention and treatment of various diseases (32, 33).
In the context of diabetes control and prevention of diabetes,
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mushrooms are a good dietary choice due to their low-calorie content
and low glycemic index. In addition, mushrooms contain bioactive
compounds that may have antidiabetic properties and therefore
be used for their isolation and application.

In addition to triterpenoids, alkaloids and phenolic compounds,
among the most important bioactive compounds in mushrooms with
antidiabetic effects include polysaccharides, glycoproteins, and
proteins (34-36). The biological activity of mushroom extracts or
individual compounds depends on several factors, including the
mushroom strain, cultivation method, cultivation conditions, stage of
maturity and the extraction and purification methods used (37).
Polysaccharides from medicinal mushrooms can be isolated from the
fruiting bodies, mycelium or culture broth when cultivated in
submerged conditions. They can be obtained by extraction, separation
and purification in form of polysaccharides, polysaccharopeptides and
polysaccharide-proteins (38, 39). During mushroom extraction, the
cell wall is ruptured and the polysaccharides and glycoproteins are
extracted from the outer layer of the cell wall, while the glucans can
be obtained from the inner, middle and outer layers. Polysaccharides
are high molecular weight polymers that are indigestible and have
significant bioactivity, including antioxidant, antitumor and
immunomodulatory activity. The structural features of these
macromolecules are of great importance for their bioactivity. Key
features include the presence of non-sugar compounds (e.g., proteins,
sulfate groups), the chain conformation, the presence of double or
triple helices and the degree of branching (40).

4 Bioactive compounds and their
mechanisms of antidiabetic action

4.1 Polyphenols from plants and
mushrooms in antidiabetic therapy:
biosynthesis, mechanisms and therapeutic
potential

Polyphenols are a crucial group of secondary metabolites,
characterized by an aromatic nucleus with at least one hydroxyl group.
They include a wide range of compounds that can be classified as:
simple phenols (C6), hydroxybenzoates (C6-C1), acetophenones and
phenylacetates (C6-C2), coumarins, chromones, hydroxycinnamates,
phenylpropenes (C6- C3), naphthoquinones (C6-C4), xanthones
(S6-S1-S6), stilbenes and anthraquinones (S6-S2-S6), flavonoids
(S6-S3-S6), lignans (S6-S3)2, biflavonoids (S6-S3-S6)2, catechol
melanini (S6)n, lignins (S6-S3)n and condensed tannins (S6-S3-S6)n
which are the most numerous, exceeding 6,000 compounds (41). The
biosynthesis of polyphenols occurs through specific metabolic
pathways. One of the main routes is the shikimate-arogenate pathway,
which leads to the production of phenylpropane compounds and
aromatic amino acids such as phenylalanine, tyrosine, and tryptophan.
This pathway is crucial not only for amino acid biosynthesis but also
for generating important substances like lignin (42). Another
significant pathway, known as the acetate-malonate pathway, leads to
the production of various phenolic compounds, including quinones,
anthraquinones, chromones, isocoumarins, flavonoids, stilbenoids,
styrilpyrones, etc. Some polyphenols arise from the integration of both
pathways, illustrating the complexity of their biosynthetic processes.
The biosynthesis of polyphenolic compounds is endogenously
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controlled during plant development (43, 44) and is also influenced
by exogenous factors such as light, temperature, damage and other
stress factors (45). In addition to plants, phenolic compounds are also
synthesized in fungi, including mushrooms and yeasts, through
similar biosynthetic routes — most notably the shikimate pathway. The
include

predominant phenolic compounds in mushrooms

hydroxybenzoic acids (gallic acid, p-hydroxybenzoic acid,
protocatechuic acid, etc.), hydroxycinnamic acids (ferulic acid,
p-coumaric acid, etc.) as well as various other phenolic derivatives.
The biosynthesis of these compounds in mushrooms is also influenced
by endogenous and exogenous factors such as temperature, light,
interaction with other microbes and oxidative stress (46).

Plants and mushrooms represent rich natural reservoirs of
polyphenolic compounds, where these bioactives serve important
roles in ecological defense and physiological regulation. Polyphenolic
compounds are gaining increasing attention for their positive health
effects and are commonly incorporated into functional foods. In the
context of diabetes, polyphenols exhibit notable antidiabetic activity
through various mechanisms, including antioxidant activity,
antilipoxidation, enzyme inhibition (@-amylase and glucosidase),
aldose reductase modulation, antiglycation, and gene regulation (47).
Their antidiabetic effects primarily stem from their ability to neutralize
free radicals, which is essential for managing blood sugar levels.
Oxidative stress has a significant impact on the development and
progression of DM, and its influence is associated with organ damage,
particularly kidney and liver damage (36). Oxidative stress is defined
as the excessive production of reactive oxygen species (ROS) that
exceeds the capacity of the organism’s antioxidant defense mechanisms
including both, enzymatic and non-enzymatic antioxidants to
neutralize them. Chronic hyperglycemia in DM patients, as well as in
cancer and neurodegenerative diseases, contributes to persistent
oxidative stress (34). As a result, the body’s endogenous antioxidant
defense system is unable to protect the organism from the undesirable
effects of ROS by producing sufficient amounts of scavengers such as
superoxide dismutase (SOD), catalase (CAT) and glutathione
peroxidase (GSHPx). When ROS react with polyunsaturated fatty
acids, they can cause lipid peroxidation and consequently damage
membrane function and activity (48). In the treatment of DM, a
combination of drugs and therapies is usually required to maintain
optimal blood glucose levels. One of the complementary DM
treatments targets both blood glucose levels and oxidative stress. In
this context, plants, mushrooms and their extracts, as proven
antioxidants, can be a good alternative source of bioactive components
to improve blood glucose control in conjunction with conventional
drugs (49-53). Studies indicate that both oral and intravenous
administration of polyphenols can effectively lower blood glucose
levels by reducing glucose absorption in the intestine, enhancing
uptake in peripheral tissues, and limiting reabsorption in the kidneys.
Various polyphenols such as anthocyanins, caffeic acid, catechin,
quercetin, isoferulic acid and epigallocatechin have a positive effect on
the treatment of diabetes (54). For example, a study by Junejo et al.
(55) showed that apigenin derivatives have a significant antidiabetic
activity and can help protect against diabetic complications. At the
same time, a study by Pandey and Rizvi (56) showed that quercetin
can reduce lipid peroxidation and inhibit cellular oxidation in
diabetes. In addition, polyphenolic and flavonoid components protect
and regenerate pancreatic f-cells and inhibit lipid peroxidation and
other pro-oxidative processes.
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Compared to flavonoid aglycones, glucoside molecules are more
active in inhibiting a@-amylase and a-glucosidase. For example,
apigetrin (apigenin-7-O-glucoside) can inhibit 50% of a-amylase at a
concentration of less than 0.2 mM, while luteolin-7-O-glucoside
achieves 100% inhibition at a concentration of 5 mg/mL (57).

In vitro assays showed that mushroom phenolic compounds can
also inhibit the activity of both a-amylase and a-glucosidase enzymes.
Among the identified gallic acid, protocatechuic acid, epigallocatechin
gallate, caffeic acid, naringin, resveratrol, kaempferol, and biochanin-A
are highlighted as the compounds responsible for the enzyme
inhibitory activity (58). The extracts of Ganoderma pfeifferi showed
good protective effect on liver biochemical parameters of alloxan-
induced diabetic mice, which might be correlated with the presence
of gallic acid, due to the presence of hydroxyl groups, as well as
flavonoids, which affect oxidoreductase enzymes by either inhibiting
or activating them (34). The high total phenolic content, total
flavonoid content and the lowest ICs, value for DPPH of the ethanol
extract of Ganoderma lucidum correlated with the most significant
a-glucosidase inhibitory activity among the eight species tested. The
results proved that the reduction of oxidative stress through the action
of phenolic compounds such as flavonoids may be beneficial for the
health of diabetic patients (59).

Polyphenols are also capable of inhibiting aldose reductase — an
enzyme involved in the polyol pathway that becomes hyperactive
under hyperglycemic conditions. This leads to excessive sorbitol
accumulation, causing osmotic stress and damage to nerves and
kidneys tissues causing nephropathy, retinopathy and cataract
development. When blood glucose levels are high, more than 30% of
glucose is directed into this metabolic pathway, leading to an
accumulation of sorbitol in the tissues. Under normal conditions, less
than 3% of glucose is metabolized through this pathway (60-62). This
accumulation of sorbitol can cause diabetic complications such as
cataracts, retinopathy, neuropathy and nephropathy due to the
creation of localized hyperosmotic conditions. Therefore, aldose
reductase is considered an important target for the treatment of these
diabetes-related complications. Flavonoids like luteolin, kaempferol,
and epicatechin have shown effective inhibition of this enzyme.
Additionally, some mushrooms with a high content of phenolic
compounds can inhibit the activity of aldose reductase (61, 62).
Bioactive compounds such as (+)-catechin/(—)-epicatechin,
kaempferol, luteolin and p-glucogalin have shown the ability to inhibit
this enzyme (63). The blood sugar-lowering effect of polyphenols is
important in connection with the reduction of AGE values (advanced
glycosylated end products) at high blood glucose levels. By supporting
insulin action, polyphenols help lower blood glucose and improve
metabolic health. Insulin not only supports the uptake of glucose into
the cells, but also inhibits glucagon secretion and regulates glycogen
production. Certain phytochemicals, such as berberine, can help
lower blood sugar levels by mimicking insulin action. In this way,
these compounds can help to reduce insulin resistance and alleviate
the symptoms of diabetes. Curcumin also affects glucose metabolism
by converting glucose to glucose-6-phosphate, which lowers glucose
levels in cells and blocks the migration of the glucose transporter type
4 (GLUT4) proteins across the membrane (47).

Polyphenolic substances have also been shown to reduce oxidative
stress by altering gene expression along these signaling pathways and
increasing insulin production. Studies have shown that resveratrol
(0.1 M) and curcumin (1 ppm) supplementation increases insulin
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secretion and improves f-cell function by inhibiting the gene
expression of phosphodiesterase (Pde3b, Pde8a and Pde10a) through
activation of the cAMP signaling pathway in human (HP62) and
mouse pancreatic p-cells (64).

4.2 Terpenes and terpenoids from plants
and mushrooms in antidiabetic therapy:
biosynthesis, mechanisms and therapeutic
potential

Terpenes represent a large and highly diverse group of secondary
metabolites, primarily lipophilic, encompassing around 30,000
compounds. They are one of the main components of higher plants
(genera of the families Apiaceae, Asteraceae, Lamiaceae, Myrtaceae,
Pinaceae, Rosaceae, etc.), but can also be synthesized by animals and
microorganisms. Despite their large number, all terpenoid
components consist of isoprene units (5C) linked together according
to the “head-tail” principle (41), and depending on the number of
isoprene units, all terpenes are divided into several classes (Table 1).

Terpenes, although typically associated with plants, also represent
a significant class of secondary metabolites produced by mushrooms.
These compounds contribute to the distinctive aromas, defense
mechanisms, and therapeutic properties of both plants and fungi.
Terpenoids derived from these sources exhibit potent biological
activities, including antimicrobial, anti-inflammatory, antioxidant,
and anticancer effects, thanks to their ability to easily penetrate cell
membranes and disrupt cellular processes (65).

Treating and controlling diabetes without side effects remains one
of the greatest scientific challenges, and one of the potential solutions
to this goal could be terpene-rich medicinal plants and mushrooms.
Historically, they have been widely utilized by various cultures, and
today, some of the mechanisms underlying the action of terpenes are
understood. The mechanisms of antidiabetic action of this unique
class of compounds may be diverse and include: insulin-mimetic
action, ability to inhibit specific enzymes (a-amylase, glucosidase,
aldose reductase), antioxidant activity, and the ability to regulate
hypo/hyperglycemia (66). In vivo studies on mice have shown that the
terpene compound stevioside and its derivatives can mimic insulin.
This is because they can facilitate glucose breakdown, i.e., increase
glycolysis (the production of new glucose), thereby successfully
regulating blood glucose levels. This is closely related to their effect on
relevant genes or their ability to inhibit certain enzymes in the liver

TABLE 1 Classes of terpenes.

Number of =~ Number of Precursor
C-atoms isoprene
units

10 2 Monoterpenes GPP

15 3 Sesquiterpenes FPP

20 4 Diterpenes GGPP

25 5 Sisterpenny GFPP

30 6 Triterpenes Squalene
40 8 Tetraterpenes Phytoene
>40 N Polyprenols GGPP+(Cs)n
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(67). Moreover, this terpene and its derivatives can also act on the
glucose transport system in skeletal muscle, as studies in rats have
shown (68).

Terpenes exhibit a strong tendency to inhibit a-glucosidase and
amylase. Individual components (hyptadienic acid, isolated from
Potentilla fulgens, pentacyclic triterpene acetates isolated from the
stem bark of Fagara tessmannii, corosolic acid isolated from the leaves
of Lagerstroemia species) show a strong inhibitory potential towards
a-glucosidase (69-71). Some of them even demonstrate a stronger
inhibitory capacity than the control substance acarbose. Studies have
shown that chamomile essential oils obtained by various technological
processes have a greater affinity to inhibiting amylase than glucosidase
(72). In contrast, terpene-rich chamomile extracts show a better
tendency to inhibit glucosidase. Interestingly, lipophilic chamomile
extracts show higher activity than chamomile essential oils, which is
closely related to the synergistic effect of terpenes with non-terpenic
compounds (72). However, in vitro studies have shown that the oils
exhibit a significantly stronger effect compared to the extracts.
Oxygenated sesquiterpenes, which are characterized by a strong
antioxidant activity, have been identified as the main components in
chamomile essential oils. Studies have shown that these oils express a
high degree of neutralization of free radicals, with this effect being 5-7
times more pronounced for ABTS radicals than for DPPH
radicals (72).

Research has shown that a large number of different mushrooms
terpenoids inhibit a-glucosidase activity, and there is a clear
relationship between their structure and activities (73-75). For
example, the triterpenes of Ganoderma resinaceum exhibit
a-glucosidase inhibitory effect due to the presence of a C-24/C-25
double bond, which is enhanced by the presence of a carboxylic group
at C-26 and a hydroxyl group at C-15 (74). By comparing three
Ganoderma lingzhi terpenoid compounds (ganoderol B, ganoderiol F
and ganodermanontriol) researchers concluded that the inhibition of
a-glucosidase activity depends on the presence of the hydroxyl at C-3
and the double bond (/\*®?) (76). The triterpenoids ganoderolactone
B, D, E and ganoderoid A from G. lucidum have been shown to have
an antidiabetic effect. The structure of the triterpenoids of Ganoderma
spp., specifically the side chains, play an important role in
a-glucosidase inhibitory activity (34). Mushroom triterpenes can also
act as insulin sensitizers. For example, lanostane-type triterpenes like
pachymic acid and dexydrotrametenolic acid, isolated from Poria
cocos mushroom, show the ability to activate PPAR-y, a ligand-
activated transcription factor that causes insulin sensitization
in vitro (77).

Additionally, various plant terpenes can inhibit aldose reductase,
an enzyme linked to diabetic complications such as cataracts. This
highlights the potential of various plant terpenes in managing diabetic
complications by targeting aldose reductase activity, which is crucial
for the prevention and treatment of diseases such as cataract associated
with diabetes. In particular, various triterpenes and diterpenes from
different plant sources have shown promise in this regard. For
instance, extracts of several Salacia species such as Salacia reticulate
(78-82), Salacia oblonga (83) and Salacia chinensis (synonyms Salacia
prinoides) (84, 85) have shown hypoglycemic effects in rats orally
loaded with sucrose and maltose. They also exibit inhibitory activities
against a-glucosidases (e.g., sucrase, maltase and isomaltase) and
aldose reductase in the rat lens, as well as hepatoprotective effect on
CCl,-induced liver damage, antioxidant activity and anti-obesity
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effects. The monocyclic monoterpene D-limonene inhibits aldose
reductase activity, which has been shown to delay the development of
diabetic cataracts in streptozotocin (STZ)-induced diabetic rats (86).
Terpenes are characterized by both hyper- and hypoglycemic effect,
which have been demonstrated in several clinical studies (87, 88). A
clinical study with the fruit extract of Capparis spinosa (capers) in
patients with T2DM showed a significant reduction in blood glucose
levels and glycosylated hemoglobin (89). In addition, olibanum gum
resin from Boswellia trees significantly lowered fasting blood glucose,
HbAIC, insulin, cholesterol, LDL and triglycerides in patients with
T2DM (90). The methanolic extract of Ginkgo biloba inhibits
pancreatic lipase with significant efficacy (ICs, = 16.5 pg/mL),
contributing to its hypolipidemic and lipid-lowering effects. The
terpene trilactones of G. biloba play a key role in this inhibition (91).
Dehydroabietic acid, a diterpene, improves glucose and triglyceride
levels in obese diabetic mice by modulating inflammatory markers
and reducing the accumulation of macrophages in adipose tissue (92).

4.3 Alkaloids from plants and mushrooms
in antidiabetic therapy: biosynthesis,
mechanisms and therapeutic potential

Alkaloids are a structurally diverse class of nitrogen-containing
secondary metabolites produced by various organisms, including
plants, fungi (notably mushrooms), and certain bacteria, known for
their potent pharmacological and toxicological effects, which
underpin their medical applications. They are estimated to occur in
14-20% of plant species and in some mushrooms, where they
contribute to the bioactive profile of fruiting bodies and mycelia (93).

These compounds are biosynthesized primarily through amino
acid-derived pathways and serve essential ecological roles, such as
defense against herbivores and pathogens. Although the biosynthesis
of alkaloids and their role in plants is not fully understood, it is
assumed that their ecological importance lies in the fact that
poisonous plants deter animals from consumption (94). In both plants
and mushrooms, alkaloids are typically present in conjugated forms —
salts, esters, or amides - and exhibit a broad spectrum of
pharmacological activities, including analgesic, antimicrobial,
anticancer, neuroactive, and antidiabetic effects. Their therapeutic
properties are largely influenced by their complex chemical scaffolds,
such as isoquinolines, indoles, tropanes, quinolines, and pyridines
(95, 96).

In the context of DM, alkaloids from both botanical and fungal
origins have demonstrated promising antihyperglycemic properties.
These effects are mediated through multiple mechanisms, including
the inhibition of key digestive enzymes (a-glucosidase and a-amylase),
suppression of hepatic glucose production, and modulation of glucose
uptake and insulin sensitivity, while certain alkaloids inhibit aldose
reductase. Interestingly, some plant-derived alkaloids have shown
greater inhibitory activity than synthetic agents such as zopolrestat
and tolrestat (27).

Alone or in combination with other natural agents, many alkaloids
exhibit high degrees of activity and potential for the treatment of
diabetes. Although alkaloids have some degree of toxicity, research
shows that their benefits often outweigh the drawbacks. One challenge
in developing new alkaloid-based drugs for diabetes treatment is their
limited ability to bind to receptors involved in glucose homeostasis.
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Nevertheless, continued research into the mechanisms of action of
alkaloids remains crucial for the development of new therapeutics for
diabetes. Today, several alkaloid-based antidiabetic agents have been
developed, such as miglitol, a derivative of deoxynojirimycin, which
is used to lower blood glucose levels (97) and has been approved by
the Food and Drug Administration (FDA).

Like most natural bioactive plant compounds, their effect is
primarily attributed to their ability to inhibit the excessive activity of
digestive enzymes involved in the catabolism of carbohydrates.
Alkaloids considered promising for antidiabetic therapy typically
exhibit the ability to inhibit a-glucosidase and moderate to weak
inhibition of a-amylase activity (98). In addition to these two enzymes,
the alkaloids have also demonstrated the ability to inhibit human
aldose reductase, an enzyme whose overactivity is associated with
diabetic neuropathy (99, 100). Compared to certain synthetic
inhibitors such as zopolrestat and tolrestat, some alkaloids, especially
isoquinoline and bis-isoquinoline, have shown superior aldose
reductase inhibitory activity (101).

A study conducted by Liang et al. (102) revealed plants from the
Moraceae family possess significant antidiabetic potential. Six
alkaloids, including piperidine, pyrimidine and pyrazine derivatives,
extracted from the leaves of Morus atropurpurea have been reported
(103).
polyhydroxylated and tropane alkaloids isolated from the leaves of

as an inhibitors against a-glucosidase Similarly,
Morus bombycis and Morus alba have also shown inhibitory effects
(N-methyl-DNJ, 2-O-aD-galactopyranosyl-DNJ, 1,4-dideoxy-1,4-
imino-D-arabinitol, 2-O-f-D-glucopyranosyl-D-arabinitol and
la,2B,3a,4P-tetrahydroxynor-tropane) (104, 105). One of the most
potent compounds, plicatain, was isolated from Chrozophora plicata,
and exhibited strong a-glucosidases inhibition with an ICs, value of
27.80 pm (106). Strong antidiabetic activity has also been reported for
alkaloids from species belonging to the families Euphorbiaceae,
Apocynaceae, Ranunculaceae, Bignoniaceae and Campanulaceae,
Rutaceae, Abaceae, Portulacaceae, Acanthaceae and Piperaceae.
Several of these compounds are currently under clinical investigation
for their efficacy in the treatment of T2DM. These studies are focused
on their ability to reduce blood glucose levels and HbAlc and combat
dyslipidemia. For example, berberine and trigonelline are among the
alkaloids being explored for these effects (107-109).

In addition to the pure compounds, alkaloid-rich plant extracts
also exhibit significant potential to treat diabetes. This is particularly
important given that the preparation of extracts is generally simpler
and more cost-effective than the isolation and purification of
individual pure compounds. Clinical studies have demonstrated
promising results using alkaloid-rich extract from the root of Sida
cordifolia in the treatment of diabetic polyneuropathy. An in vivo
study by Zhang et al. (110) using extracts of Litsea glutinosa bark in
diabetic laboratory mice also confirmed the extracts’ antidiabetic and
antihyperlipidemic potential. Oral administration of the extracts for
4 weeks at varying concentrations reduced inflammation, increased
oral glucose tolerance and serum lipase activity, indicating their
beneficial effects on metabolic disorders. Research conducted by
Sharma et al. (111) also showed positive effects of Capparis decidua
extracts in diabetic mice. After 28 days of administration, blood
glucose levels in diabetic mice decreased significantly, as did total
cholesterol and triglycerides. The glycogen content in the liver and
muscle tissues also increased. In addition to improving biochemical
parameters, the extract reduced the expression of diabetes-associated

Frontiers in Nutrition

10.3389/fnut.2025.1511049

genes such as the gene for glucose-6-phosphatase and tumor necrosis
factor-a, while enhancing the expression of genes involved in glucose
transport and metabolism. These findings suggest that the extract may
exert its antidiabetic effects through multiple signaling pathways.
Extracts of Euphorbia hirta Linn have also shown considerable
therapeutic potential. In addition to lowering serum levels of
cholesterol, triglycerides, creatinine, urea and alkaline phosphatase,
the extracts were found to elevate total protein and HDL levels (112).
When using plant extracts, it is important to bear in mind that the
presence of other components of the non-alkaloid structure may have
a synergistic or antagonistic effect. In this context, the choice of
extraction technique and solvents, which can increase the selectivity
of the extraction process by increasing the concentration of the
desired compounds in the mixture while reducing the concentration
of interfering components, is very important (113).

Mushrooms, though less extensively explored for their alkaloid
content, do contain alkaloid-like nitrogenous compounds with
potential antidiabetic properties. Genera such as Inocybe, Psilocybe,
and Amanita produce various indole alkaloids, and preliminary
research suggests that some may modulate glucose homeostasis,
although further investigation is warranted. Additionally, Cordyceps
sinensis contains cordycepin (3’-deoxyadenosine), an adenosine
analog with reported antihyperglycemic and insulin-sensitizing
effects (96).

However, it is crucial to consider that the efficacy of alkaloid-
containing extracts depends on the presence of other bioactive
constituents, which may have synergistic or antagonistic interactions.
In this context, the choice of extraction technique and solvents, which
can increase the selectivity of the extraction process by increasing the
concentration of the desired components in the mixture while
reducing the concentration of interfering components, is very
important (113).

4.4 Polysaccharides from plants and
mushrooms in antidiabetic therapy:
biosynthesis, mechanisms and therapeutic
potential

Polysaccharides derived from both plants and mushrooms
represent a broad class of macromolecules with remarkable
therapeutic effects, especially in the regulation of blood glucose levels
and T2DM management.

These natural polymers exert their antidiabetic action through
multiple mechanisms involving physical, enzymatic, hormonal, and
cellular pathways. In the small intestine, these polysaccharides can
inhibit glucose absorption by increasing the viscosity of the
gastrointestinal contents, thereby reducing the rate of gastric
emptying. This delay slows down food digestion and consequently
lowers carbohydrate absorption (114). In addition, mushroom
polysaccharides can bind glucose molecules, thereby decreasing the
glucose concentration in the small intestine and limiting its absorption
(115). In addition, mushroom polysaccharides can stimulate the
endocrine pancreas to adapt to changes in insulin demand by
replacing dysfunctional or apoptotic f-cells. This regenerative process
is particularly significant in the early stages of DM, when the
pancreatic f-cell mass retains a substantial capacity for regeneration.
The proliferation mechanism of functional -cells is associated with
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the expression of the chemokine protein CXCL12 through the
activation of the serine/threonine-specific Akt protein kinase, which
is part of a prosurvival pathway (116).

In addition, mushroom polysaccharides have been shown to
enhance insulin signaling pathways by activating insulin receptors and
the PI3K/Akt pathway. Namely, insulin released immediately after a
meal triggers the IRS/PI3K/AKkt signaling pathway, which regulates
lipid and glucose metabolism by promoting lipid deposition and
insulin production. In patients with T2DM, this pathway is impaired
across various tissues, contributing to insulin resistance and metabolic
dysregulation (117).

Similarly, plant-derived polysaccharides, including inulin, pectins,
gums, and resistant starches, exert significant effects on glycemic
control through similar mechanisms. These soluble fibers form
viscous gels in the digestive tract, which slow the absorption of
glucose, thereby attenuating postprandial glucose increases. Medicinal
plants like Panax ginseng, Momordica charantia (bitter melon),
Opuntia ficus-indica (prickly pear), Astragalus membranaceus, and
Trigonella foenum-graecum (fenugreek) contain polysaccharides that
have shown remarkable promise in modulating blood glucose levels
through various pathways, including the inhibition of digestive
enzymes (a-glucosidase, a-amylase), modulation of gut microbiota,
and improvement in insulin secretion and pancreatic health (118,
119). Recent studies have also suggested that the synergistic effects of
polysaccharides combined with other bioactive compounds like
polyphenols, flavonoids, and alkaloids enhance the overall therapeutic
potential in diabetes management. For instance, the combination of
polysaccharides from O. ficus-indica with polyphenolic compounds
has demonstrated improved glycemic control and a reduction in
oxidative damage, offering a more holistic approach to diabetes
treatment (120).

4.5 Proteins and peptides from plants and
mushrooms in antidiabetic therapy:
biosynthesis, mechanisms and therapeutic
potential

Proteins and bioactive peptides derived from plants and
mushrooms have emerged as promising candidates in the development
of nutraceuticals and functional foods aimed at preventing and
managing T2DM. These macromolecules, particularly when released
through enzymatic hydrolysis, possess a wide array of biological
functions, including inhibition of key carbohydrate-hydrolyzing
enzymes, enhancement of insulin sensitivity, modulation of glucose
uptake, and attenuation of oxidative stress and inflammation (121).

Antidiabetic peptides are often derived from storage proteins such
as albumins, globulins, prolamins, and glutelins—are a primary source
of bioactive peptides, particularly from legumes, cereals, and
pseudocereals. For instance, peptide hydrolysates from soy (Glycine
max), chickpea (Cicer arietinum), common bean (Phaseolus vulgaris),
quinoa (Chenopodium quinoa), and amaranth (Amaranthus
hypochondriacus) have demonstrated significant in vitro and in vivo
antidiabetic activities. These peptides often exert their effects through
modulation of insulin receptor substrates (IRS-1), PI3K/Akt signaling,
and enhancement of GLUT4 translocation, promoting cellular glucose
uptake and insulin sensitivity. Additionally, certain plant-derived
peptides possess antioxidant and anti-inflammatory activities that
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indirectly contribute to improved glycemic control by reducing
oxidative stress and inflammation - two major contributors to insulin
resistance and f-cell dysfunction in T2DM (122).

Mushroom-derived proteins and peptides, while less extensively
studied, are increasingly recognized for their antidiabetic potential.
For example, Morchella esculenta protein hydrolysate inhibited both
a-amylase and a-glucosidase by 34.93 and 30.56%, respectively (123).
Lectins, which represent groups of nonimmune and nonenzymatic
proteins or glycoproteins with high structural variability, can
be isolated from different sources including mushrooms. Isolated from
various edible and medicinal mushrooms, including Agaricus bisporus,
G. lucidum, Pleurotus ostreatus, and Cordyceps militaris, have
demonstrated the ability to modulate glycemic response (124, 125).
Their antidiabetic activity is attributed to their interaction with
glycosylated receptors on pancreatic f-cells and Langerhans islets.
This binding induces conformational changes in the cell membrane,
facilitating insulin exocytosis and enhancing glucagon release where
appropriate. These interactions suggest that mushroom lectins may act
as insulin secretagogues, mimicking or enhancing physiological
pathways of glucose regulation (126, 127). Additionally, to lectins,
low-molecular-weight peptides isolated from mushrooms like
Lentinus edodes and G. frondosa also exhibit a-glucosidase inhibitory
activity, antioxidant capacity, and enhancement of glucose uptake in
muscle cells - further reinforcing the therapeutic potential of
mushrooms in diabetes management (122).

5 Antidiabetic activities of selected
plants and their extracts

5.1 Momordica charantia (bitter melon)

M. charantia, commonly known as bitter melon, has long been
recognized for its potential therapeutic benefits in managing diabetes
(128). Numerous studies have highlighted its role in regulating blood
glucose levels through multiple bioactive compounds, making it a
subject of extensive research in the context of antidiabetic therapy. The
plant’s fruits, in particular, are rich in various compounds, including
charantin, a steroidal saponin, polypeptide-p, an insulin-like peptide,
and cucurbitane-type triterpenoids. These bioactive constituents work
synergistically to exert hypoglycaemic effects, acting through several
mechanisms that target key aspects of glucose metabolism and
insulin signaling.

Charantin, one of the key active constituents of bitter melon, is
often credited with its insulin-like effects. It has been shown to
stimulate insulin secretion from pancreatic B-cells, thereby improving
insulin availability in the bloodstream. Additionally, polypeptide-p,
another important bioactive molecule from bitter melon, mimics the
action of insulin by promoting glucose uptake in peripheral tissues.
This insulin-like action helps improve peripheral insulin sensitivity,
further enhancing the overall glucose-lowering effect of the plant.
Moreover, the cucurbitane-type triterpenoids present in bitter melon
have been shown to suppress hepatic gluconeogenesis, a process that
contributes to elevated blood glucose levels, particularly in individuals
with insulin resistance or T2DM (129, 130).

Beyond its ability to influence glucose metabolism directly, bitter
melon also exerts antioxidant effects, which may contribute to its
antidiabetic properties. By scavenging free radicals and reducing
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oxidative stress, bitter melon helps mitigate the cellular damage often
associated with chronic hyperglycemia. This antioxidative activity is
believed to enhance the plant’s ability to improve insulin sensitivity, a
crucial factor in the management of diabetes. Studies have also
demonstrated the plant’s capacity to modulate key enzymes involved
in carbohydrate metabolism. For example, bitter melon has been
shown to increase the activity of hexokinase, an enzyme that catalyzes
the phosphorylation of glucose, facilitating its entry into cells and
reducing blood glucose levels (131). Conversely, bitter melon inhibits
glucose-6-phosphatase, an enzyme involved in the final steps of
gluconeogenesis, which further contributes to the reduction of hepatic
glucose production (132).

In addition to these inherent mechanisms, extracts from bitter
melon have also been studied for their therapeutic potential. Various
preparations, including aqueous and ethanol extracts of bitter melon,
have demonstrated significant antidiabetic effects in both in vitro and
in vivo studies. These extracts not only retain the hypoglycaemic
properties of the whole fruit but also provide a concentrated form of
its bioactive compounds, making them more potent in terms of
glucose-lowering effects. For instance, bitter melon extracts have been
shown to lower blood glucose levels and improve insulin sensitivity in
animal models of diabetes. Clinical trials investigating bitter melon
extracts have also reported positive outcomes, with some showing
reductions in HbA1c levels, a key marker of long-term blood glucose
control (133).

One of the advantages of using bitter melon extracts over whole
fruit is the ability to standardize the concentration of active
compounds, thereby ensuring more consistent therapeutic effects.
This standardization also allows for the potential development of bitter
melon-based formulations for diabetes management, offering a
natural alternative to conventional pharmaceutical treatments.
However, despite promising preclinical and clinical findings, the use
of bitter melon extracts in diabetes therapy is not without challenges.
Variations in the composition of active compounds across different
plant varieties and extraction methods can influence the effectiveness
of the extracts, and further research is needed to optimize extraction
techniques and dosage regimens for maximum therapeutic benefit
(134). However, while more clinical studies are needed to establish
optimal dosages and long-term safety, bitter melon remains a
promising candidate for complementary or adjunctive therapy in the
treatment of diabetes, particularly given its role in enhancing insulin
sensitivity and regulating blood glucose levels.

5.2 Trigonella foenum-graecum
(fenugreek)

Among medicinal plants with proven antidiabetic efficacy,
T. foenum-graecum (fenugreek) stands out due to its complex
composition and multifaceted biological effects. Traditionally used in
Ayurvedic and Middle Eastern medicine, fenugreek seeds are rich in
soluble dietary fibers, notably galactomannan, and contain a variety
of bioactive molecules, including the unique amino acid derivative
4-hydroxyisoleucine, the alkaloid trigonelline, and a distinct class of
steroidal saponins like diosgenin, all of which contribute synergistically
to its antidiabetic activity (135).

These compounds exert antihyperglycemic effects through several
complementary mechanisms. A particularly important mechanism
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underlying the antidiabetic potential of fenugreek is its ability to
modulate insulin dynamics. The high galactomannan content slows
gastric emptying and reduces intestinal glucose absorption, thereby
mitigating postprandial blood glucose spikes (135, 136). Meanwhile,
4-hydroxyisoleucine enhances glucose-stimulated insulin secretion
from pancreatic f-cells without affecting basal insulin levels, by
promoting the translocation of the GLUT4 to cell membranes,
4-hydroxyisoleucine also facilitates glucose uptake into muscle and
adipose tissues, promoting more physiological insulin release patterns
This targeted
insulinotropic activity is particularly valuable in early-stage T2DM

and reducing the risk of hypoglycemia (137).

management, where B-cell function remains partially preserved.

Among the bioactive constituents of fenugreek, trigonelline stands
out for its diverse antidiabetic properties. This alkaloid enhances
peripheral insulin sensitivity by modulating key signaling pathways,
particularly through the upregulation of IRS proteins and activation
of the PI3K/AKkt cascade. This mechanism facilitates glucose uptake in
skeletal muscle and adipose tissue (138, 139). Beyond its role in
improving insulin action, trigonelline plays a significant part in
glycemic control by regulating hepatic glucose metabolism. Preclinical
studies have demonstrated that trigonelline can inhibit critical
gluconeogenic enzymes, such as glucose-6-phosphatase and
phosphoenolpyruvate carboxykinase, leading to reduced endogenous
glucose production (140). In addition to its insulinotropic effects,
fenugreek also impacts carbohydrate digestion and absorption.
Fenugreek is rich in soluble dietary fiber, particularly galactomannan,
which forms a viscous gel in the gastrointestinal tract. This
mucilaginous matrix delays gastric emptying, slows enzymatic
digestion of carbohydrates, and reduces the rate of intestinal glucose
absorption, thereby mitigating postprandial glucose spikes.
Furthermore, fenugreek seed extracts and isolated compounds inhibit
digestive enzymes such as a-amylase and a-glucosidase, further
decreasing carbohydrate hydrolysis and absorption. Additionally,
trigonelline exhibits notable antioxidant properties, helping to
mitigate oxidative stress and protect pancreatic f-cells, which are
particularly vulnerable to damage in the hyperglycemic environment
of diabetes (141). Several bioactive compounds in fenugreek, including
polyphenols and saponins, demonstrate strong free radical scavenging
activity, further protecting pancreatic f-cells from oxidative stress-
induced damage, a critical factor in the pathogenesis and progression
of both TIDM and T2DM (142).

Extracts of fenugreek seeds, prepared through aqueous, alcoholic,
or hydroalcoholic methods, retain a broad spectrum of bioactive
compounds and have been extensively evaluated in diabetic models
and clinical trials (143). Clinical interventions have consistently
demonstrated that supplementation with fenugreek seed powder or
extracts leads to significant reductions in fasting plasma glucose,
postprandial blood glucose levels, and HbA ¢, often accompanied by
improvements in lipid profiles, including reductions in total
cholesterol, LDL cholesterol, and triglycerides (144, 145). These
multifactorial benefits are particularly valuable considering the close
association between T2DM and dyslipidemia, where managing both
glycemic control and lipid metabolism plays a critical role in reducing
cardiovascular risk (146). Importantly, fenugreeK’s safety profile has
been favorable across studies, with minimal adverse effects reported
even at relatively high doses (147, 148). Nevertheless, standardization
of extracts with respect to key active markers such as
4-hydroxyisoleucine and trigonelline remains a necessary step for
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optimizing clinical efficacy and ensuring reproducibility across future
therapeutic applications (149).

5.3 Cichorium intybus (chicory)

Cichorium intybus, commonly known as chicory, is a perennial
herb widely distributed in the Mediterranean and Balkan regions,
traditionally used for a variety of medicinal purposes, including the
management of diabetes. Its bioactive compounds, particularly inulin,
flavonoids, polyphenols, and sesquiterpene lactones, contribute
significantly to its antidiabetic effects. Among these, inulin, a soluble
dietary fiber found in chicory roots, is of particular importance in
modulating blood sugar levels. Unlike digestible carbohydrates, inulin
is not absorbed in the small intestine, thereby slowing glucose
absorption and helping to reduce postprandial glucose spikes. This
action makes chicory an effective plant for controlling blood glucose
levels after meals, a critical challenge in managing T2DM (150, 151).
Additionally, Birsa and Sarbu (151) highlight inulin’s prebiotic effects,
which foster the growth of beneficial gut microbiota. This
enhancement of gut health not only supports digestion but may also
improve insulin sensitivity, further contributing to better
metabolic outcomes.

In addition to inulin, chicory contains a variety of other bioactive
compounds that play an essential role in regulating glucose and lipid
metabolism. These compounds exhibit a combination of antioxidant,
anti-inflammatory, and insulin-sensitizing properties, all of which are
crucial for mitigating the complications associated with diabetes. One
key bioactive constituent, triterpenoids, has been shown to enhance
insulin sensitivity by improving insulin receptor activity, which
facilitates glucose uptake in peripheral tissues such as muscle and
adipose tissue (152). Chicory’s effects are not limited to improving
glucose metabolism, it also contributes to liver health. The
hepatoprotective properties of chicory root extract have been
highlighted in several studies, where it was shown to reduce liver
damage associated with non-alcoholic fatty liver disease, a condition
often linked to insulin resistance in diabetes. By protecting the liver,
chicory may help to mitigate some of the systemic complications often
observed in diabetes (153). The work of Khan and Chandra (152)
underscores that these compounds can effectively mitigate oxidative
stress and inflammation, two critical factors in the progression of
diabetes. The antioxidant capacity of chicory is particularly
noteworthy; it may protect pancreatic f-cells from oxidative damage,
thereby preserving their function and promoting insulin secretion.
This is crucial, as chronic hyperglycemia can lead to p-cell dysfunction,
exacerbating the challenges associated with insulin insufficiency.

Moreover, chicory’s hepatoprotective effects are significant,
particularly in the context of diabetes management. Kt and Sivalingam
(154) provide evidence that chicory extract can mitigate
streptozotocin-induced damage to pancreatic B-cells by inhibiting
NF-kB activation and reducing oxidative stress. This protective action
is essential for maintaining healthy pancreatic function, which is vital
for effective glucose metabolism and overall metabolic health. Chicory
also offers cardiovascular benefits, which are particularly relevant for
individuals managing diabetes. Ebrahiminia et al. (155) report that
chicory root extract significantly lowers fasting blood glucose levels
and HbAlc in patients with T2DM, highlighting its efficacy as a
therapeutic agent. Krepkova et al. (156) further support these findings
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by demonstrating improvements in lipid profiles, including reductions
in total cholesterol and triglycerides, which are crucial for mitigating
cardiovascular risks often associated with diabetes.

Chicory extracts are typically prepared through aqueous,
alcoholic, or hydroalcoholic extraction methods. These extracts retain
a high concentration of inulin and other bioactive compounds, which
are critical for their therapeutic benefits. However, the method of
extraction used for chicory is another critical factor influencing the
efficacy of its bioactive compounds. Singh et al. (157) emphasize the
importance of optimizing extraction techniques to maximize the yield
of inulin and other beneficial compounds. Their findings suggest that
both aqueous and hydroalcoholic extraction methods can produce
effective extracts, enhancing chicory’s potential as a functional food
and nutraceutical. Research has shown that chicory extracts can
maintain their efficacy in reducing blood glucose levels, improving
insulin sensitivity, and lowering lipid levels when administered either
in isolation or as part of a combined treatment approach (158). The
ease of obtaining chicory extract makes it an attractive option for
developing functional foods or nutraceuticals aimed at
diabetes management.

Importantly, chicory has a favorable safety profile, with minimal
adverse effects reported, even at relatively high doses. This makes it a
promising natural therapeutic option for long-term diabetes
management. However, the necessity for standardization of chicory
extracts to ensure consistent potency and effectiveness. This
standardization is critical for clinical applications and for maximizing
the therapeutic benefits for individuals with diabetes (158).

Further selected medicinal plants with antidiabetic properties,
bioactive components, effective doses and mode of action are listed in

Table 2.

6 Antidiabetic activities of selected
mushrooms and their extracts

6.1 Morchella spp.

M. esculenta has been traditionally cultivated in China, Malaysia
and Japan for over 2,000 years (159, 160). In traditional medicine, it is
recognized for its ability to improve digestion, alleviate inflammation
and promote overall well-being. The functional properties of this
mushroom are attributed to its diverse bioactive compounds,
including polysaccharides, proteins, peptides, amino acids, terpenes,
lipids and essential minerals, similar to other medicinal mushroom
species (159, 161). In the study by Guo et al. (159) the antidiabetic
potential of bioactive polysaccharides from mycelia and broth of
submerged fermentation was evaluated. Intracellular polysaccharides
(IPS) were extracted from mycelial powder using hot water (90°C,
2 h), while extracellular polysaccharides (EPS) were obtained from
concentrated fermentation filtrate. Polysaccharides were further
deproteinized, dialyzed and lyophilized. Both IPS and EPS showed
dose-dependent inhibitory effects against a-amylase and a-glucosidase
(from 0.5 to 2.5 mg/mL), likely due to their triple-helix structures
which allow the active sites and fragments to enhance functionality.
EPS exhibited a stronger inhibitory effect of a-amylase and
a-glucosidase (21.59 and 6.64%, respectively) than IPS. This may
be attributed to its lower molecular weight (MW) - 109 kDa, which
facilitates cellular uptake. However, too low MW of polysaccharides
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may reduce biological activity by limiting structural complexity. In
addition, EPS with higher galactose and sulfate content correlated
linearly with enzyme activity and a decrease in serum glucose levels
(159). In vitro salivary, gastric and intestinal digestion of M. esculenta
exopolysaccharide enhanced a-amylase inhibitory activity. The
exopolysaccharides were partially degraded leading to changes in
chemical composition, MW and structural characteristics (161). Hot
water-extracted and deproteinized polysaccharide extract from
M. esculenta fruiting bodies (MEP) showed an effect on lowering
fasting blood glucose levels and improving glucose tolerance in
diabetic mice induced by STZ and high-fat diet. MEP lowered
proinflammatory cytokines (IL-1f, TNF-a and IL-6), which contribute
to insulin resistance, indicating its potential to regulate hyperglycemia
and hyperlipidemia. Additionally, MEP modulated the gut microbiota
by decreasing harmful taxa such as Acinetobacter and increasing
Firmicutes, Lactobacillus, which are important for the hypolipidemic
effect, and Prevotella, which is related to glucose metabolism (160).
Shurong et al. (162) also investigated similar effects using Morchella
importuna polysaccharides (MIP) in vitro. MIP exhibited excellent
water and oil holding capacity, emulsifying ability, foaming and
rheological properties. Gastrointestinal digestion reduced its MW
significantly. Since polysaccharides cannot be fully digested in the
stomach, they can be utilized by microorganisms in the intestine that
produce short-chain fatty acids (SCFAs). Post-fermentation SCFA
levels rose from 3.23 mmol/L to 39.12 mmol/L, with increased
propionic acid content highlighting the potential of fungal
polysaccharides to reshape the intestinal microbiota. Although MIP
did not improve the richness and diversity of the gut microflora, it
increased the relative abundance of Firmicutes, while Bacteroidetes
and Proteobacteria were reduced. Previous research has confirmed
that tight junctions and mucins play a critical role in maintaining the
integrity of the intestinal barrier. Hyperglycemia can alter the tight
junctions and adhesion junctions, leading to intestinal leakage,
causing exogenous substances to enter the bloodstream and damage
pancreatic f3-cells, which is a pathway in the pathogenesis of diabetes.
Firmicutes can promote tight junction bending and the synthesis of
mucin, while Bacteroides exert the opposite role (163). An in vivo
study using methanolic extract of Morchella conica demonstrated a
significant reduction in blood glucose levels in diabetic mice from
346 mg/dL to 132 mg/dL following treatment with extract in
concentration of 100 mg/kg body weight. In vitro, the extract inhibited
80% of protein tyrosine phosphatase 1B (PTP1B) activity, with a lower
ICs, value (26.5 pg/mL) compared to oleanolic acid as a positive
control (ICs, 36.2 pg/mL) (164). PTPI1B, is a key negative regulator of
insulin signaling and its inhibition can target both diabetes and
obesity (165). The a-amylase inhibition of the crude methanolic
extract of M. conica was dose-dependent with a low ICs, value
(77.74 £ 0.018 pg/mL). Extract expressed high antioxidant potential
and antiglycation test showed a positive correlation between the
concentration of the extract and its activity, with a low ICy, value
(24 pg/mL). Furthermore, histological analysis showed that the extract
protected kidney, liver and pancreatic tissues from damage (164).

6.2 Hericium erinaceus

Hericium erinaceus is a medicinal mushroom rich in bioactive
compounds including (polysaccharides, glycoproteins, phenolic
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compounds, alkaloids, sterols, fatty acids, laccase, lectones, etc.) which
exhibit a wide range of pharmacological functions (39, 49). f-glucans
extracted from the H. erinaceus using sodium hydroxide and the
enzymes f-1,3-glucanase and f-1,6-glucanase demonstrated an
inhibitory effect on wheat starch digestion. High MW B-glucans and
triple helix structure showed greater ability to bind hydrolyzed starch
fragments and thus to more effectively inhibit starch digestion. In
addition, B-1,3-glucan showed stronger inhibition than p-1,6-glucan
due to better cross-linking capability with starch. Lower starch
digestibility contributes to a lower glycemic index and prevention of
diabetes (39). Another polysaccharide, HEP-1, from the fruiting body
of H. erinaceus with low MW, showed promising effects in a T2DM
model by improving glucose and lipid metabolism. It increased serum
glucose uptake through hepatic glycogen synthesis via activation of
the IRS/PI3K/AKT signaling pathway. It also suppressed fatty acid
synthesis and hepatic lipid accumulation through the AMPK/
SREBP-1c signaling pathway. In addition, HEP-1 positively influenced
gut microbiota diversity and richness by increasing the abundance of
Dubosiella, Akkermansia and Lactobacillus, and reducing Bacteroides
and Rikenellaceae RC9. Higher levels of Dubosiella and Lactobacillus
were associated with a lower risk of liver damage. Beneficial
metabolites were increased in the liver via the gut-liver axis, preventing
the occurrence of T2DM (166).

Chromatographic separation of the n-hexane soluble fraction of
H. erinaceus revealed ten active compounds with a-glucosidase
activity, including four novel compounds (erinaceol A, B, C and D).
Among them, erinaceol D and other already known compounds:
4-[3',7’-dimethyl-2",6"-octadienyl]-2-formyl-3-hydroxy-5-
methyoxybenzyl alcohol, hericene A, hericene D and hericenone D
showed potent a-glucosidase inhibition (ICs, < 20 pM), surpassing the
activity of acarbose. Structural analysis indicated that long polar side
chains of hericene A, hericene D and hericenone D, while for ericenol
D and 4-[3,7-dimethyl-2’,6"-octadienyl]-2-formyl-3-hydroxy-5-
methyoxybenzyl alcohol were the major contributors to activity (167).
In vivo data showed that administration of H. erinaceus mushroom
aqueous extract (AEHE) to STZ-induced diabetic rats reduced blood
glucose levels and increased insulin levels in a dose-dependent
manner. Consequently, improved glycemic control prevented body
weight loss. That is caused by the excessive breakdown of muscle
structural proteins into amino acids used for gluconeogenesis in
insulin-deficient states. In addition, AEHE enhanced hepatic
antioxidant enzyme activities (SOD, CAT and GSH-Px), and
decreased lipid peroxidation (49).

6.3 Coriolus versicolor (Trametes versicolor
(L.: Fr.) Lloyd, 1920)

Coriolus versicolor or Trametes versicolor is a medicinal mushroom
recognized as a rich source of biologically active polysaccharides and
polysaccharopeptides. Commercial preparations such as Krestin
(PSK) and polysaccharopeptide (PSP) are produced by submerged
mycelium cultivation and extraction (168).

Suetal. (169) examined the inhibitory effects of n-hexane extracts
from six mushroom fruiting body powders: G. frondosa, H. erinaceus,
Agaricus blazei, G. lucidum, C. versicolor and Phellinus linteus on
digestive enzymes a-amylase and a-glucosidase. C. versicolor extract
showed the strongest a-amylase inhibition (ICs, = 1.20 mg/mL), while
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the extract of A. blazei had the weakest effect (ICs, = 6.90 mg/mL).
Even though the activity of acarbose (ICs, =0.039 mg/mL) was
stronger, all tested n-hexane extracts showed stronger a-glucosidase
(ICs = 0.0376-0.165 mg/mL) than
(ICs, = 4.69 mg/mL). The presence of unsaturated fatty acids,

inhibition acarbose
particularly oleic and linoleic acid, appeared to contribute significantly
to a-glucosidase inhibition. When oleic acid and linoleic acid were
tested individually, both exhibited higher activity ICs, = 0.0220 mg/
mL and IC,, = 0.0327 mg/mL, respectively than acarbose
(ICso = 4.69 mg/mL), but showed lower inhibitory effect on a-amylase.
Crude soybean and sunflower oils, rich in these acids possessed weak
a-amylase and moderate a-glucosidase inhibitory effects. Extracellular
polysaccharopeptides (ePSP) from T. versicolor LH-1 strain were
investigated for their ability to regulate glucose homeostasis in insulin-
resistant human hepatoma HepG2 cells. At concentrations below
2000 pg/L, TV LH-1 ePSP was not toxic. In the normal glucose (NG)
model, it enhanced glucose uptake by 30 and 50% at 500 pg/mL and
1,000 pg/mL, respectively, compared to 12% increase by 1,000 pg/L
PSK. In high glucose (HG) or high glucose, high insulin (HGI)
models, TV LH-1 ePSP (500 and 1,000 pg/mL) significantly increased
glucose uptake, by 20 to 50%, outperforming PSK (1,000 pg/mL)
which increased glucose uptake by approximately 20%. Similar results
were also obtained in the HGI model. The results confirmed that TV
LH-1 ePSP increased glucose uptake in a dose-dependent manner in
all three models (170). TV-ePSP was administered orally (0.1, 0.5 or
1.0 g/kg per day) to male Wistar rats with T2DM that was induced by
high-fat diet and STZ (171). It attenuated the increase in blood glucose
levels, significantly reduced oxidative stress and increased SOD
activity in plasma as well as increased glutathione levels in plasma and
erythrocytes. These findings suggest that TV-ePSP possesses both
antihyperglycemic and antihypertriglyceridemic properties (172).
Xian et al. (173) investigated the potential application of C. versicolor
water extract with high polysaccharide content (74.17% (w/w))
obtained from a commercially available mushroom in the treatment
of DM. The extract was tested for its antidiabetic and anti-insulin-
resistant effects in myoblasts (L6 cells) and skeletal muscles of rats
with T2DM. Rats received daily intragastric doses of 25, 50 and
100 mg/kg and were compared with STZ alone and STZ plus Met
(100 mg/kg/day). After four weeks, the C. versicolor extract showed
similar or even stronger blood glucose-lowering effect than Met.
Increase of extract dose from 25 to 100 mg/kg did not significantly
enhanced efficacy, suggesting high potency at lower doses. Moreover,
the result of the 25 mg/kg/day administration was similar to that of
100 mg/kg/day Met administration, indicating a higher efficacy of the
C. versicolor extract. In addition, glucose consumption in insulin-
resistant L6 cells decreased compared to the control group, while it
increased after treatment with Met (1 mM, 24 h) and C. versicolor
extract (100 mg/mL and 200 mg/mL, 24 h), suggesting concentration-
dependent manner under insulin-resistant conditions.

In rats with DM, cardiac function was significantly reduced, as
indicated by left ventricular ejection fraction (EF%) and fractional
shortening (FS%) to 52.88 + 1.23% and 26.87 + 1.06%, respectively,
compared to the sham group. Cardiac function was improved with
C. versicolor extract (25 mg/kg/day), restoring EF% and FS% to
71.99 + 1.03% and 42.79 + 0.87%, respectively. Histological analysis
revealed that C. versicolor extracts reduced structural abnormalities
and interstitial fibrosis, suggesting that C. versicolor extract has the
potential to alleviate cardiac dysfunction (174).
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The therapeutic effect of C. versicolor mushroom fruiting body
powder on STZ-induced diabetic mice using different doses
(1,000 mg/kg — LD, low dose; 2000 mg/kg -MD, medium dose;
4,000 mg/kg - HD, high dose) was investigated (175). Normal control
group (NS) and the diabetic control group (DC) received normal
saline, while the positive control group (PC) received 200 mg/kg Met.
After 28 days, fasting blood glucose concentration in C. versicolor-
treated mice decreased to the initial concentration. Oral glucose
tolerance test showed significantly reduced blood glucose levels in
both the PC and HD groups compared to the DC group (p < 0.05).
The results indicate that C. versicolor can protect pancreatic f3-cells and
improve insulin resistance, accelerate the breakdown and utilization
of glucose, and accelerate glucose metabolism.

To investigate the protective effect of T. versicolor crude extract
(TVP) on bone health in diabetes, Wistar rats were divided into control
or a high-fat diet groups. Diabetic rats received either distilled water
(vehicle group-VH) or TVP at 0.1 g/kg weight. Compared to the VH
group, subjects had significantly lower postprandial blood glucose levels,
reduced femoral cortical porosity, increased tibial bone volume and
femoral bone strength, and less DM-induced deterioration of proximal
tibial microarchitecture. The protective effect of TVP on bone properties
was mediated in part by the improvement in hyperglycemic control in
the DM animals (176). Additionally, two highly methylated cyclic
heptapeptides with proven antimicrobial activity isolated from the
C. versicolor mushroom- ternantin and [D-Leu7]ternatin, a ternatin
derivative-have been shown to have an inhibitory effect on fat
accumulation in 3 T3-L1(adipocytes) (177, 178). When administered to
KK-Ay diabetic mice via a subcutaneous osmotic pump (8.5 or 17 nmol/
day ternatin and 68 nmol/day [D-Leu7]ternatin), these compounds did
not affect body or adipose tissue weight, but both suppressed
hyperglycemia, suggesting a preventive effect on hyperglycemia and fatty
acid synthesis (179).

Further selected mushrooms with antidiabetic properties,
bioactive components, effective doses and mode of action are listed in
Table 3.

7 Extraction of bioactive compounds

The utilization of the biological potential of plants and mushrooms
is closely related to the method of processing and the preparation
techniques used for their extracts, tinctures, essential oils, etc. Today, a
wide range of extraction methods are available, many of which are
capable of achieving high yields and preserving the bioactivity of target
compounds. Through careful optimization of these processes, the
presence of undesirable or interfering substances can be minimized or
entirely avoided. Conventional extraction methods, such as maceration,
Soxhlet extraction and percolation, are based on the principles of mass
transfer. These processes typically begin with desorption of the analyte
from the plant or fungal matrix, followed by diffusion of the desired
compound through the organic layer of the matrix and its movement to
the surface of the matrix-fluid interface. The analyte then disperses into
the extraction phase, where it diffuses through the extraction medium
and enters the region where convection occurs. A critical determinant of
extraction efficiency is the understanding of the analyte’s physicochemical
properties and its interactions with the matrix.

Traditional methods often rely on elevated temperatures to
facilitate the release of bound analytes. In contrast, modern extraction
techniques enhance process efficiency by introducing additional
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effects that impact the matrix or modulate the properties of the
solvent. The most commonly used modern extraction techniques for
obtaining extracts include ultrasonic (UAE), microwave (MAE),
pressurized fluid (PLE) and supercritical fluid extraction (SCFE).
These techniques operate with specific effects that contribute to their
efficiency. Compared to traditional techniques, modern extraction
methods are generally more time- and energy-efficient, and they
typically employ environmentally friendly (“green”) solvents. As a
result, the extracts obtained are well-suited for applications in the food
and pharmaceutical industries. Recent advancements in novel
extraction technologies, such as ultrasound-assisted extraction (180,
181), microwave-assisted extraction (182, 183), and extraction using
natural deep eutectic solvents (26, 184, 185), have significantly
improved the efficiency and yield of polyphenols from plant sources.
These methods not only enhance extraction rates but also help
preserve the integrity of the compounds, minimizing degradation and
maximizing bioavailability. Consequently, they offer promising
opportunities for the sustainable and effective recovery of polyphenols,
facilitating their application in nutraceuticals, pharmaceuticals, and
functional foods. Advances in extraction techniques, such as
supercritical CO, extraction and microwave-assisted methods (75,
186, 187), have improved the recovery of these bioactive compounds
from both plant and fungal sources, underscoring their potential
applications in the nutraceutical, cosmetic, and pharmaceutical
industries. UAE is a widespread modern technique commonly used
for the preparation of extracts with strong antidiabetic effect. The
mechanism of this technique is based on the generation of cavitation,
which disrupts cell walls and facilitates the distribution of analytes
from the pores of the matrix (180, 188). MAE uses microwave energy
to generate heat through ionic conduction, disrupting cell walls and
enhancing the release of bioactive compounds. This process increases
collision frequency and internal pressure, leading to cell rupture and
improved solvent diffusion. On the other hand, extractions under
pressure affect the properties of the solvents themselves by changing
their polarity, viscosity and diffusivity, thus improving the efficiency
of the process. However, prolonged extraction time can favor greater
absorption of microwave energy and thermal accumulation in the
medium, increasing the risk of degradation of thermolabile
compounds. Therefore, careful optimization of parameters such as
microwave power, extraction time and solvent composition is essential
to maximize the yield and stability of the target compounds (189). The
SCEFE technique is both traditional and innovative, and is favored for
various applications due to its reliability, efficiency, and adaptability in
industrial settings. The mild extraction conditions used in SCFE help
to preserve the bioactivity and structural integrity of the
extracted compounds.

The chemical composition of mushroom extracts — in particular
the type and concentration of bioactive compounds - and their
corresponding biological activities are influenced by the choice of
solvent and extraction method. Studies have shown that alcoholic
extracts (methanolic and ethanolic) of mushrooms are particularly
rich in low molecular weight components and phenolic compounds
(190). The preparation of mushroom extracts or bioactive compounds
from mushroom fruiting bodies or mycelia involves several steps,
namely pretreatment, isolation and purification (36). Mushroom
extracts are often obtained in unpurified form and typically consist of
a mixture of various bioactive compounds with high potential for the
treatment of diabetes. The production of such extracts is generally
more cost-effective than isolating a single pure compound,
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highlighting the advantage of using whole mushroom extract.
Extraction is a crucial step to achieve the desired yield and bioactivity
of isolated compounds. Water is widely used as a universal solvent due
to its ability to dissolve a wide range of substances, along with its low
cost and ease to handling. The hot water extraction (HWE) method is
most commonly used for extracting water-soluble polysaccharides, as
well as complexes of heteropolysaccharides and proteins from the
outer glycoprotein layer of the cell wall. Prior to HWE, organic
solvents and alcohol pretreatments are required to remove fats or low
molecular weight impurities. The HWE process typically involves high
temperatures (50-100°C) and extended extraction times (1.5-5 h).
Increasing the temperature enhances extraction efficiency to a certain
extent when the yield or purity starts to decrease beyond a certain
threshold. Temperatures above 100°C may lead to p-glucan
degradation, while higher temperatures (above 150°C) can disrupt the
triple-helix structure and thus cause a decrease in bioactivity. A longer
extraction time can increase yields, but also raise concerns about the
economic sustainability and energy efficiency. Following HWE,
alkaline or acidic extraction steps are usually performed to maximize
the yield by hydrolyzing f-glucan and protein bonds in the middle
layer of the cell wall, thereby isolating alkali- and/or acid-soluble
fractions. Further processing steps to obtain pure compounds from
crude polysaccharide extracts typically include ethanol precipitation,
deproteinization, decolorization, dialysis and fractionation (191).
Ultrasound-assisted extraction (UAE) has demonstrated superior
efficiency for polysaccharide extraction from Inonotus obliquus,
yielding a higher quantity (3.25%) and purity (73.16%) compared to
traditional HWE (192). MAE and PLE have been evaluated for the
extraction of polysaccharides, particularly f-glucans, from the fruiting
bodies of P. ostreatus and G. lucidum. These studies confirm that
extraction temperature is a key factor influencing polysaccharide yield
when using MAE and PLE, with higher temperatures generally
improving outcomes. However, variations in p-glucan content
between extracts suggest that optimal extraction conditions must
be tailored to each fungal species (193). SCFE is particularly effective
for the extraction of lipophilic substances such as fatty acids and
ergosterol from various mushroom species, often yielding higher
purity and larger quantities compared to conventional solvent-based
methods (194-196). The addition of co-solvents such as ethanol,
methanol or water can enhance the extraction of polar compounds
(e.g., phenols, flavonoids or polysaccharides), although it may reduce
selectivity (197). Therefore, the choice and concentration of co-solvent
must be carefully optimized to achieve an appropriate balance between
extracting target compounds and minimizing undesired ones.

In a study conducted by Cvetanovi¢ Kljaki¢ et al. (198), the
influence of 7 different extraction techniques (accelerated solvent
extraction; HAE: homogenizer-assisted extraction; MAE; maceration;
SEE: supercritical CO, extraction; SOX: soxhlet extraction; UAE) on
the ability of the obtained extracts of Glaucosciadium cordifolium to
inhibit amylase and glucosidase was examined. The results revealed
significant differences among the extracts, and their ability to inhibit
amylase ranged from 0.34 to 0.71 mmol ACAE/g. For glucosidase
inhibition, the values obtained were in the range of 1.64-1.71 mmol
ACAE/g, which is in favor of the SFE technique. Duran et al. (199)
investigated the influence of different solvents and extraction
techniques on the antidiabetic activity of two Corydalis species from
Turkey. Ethanol extracts of Corydalis erdelii and Corydalis solida were
obtained using the HAE technique, while the infusions were prepared

Frontiers in Nutrition

10.3389/fnut.2025.1511049

with water. For both species, the HAE technique in combination with
ethanol resulted in extracts with significantly higher antidiabetic
activity. Specifically, for C. erdelii, the a-amylase inhibitory activity
was 0.39 mmol ACAE/g for the ethanolic HAE extract versus
0.05 mmol ACAE/g for the aqueous infusion, while a-glucosidase
inhibition was 0.99 mmol ACAE/g for the HAE extract, and absent in
the infusion. A similar pattern was observed for C. solida, with
amylase inhibition of 0.43 mmol ACAE/g for the HAE extract and
0.05 mmol ACAE/g for the infusion, while glucosidase inhibition was
only observed in the HAE extract (0.87 mmol ACAE/g). Essential oils
and extracts rich in non-polar components show considerable
differences in antidiabetic activity depending on the extraction
procedure. In their study on the ability of chamomile to inhibit
amylase, Zengin et al. (72) demonstrated that extracts obtained via
traditional SOX with hexane had a significantly lower affinity to
inhibit this enzyme (0.66 mmol ACAE/g) compared to those obtained
via microwave-assisted hydrodistillation (1.56 mmol ACAE/g).
Furthermore, extraction conditions themselves influence both the
composition and bioactivity of the extracts. For instance, SFE
performed under different pressures (100-400 bar) yielded chamomile
extracts with varying glucosidase inhibition values, ranging from
13.96 to 14.16 mmol ACAE/g (72).

8 Conclusion

T2DM now affects more than 11% of adults worldwide, causing
over three million deaths annually, leading to significant healthcare
costs. Its growing prevalence is approaching pandemic levels. In most
cases, T2DM is linked to modern lifestyle factors including unhealthy
diets, obesity and physical inactivity. Along with medical treatment,
effective diabetes management requires ongoing support and
education to achieve better health outcomes and quality of life.

Although synthetic drugs for diabetes are commercially available,
their use is often limited by side effects and potential toxic effects on
healthy cells. Therefore, medicinal plants and mushrooms have gained
attention as a valuable source of bioactive primary and secondary
metabolites, offering promising alternatives for the development of
new therapeutics. Numerous studies have investigated their potential
to reduce hyperglycemia through various mechanisms, including
inhibition of a-glucosidase and a-amylase enzymes, enhancement of
pancreatic f-cell function, modulation of antioxidant defense systems,
regulation of carbohydrate metabolism and stimulation of insulin
secretion. However, the broader application of natural products in
therapy requires not only the identification of the active compounds
and clarification of their mechanisms of action, but also the
development of standardized production protocols and quality control
measures quality.

The WHO Global Traditional Medicine Centre was established to
generate evidence and data that support the development of standards
and regulatory frameworks, ensuring the safe, cost-effective and
equitable use of traditional medicine. Its mission is to optimize the
role of traditional medicine in global health and sustainable
development, with a focus on evidence, innovation and sustainability
(7). Additionally, the WHO launched the International Regulatory
Cooperation for Herbal Medicines to improve the global regulation of
herbal products (200). WHO also recognized traditional and
complementary medicine through achieving Sustainable Development
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Goal 3: “Ensure healthy lives and promote well-being for all at all ages”
(4). It is important to note that the presence of multiple components
in natural extracts can play a crucial role in their therapeutic potential.
The components may act synergistically to enhance efficacy or
antagonistically, potentially reducing the desired effect.

The choice of extraction method and extraction parameters (e.g.,
type of solvent, temperature, time) has a significant impact on the
chemical composition and concentration of the extracted bioactive
components, which in turn directly affects their biological and
therapeutic activity. Therefore, improving the selectivity of the
extraction by selecting the most suitable solvents and techniques is
essential for isolating the desired component from the mixture while
minimizing interfering components. It is the researcher’s
responsibility to select appropriate solvents and apply optimal
extraction techniques to isolate the target bioactive compounds
while reducing the presence of unwanted or interfering substances.
In addition to enhancing therapeutic quality, interactions with
pharmaceutical extracts must be further investigated and clarified to
ensure consistency and safety. Moreover, the successful integration
of natural extracts into therapeutic practice requires an approach
that addresses several critical aspects. One of the primary priorities
is determining the effective dosage to maximize therapeutic benefit
while minimizing the risk of adverse effects. Equally important is the
evaluation of pharmacokinetic parameters to understand the
bioavailability and therapeutic efficacy of natural products through
their absorption, distribution, metabolism and excretion. The
development of regulations and standardization protocols is essential
to ensure the quality, consistency and safety of the natural extracts
or compounds used in a therapy. Currently, most of the in vivo
evidence supporting the therapeutic properties of natural
antidiabetic extracts and compounds, particularly those derived
from mushrooms, is based on animal studies. Although animal
studies provide valuable preliminary evidence, they are not sufficient
to establish reliable efficacy and safety for use in human therapy.
Therefore, well-designed clinical studies, coupled with a deeper
understanding of the mechanisms of action and therapeutic efficacy,
are essential to support the use of natural extracts in diabetes
treatment. Despite the many challenges and existing gaps, the
combined knowledge of traditional medicine and modern science
holds great potential to contribute to modern health and food
systems. This integration can facilitate the translation of traditional
practices into practical applications and commercial products, laying
the foundation for the development of novel foods, medicines
and nutraceuticals.
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