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Abstract: Diabetes mellitus is a chronic metabolic disorder characterized by persistent hyperglycemia, insulin
dysfunction, and a substantial global health burden. Current pharmacological therapies often bring undesired
side effects and limited long-term efficiency. These factors drive interest in the direction of preventive and
complementary strategies. Plant-derived secondary metabolites — phenolics, alkaloids, terpenes, organosulfur
compounds and polyacetylenes, demonstrate promising anti-diabetic activities. These compounds can modulate
key molecular targets involved in glucose metabolism, insulin signaling, and development of oxidative stress,
thereby improving glycemic control and reducing the risk of complications. Also, natural products can inhibit
carbohydrate-digesting enzymes, enhance insulin secretion and sensitivity, regulate glucose transporters, and
suppress pathways associated with inflammatory responses and the formation of advanced glycation end
products (AGEs). Many of them also demonstrate pronounced antioxidant and antiglycative properties with all
accompanying features - metal-chelating effects, a-dicarbonyl trapping properties, and interference with the
AGE-RAGE axis, collectively mitigating vascular damage and attenuating diabetic complications such as
nephropathy, neuropathy, and retinopathy. Recent studies highlight that certain plant metabolites can stabilize
Nrf2, inhibit NF-kB activation, improve pancreatic (3-cell function, and reduce protein tyrosine phosphatase
activity. In this review we comprehensively address all this aspects with a special emphasis on the antiglycative
properties as one of the central component of the overall anti-diabetic activity. Further, we discuss the further
prospective in the biochemistry of plant-derived natural products in terms of antidiabetic, antiglycative and
antioxidant agents. Although further research is needed to clarify their pharmacokinetics, safety, and efficacy in
humans, the emerging evidence underscores the potential of plant secondary metabolites as natural,
multifaceted agents for the prevention and management of diabetes and its associated complications.

Keywords: diabetes mellitus; plant secondary metabolites; antiglycative activity; anti-inflammatory;
antioxidant; advanced glycation end products (AGEs); oxidative stress

1. Introduction

Diabetes mellitus (DM) is a chronic metabolic disorder, manifested with hyperglycemia at the
background of impaired insulin secretion or action [1]. In the absence of adequate therapy this disease
might progress rapidly and ultimately leads to onset of severe complications — cardiovascular
disorders [2], cancer [3], neurodegenerative diseases (e.g. Alzheimer disease [4]), diabetic
nephropathy or diabetic kidney disease (DKD) [5] and multiple related pathologies. Approximately
537 million adults (20-79 years) were living with diabetes in 2021, the total number is projected to rise
to 643 million by 2030 and 783 million by 2045 [6]. Unfortunately, the rates of the diabetes-related
premature mortality continuously grow, annually increasing by at least 5% since the beginning of the
current century [7]. Moreover, due to the progressing growth of the human population and
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continuously increasing rates of obesity occurrence, the social role of diabetes increasing rapidly [1,8].
Obviously, the economic losses associated with high therapy costs are also continuously growing,
and might overwhelm the capacities of public health protection system soon. In this context, diabetes
prevention appears to be more promising strategy in comparison to its treatment and needs to be
prioritized over the therapy of complications.

At the molecular level, the hyperglycemia-associated symptoms of diabetes mellitus are
underlied by protein glycation [9-12]. This non-enzymatic post-translational modification is usually
referred to as the interaction of protein amino and guanidine groups with reducing sugars and/or
carbonyl products of their oxidative degradation [9]. Although diverse carbohydrates can act as
potent glycation agents [10,13,14], the diabetes-associated protein damage is mostly underlied by
reactivity of blood glucose [15] and dicarbonyl products of its degradation [16]. At the initial stages
of glucose reaction with amines (early glycation) Schiff base intermediates are formed and further
rearrange into fructosamines (often referred to as Amadori compounds). These first relatively stable
glycation intermediates readily undergo oxidation and rearrangements yielding advanced glycation
end products (AGEs) [17] At this step, glycation is tightly associated with oxidation and the process
of AGE formation is often associated with the term "glycoxidation" [18]. Glycoxidation and
irreversible formation of AGEs underlie onset of diabetes complications, which are always
accompanied with systemic inflammation mediated by receptors to advanced glycation end products
(RAGESs) and intensive cross-linking of blood and tissue proteins [19]. Simultaneous processes of
glycoxidation and lipoxidation ultimately lead to the formation of AGEs and advanced lipoxidation
end products (ALEs) [20], which can increase the rates of free radical generation, oxidative and
carbonyl stress [21] that enhances diabetes symptom:s.

Based on the underlying molecular mechanisms, the disease can be classified [22] in types 1
(T1DM) and 2 (T2DM) diabetes mellitus, which are characterized by insulin deficiency [23] (typically
resulting from destruction of 3-cells in autoimmune processes) [24] and hyperglycemia associated
with p-cell dysfunction, peripheral insulin resistance, excessive liver glucose production [1],
respectively. T2DM covers up to 90% [25] of diabetes cases, associated with obesity and has, therefore
the highest social impact [26]. Its therapy typically relies on insulin secretolytics, biguanides, insulin
sensitizers, a-glucosidase inhibitors, incretin mimetics, amylin antagonists, and SGLT2 inhibitors
[24].

However, although recently introduced imeglimin (a glimin-containing oral hypoglycemic
agent) showed good tolerability, long-term safety, and high efficiency [27], in general, synthetic drugs
are characterized with adverse effects, essentially limiting their application [28,29]. This is the second
reason to consider prevention of DM as the strategy of choice in terms of the overall concept of
decreasing its occurrence in the population. Besides establishing the outpatient services and lifestyle
changes [30,31], the prevention approach assumes implementation of plant extracts and their
individual isolated components — biologically active natural products [32]. Being potent anti-diabetic
agents, such products are less toxic and are featured with much less side effects [33]. Therefore, the
anti-glycative and anti-diabetic effects of such products can be clearly manifested by their long-term
implementation in the everyday human diet. Moreover, due to their pronounced antioxidant,
hypoglycemic and antihyperlipidemic effects, plant-derived natural products can be considered as
promising precursors of new antidiabetic and antiglycative therapeutic agents [34-36].

Therefore, this comprehensive review aims systematic exploration and analysis of abundant
data on diverse plant secondary metabolites (SMs) demonstrating a general hypoglycemic effect and
pronounced potential for attenuation and even prevention of diabetic complications. Thereby, we
address the existing and potential mechanisms behind the anti-diabetic effects of plant natural
products with specific emphasis on the anti-glycative component of this activity. We also critically
discuss the current state of the art in the field and propose promising hypotheses and new directions
for future research.

2. Anti-Diabetic Effects of Plant-Derived Natural Products
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In general, efficient prevention and therapy of DM requires simultaneous affecting several
mechanisms to target hyperglycemia and associated molecular damage. Accordingly, the overall
antidiabetic effect assumes several biological activities, including those targeting antioxidant (ROS-
protective), carbonyl scavenging and other mechanisms related to protein glycation and associated
signaling. As was mentioned above, despite impressive advances in development of new promising
therapeutic agents, the search for efficient and safe antidiabetic drugs remains a challenge [37].
Indeed, synthetic antidiabetic drugs can have serious side effects and might often lead to
development of drug resistance, gastrointestinal disorders, lactic acidosis, heart failure, progression
of atherosclerosis, fluid retention, weight gain, and individual intolerance [38].

For example, a dipeptidyl peptidase (DPP)-4 inhibitor trelagliptin was shown to increase the risk
of fractures [39]. Moreover, even such a well-established pharmaceutical, as metformin is not
comprehensively addressed for side effects, especially in comparison to novel antidiabetics with
pronounced cardioprotective properties [40]. Thus, the role of metformin as the "mainstream
strategy" in the T2DM therapy might be questioned now [41]. These two well-known examples
clearly indicate the importance of the search for new prototypes of anti-hyperglycemic
(hypoglycemic) and/or glycoprotective agents, which would be promising in design of new
pharmaceuticals [42]. In this context, plant secondary metabolites, often referred to as plant natural
products, are the best candidates for such prototypes. Indeed, to date, more than 800 medicinal plants
were reported to exhibit anti-hyperglycemic activity [43] and can be, therefore, potentially considered
for in-depth analysis of their constituents in respect of their anti-diabetic and antiglycative properties.

Here we consider the groups of plant secondary metabolites, which are the best-characterized
in respect of their structures, properties and the patterns of biological activities related to prevention
or attenuation of DM symptoms — phenolic compounds, alkaloids and terpenoids along with several
minor groups of active plant constituents.

In general, secondary metabolites are referred to as the taxon-specific substances, which are not
directly involved in growth, development and reproduction, but mediate ecological interactions,
which may produce a selective advantage for the organism by increasing its survivability or fecundity
[44]. In contrast to animals, secondary metabolism of plants is characterized with fascinating
complexity and plasticity [45]. Due to this, plant-derived natural products are featured with high
structural and functional diversity, which underlie a broad spectrum of biological activities. As these
biological activities rely on an impressive array of the modes of action, which, in turn, involve
different targets (i.e. receptors, regulatory pathways and effector enzymatic systems), it makes sense
to consider secondary metabolites according to their mechanisms of action.

2.1. Plant-Derived Natural Products with Antidiabetic Activity: Classes of Active Secondary Metabolites

Several plant secondary metabolites demonstrated clear anti-diabetic properties, which was
well-documented in comprehensive in vivo and in vitro studies [46]. This knowledge was successfully
implemented in promising therapeutic strategies, assuming modulation of cellular and molecular
mechanisms by affecting different intracellular targets, i.e. enzymes and regulatory proteins [47].

Plant SMs are usually classified according to their characteristic structure moieties and
biosynthetic pathways [48]. Based on these criteria, three compound groups with pronounced anti-
diabetic properties strongly dominate in plant extracts: phenolics, terpenes, and alkaloids [48].
Thereby, the mechanistic aspects behind specific activities of plant natural products rely on several
molecular mechanisms, which are being intensively studied since decades. At the current state of the
knowledge in the field it is believed that anti-diabetic activity of natural products might rely on (i)
suppression of oxidative stress and a-dicarbonyl formation, (if) suppression of protein glycation and
formation of advanced glycation end products (AGEs), (iif) inhibition of a-glucosidase and/or a-
amylase, (iv) effects on glucose uptake and glucose transporters, (v) modification of gene expression
and (vi) modulation of hormone activities involved in glucose homeostasis, (vii) enhancement of
insulin secretion and pancreatic § cell proliferation and (viii) inhibition of protein tyrosine
phosphatase activity.
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2.1.1. Phenolic Compounds

Phenolic metabolites (also often referred to as phenolics) comprise the largest and the most
abundant class of plant SMs represented with hydroxylated aromatic compounds and their
conjugates [49]. Thus, structurally, these compounds comprise at least one aromatic ring with one or
more hydroxyl substituents [50], i.e. share common for all them phenol moiety. These metabolites
universally occur in roots, stems, leaves, flowers, fruits, and seeds of higher plants [51]. Metabolically,
phenolics originate from the phenylpropanoid and shikimate pathways, which deliver low molecular
weight aromatic precursors (so-called simple phenolics, Table 1) for biosynthesis of diverse
compounds with higher molecular weights — polyphenols [52,53]. Polyphenols are characterized with
impressive structural diversity and comprise several principal classes and sub-classes of highly
different degrees of polymerization and molecular weights (Table 1) [49].

Simple Phenols

The structures of simple phenolics are featured with only one aromatic ring with hydroxyl,
hydroxymethyl and methoxyl substitutions [54,55]. These compounds form three structurally distinct
classes: hydroxybenzoic acids, phenylpropanoids (hydroxycinnamates) and coumarins along with
corresponding derivatives. The representatives of these compound classes differ essentially and
species-specifically in their relative abundance in plant tissues. Accordingly, antidiabetic effects of
these compounds demonstrate a wide spectrum in terms of their modality and intensity of
manifestation (Table 1).

In general, secondary metabolites based on phenol, catechol, resorcinol and phloroglucinol
skeletons are widely spread in plants. However, despite of presence of certain specific activities, these
natural products were not reported as potent anti-diabetic agents so far. Nevertheless, although
benzoic acid and its derivatives do not have clear prospects as drugs [56-59], these metabolites
appeared to be inhibitors of a-amylases and a-glucosidases, i.e. enzymes, which are directly involved
in digestion and absorption of carbohydrates. However, further research is necessary to obtain
additional data on their therapeutic efficiency and safety [60].

Table 1. Overview of phenolic compound classes and anti-diabetic effects of their characteristic
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Coumarins

In contrast, coumarins [75,76] represent a group with pronounced antidiabetic properties,
which are well-characterized to date (Table 1). This group is formed by cinnamic acid cis-O-hydroxy-
lactones with a benzo-a-pyranone core [75]. Coumarins are naturally present in multiple plant
species with the highest contents reported for Coumarouna odorata from the Fabaceae/Leguminosae
family. They are also abundant in in vanilla grass (Anthoxanthum odoratum), sweet clover (genus
Melilotus), cassia cinnamon (Cinnamomum cassia), Justicia pectoralis extracts and isolates from cherry
blossoms [76].

Based on their structure, coumarins can be classified in six groups featured with different
substitution patterns in the benzene and lactone rings: (i) simple coumarins (Table 1) (e.g.,
umbelliferone from plants of the Apiaceae family [77]), (ii) furanocoumarins (e.g., psoralen from [78]
seeds of Psoralea corylifolia), (iii) dihydrofuranocoumarins (e.g., anthogenol extracted from Aegle
marmelos [79]), (iv) pyranocoumarins (e.g., calanolide A from the foliar parts of Calophyllum lanigerum
[80]), (v) phenylcoumarins (e.g., dispardiol B from Artemisia capillaris [81]) and (vi) bis- or tris-
coumarins [55] (e.g., daphnoretin from Wikstroemia indica (L.) C.A. [82]).Most often, coumarins are
present in plants in free (not conjugated) form.

Recently, multiple synthetic approaches to obtain biologically active coumarins were
successfully established [83,84]. The resulted synthetic compounds, namely, flavonoid-coumarin
hybrids, = coumarin-cyclic =~ imide  conjugates,  3-coumarincarbohydrazides, @ and  3-
coumarincarbohydrazones, proved to be promising in treatment of T2DM. These compounds were
designed to enhance the antidiabetic properties of some natural coumarins by modifying their
structure and introducing new functional groups [37,85]. This hypothesis was successfully confirmed
by several in silico docking experiments [86,87], by comprehensive in vitro screening with several cell
cultures and with appropriate animal models [85], while no studies on humans are available.

The antidiabetic effects of coumarins (both synthetic and naturally occurring) are mostly
attributed to their ability to suppress oxidative stress and to reduce inflammation, to enhance
pancreatic function, and to inhibit protein tyrosine phosphatase 1B (PTP-1B), which is a negative
regulator of the insulin signaling pathways. These compounds also readily inhibit a-amylases and «-
glucosidases. All these effects were convincingly demonstrated in various cell-based and animal
models. Specifically, different coumarins were tested with a broad selection of cell lines, namely
INS-1, RIN-m5F, HepG2, L6 and 3T3-L1 [37,88]. Further, their anti-diabetic properties were
successfully addressed in streptozotocin-induced T2DM in rats and mice, alloxan-induced T1DM in
mice, high fat diet-induced T2DM in mice, db/db mice, ob/ob mice and Zucker diabetic fatty rats.
However, only minimal information on the bioavailability, pharmacokinetics and safety of coumarins
in humans is available.

Polyphenols

Stilbenes

Stilbene synthase (STS) catalyzes the formation of the stilbene backbone (Table 1), such as
resveratrol, using p-coumaroyl-CoA and malonyl-CoA as substrates [89]. This first branch of the
flavonoid biosynthesis pathway exists in some plants, such as grapevine, pine, sorghum, and peanut
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[90]. Trans-resveratrol (3,5,4'-trihydroxy-trans-stilbene) is the basic unit of most plant stilbenes, for
example, it can be converted to polydatin, pterostilbene, and piceatannol by glycosylation,
methylation, and hydroxylation, respectively [91]. Otherwise, the oligomerization and isomerization
of trans-resveratrol generate viniferin and cis-stilbene, respectively [92].

Stilbenes are well-known as strong antioxidants and are often produced by plants in response
to biotic and abiotic stressors [92]. Resveratrol is the best characterized stilbene, and to date it is well-
known for its beneficial effects on human health. It was proved to be anti-inflammatory, antioxidant,
anticancer and cardioprotective in animal models and humans [93,94]. The anti-diabetic activity of
resveratrol is underlined by its positive effect on insulin sensitivity and its high potential for reducing
hepatic production of glucose. This effect is mediated by AMP-activated protein kinase, a key enzyme
in the regulation of energy metabolism. Activation of this enzyme results in enhancement in glucose
uptake by skeletal muscle and adipose tissue, in decrease in hepatic gluconeogenesis, that is
accompanied with stimulation of insulin secretion by pancreatic [3-cells [95,96].

Flavonoids

Obviously, the most representative group of biologically active polyphenols, which is highly
relevant in the context of antidiabetic effects, is constituted by flavonoids. Flavonoids represent a
large and diverse class of plant secondary metabolites that share a common structure moiety
consisting of two aromatic hydroxyphenyl rings linked by a three-carbon bridge, forming a C6-C3-
C6 skeleton [97]. Based on the hydroxylation patterns of their aglycons (i.e. the numbers of hydroxyl
groups in the structure) and, specifically, substitution pattern of the heterocyclic C ring, flavonoids
can be classified into seven subgroups— chalcones, flavones, flavanones, isoflavones, flavanols,
flavan-3-ols, anthocyanins [98] (summarizes in Table 1). Flavonoids are widely distributed in fruits,
vegetables, grains, tea, wine and herbs [97], where they underlie antioxidant, anti-inflammatory,
anticancer, antiviral and antidiabetic activities [99]. Moreover, flavonoids readily form derivatives of
highly diverse molecular structure. Such derivatives are featured with rich patterns of glycosylation,
acylation, methoxylation and/or prenylation [100] of the polyphenolic aglycons, and molecular
polymerization [101].

Flavonoids are synthesized from phenylalanine through the phenylpropanoid pathway, while
phenylalanine is synthesized via the shikimate pathway [98]. Firstly, phenylalanine ammonia lyase
catalyzes phenylalanine deamination [102] to trans-cinnamic acid, then cinnamic acid 4-hydroxylase
(C4H), a cytochrome P450 monooxygenase in plants, catalyzes the hydroxylation of trans-cinnamic
acid to p-coumaric acid [103]. The final step is formation of p-coumaroyl-CoA by the addition of a co-
enzyme A (CoA) unit to p-coumaric acid by the activity of 4-coumarate: CoA ligase (4CL). The general
phenylpropanoid pathway consists of these three steps and is common to all the downstream
metabolites.

Chalcone formation represents the start of the synthesis of specific flavonoids, which begins with
p-coumaroyl-CoA [101]. Chalcones represent the first key intermediate metabolites with an open Cé6-
C3-C6 structure instead of a closed pyran ring providing a basic skeleton for downstream flavonoids
synthesis. The anti-diabetic effect was shown for the chalcone isoliquiritigenin, which appeared to
improve glucose homeostasis and insulin sensitivity in high-fat diet-fed mice by activating AMPK
and inhibiting peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1a)
expression [104].

The central branch point in the flavonoid biosynthesis pathway is the formation of the
heterocyclic ring C by intramolecular cyclization of chalcones via chalcone isomerase (CHI), and
subsequently, the formation of flavanones in the cytoplasm [98]. Flavanones constitute the sub-class
of flavonoids missing the C2-C3 double bond and the hydroxyl group at C3. Naringenin and
hesperidin belong to the most well-known representatives of this group. Thus Krishnamoorthy et al.
showed that oral administration of naringenin (50 mg/kg b.w./day) for 6 weeks in high fructose-fed
diabetic rats resulted in a significant increase in glucose transporter 4 (GLUT4) translocation in
skeletal muscle by increasing AMPK phosphorylation, sirtuin 1 (SIRT1) and PGC-1a protein levels in
skeletal muscle [105]. In turn, hesperidin was shown to reduce blood glucose levels and to suppress
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development of oxidative stress in the rat model of streptozotocin-induced T2DM due to activation
of antioxidant enzymes and decreasing the circulating levels of inflammatory cytokines [106].

Flavones are produced from flavanones by flavone synthase (FNS) which catalyzes the formation
of a double bond between position C-2 and C-3 of ring C [98]. Apigenin and luteolin belong to the
most widely spread representatives of this group. As was shown in various animal models and cell
lines, the antidiabetic effects of flavones are typically manifested by modulation of glucose uptake,
insulin secretion and related signaling, that results in suppression of oxidative stress and
inflammation [107]. For instance, apigenin improved glucose tolerance and insulin sensitivity in
experimental animals (mice) with diabetes induced by a high fat diet. These effects were underlied
by activation of AMPK and inhibition of the NF-«B signaling [108]. Moreover, luteolin was shown to
reduce blood glucose levels and to improve lipid profiles of the streptozotocin-treated diabetic rats
due to activation of antioxidant enzymes and suppressing inflammatory cytokines [109].

The isoflavone biosynthesis pathway is mainly distributed in leguminous plants [110] and leaded
by isoflavone synthase (IFS). Isoflavones have unusual position of B-ring, which located at C3 instead
of C2 in flavones. Due to their well-characterized potential for modulation of glucose uptake, insulin
secretion and signaling, suppression of oxidative stress and inflammation, isoflavones are universally
recognized as potent anti-diabetic agents.

Genistein and daidzein represent the most prominent examples of the naturally occurring
isoflavones. Thus, genistein has increased the secretion of insulin from pancreatic -cells via
activation of cyclic AMP/protein kinase and showed its hypoglycemic activity by the phosphorylation
of cyclic AMP/protein kinase along with GLUT1 and GLUT4 mRNA expressions in the L6 myotubes
[111]. In turn, daidzein was shown to decrease blood glucose levels and to improve lipid profile in
streptozotocin-induced diabetic rats by activation of antioxidant enzymes and expressional
suppression of inflammatory cytokines [112].

Flavonols represent a sub-class of flavonoids featured with a hydroxyl group at C3 and variable
hydroxyl substitutions in the A and B rings. Quercetin, kaempferol, and myricetin belong to the most
widely spread in nature flavonols [113]. All these compounds proved to be promising anti-diabetic
agents. Thus, due to its ability to stimulate translocation of GLUT4 and to enhance phosphorylation
of Akt (protein kinase B), quercetin was shown to decrease blood glucose levels and to improve
insulin sensitivity in streptozotocin-treated diabetic rats [114]. Further, already in the beginning of
the last decade, Lee and coworkers reported protective effects of kaempferol in the model of cultured
pancreatic 3-cells. Application of this natural product suppressed glucotoxicity-induced apoptosis
and increased insulin secretion from the INS-1 cells by activation of the Nrf2/HO-1 signaling pathway
[115]. Finally, myricetin improved glucose tolerance and insulin sensitivity in the mouse model of
T2DM based on the high fat diet. This effect was underlied by enhancement of AMPK expression and
transcriptional suppression of the peroxisome proliferator-activated receptor gamma (PPARY)
coactivator-la (PGC-1at) gene [116].

Leucoanthocyanidin is an important metabolic intermediate in the flavonoid pathway and the
direct precursor in the anthocyanidin synthetic pathway in the reaction catalyzed by anthocyanidin
synthase (ANS) [117]. The pelargonidin, cyanidin and delphinidin are examples of anthocyanins,
which can be converted to stable anthocyanins by glycosylation under the activity of UDP-glucose
flavonoid 3-glucosyltransferase (UFGT) [118]. It was shown that cyanidin improved glucose tolerance
and insulin sensitivity in high-fat diet-induced diabetic mice by stimulating GLUT4 translocation and
enhancing Akt phosphorylation [119].

Proanthocyanidins are generated from leucoanthocyanidins and anthocyanidins by
leucoanthocyanidin reductase (LAR) which catalyzes the C-4 dehydroxylation of the C ring, and
anthocyanidin reductase (ANR), which catalyzes the removal of a double bond at ring C respectively
[98]. Flavan-3-ols, trans-flavan-3-ols, and cis-flavan-3-ols are the basic polymerization (or
condensation) units for proanthocyanidins formation [120], so they are also known as condensed
tannins.

Tannins are the high-molecular-weight polyphenolic compounds that can be found in a variety
of plant species and foods. Tannins are able to bind to proteins and other chemical molecules, such
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as amino acids and alkaloids, and cause them to precipitate [121]. Coffee, tea, wine, grapes, apricots,
barley, peaches, dry fruits, mint, basil, rosemary, pomegranate, strawberries, amla, clove, rice, oat,
rye etc. are some important sources of tannins [122]. Tannins usually exist in two common types —
condensed tannins which are oligomers or polymers of polyhydroxyflavan-3-ol monomer units
linked by acid-labile 4 — 6 or 4 — 8 bonds [123].

Hydrolysable tannins

The latter group of compounds needs to be distinguished from hydrolysable tannins which are
characterized by a monosaccharide, normally D-glucose, esterified with one or more molecules of
gallic acid (gallotannins), or ellagic acid (ellagitannins) [49]. These plant secondary metabolites are
known for their anti-inflammatory [124], antibacterial [125], antioxidant [126], antidiabetic [127,128]
and anticancer activities [129]. Therefore, these natural products are widely employed in therapeutic
strategies to prevent onset of cardiovascular, neuroprotective and metabolic diseases.

Chandak and co-workers reported the antidiabetic effect of hydrolysable tannins, where
gallotannin was shown to reduce the overexpression of poly ADP-ribose polymerase (PARP) after
four weeks of treatment in streptozotocin-induced diabetic rats [130]. Gallic acid, which is a
monomeric unit of soluble tannins, was also reported to have antidiabetic effects by enhancing insulin
receptor sensitivity and by modulating oxidative stress and inflammation [131,132]. Condensed
tannins also have beneficial effects in the management of diabetic complications such as retinopathy
and neuropathy, for example proanthocyanidins from grape seed affect inflammatory cascade
involved in diabetic retinopathy by regulation of related protein expression like NF-k{3, inducible NO
synthase (INOS), COX-2 and inhibitor-binding protein kB-a [133]. Additionally grape seed
proanthocyanidin containing oligomers of catechin and epicatechin and their gallic acid esters
alleviates hyperglycemia and reduces Ca? overload by increasing Ca*-ATPase activity in sciatic
nerve [134].

Other phenolics

Lignans

Lignans constitute the class of polyphenols comprising a characteristic 2,3-dibenzylbutane
structure that derived from the oxidative dimerization of two or more phenylpropanoid units [135].
These compounds have important roles in plant physiology, development, ecology (i.e., interactions
and adaptations to ever-changing environments), and in plant defense protection against a variety of
herbivores and microorganisms [136]. Lignans are found in flax seeds, sesame seeds, soybeans and
all foods derived from plant shoots and roots [137]. Upon consumption with food, they are
hydrolyzed by human intestinal microbiota and further metabolized to yield mammalian lignans,
such as enterodiol and enterolactone. secoisolariciresinol diglucoside is hydrolyzed by f-
glucosidases derived from anaerobic organisms into aglycone secoisolariciresinol, which undergoes
processes of dehydroxylation and demethylation by intestinal microbiota and transformed into
enterodiol and also oxidized to yeild enterodiol [138].

Due to their structure, enterodiol and enterolactone can mimic the effects of endogenous
estrogens, so their plant-derived precursors (secoisolariciresinol diglycoside and matairesinol) are
considered to be phytoestrogens [139]. In other words, enterolignans can exert estrogenic activity and
could act as estrogen agonists or antagonists depending on the target tissues, doses and endogenous
circulating sex hormone profile [86], for example, phytoestrogens have protective effect against
hormone-dependent cancers, especially breast cancer, and proestrogens properties to correct the age-
related hormonal deficiency in menopausal syndromes, and cardiovascular diseases [140]. On the
other hand, phytoestrogens can also exert non-estrogenic activity such as antidiabetic activity, which
might rely on both estrogen-dependent (e.g., altering glucose metabolism by directly modulating
concentrations of circulating sex hormones that have a relationship with T2DM development [141],
and this effects have been supported by some studies on human [142]) and estrogen-independent
pathways (e.g., suppression of the phosphoenolpyruvate carboxykinase (PEPCK) gene expression
which catalyzes the first step in hepatic gluconeogenesis [143,144]).Secoisolariciresinol diglucoside
(SDQ) is the major antidiabetic lignan from flax seeds [145]. Recently, it was reported to reduce the
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incidence of TIDM and to delay the progress of T2DM in humans. The anti-diabetic effect of SDG is
underlied by modulation the expression of the genes involved in glucose and lipid metabolism, by
improving the function of pancreatic (3-cells and by suppression of oxidative stress and inflammation
[146].

Lignins

Lignins are polymeric polyphenols consisting of phenylpropanoid monomer units [147]. They
are ubiquitous constituents of the secondary cell walls of vascular plants, where they play structural
and protective roles. These polymers are known for their antioxidant, anti-inflammatory,
antimicrobial and anticancer activities [148]. The antidiabetic effects of lignins are less studied in
comparison to other classes of polyphenols, although their positive effect on glucose tolerance and
insulin sensitivity was reported [149]. The possible mechanisms behind these activities might rely on
inhibition of a-glucosidase, activation of AMPK, modulation of insulin signaling and expression of
the genes related to glucose metabolism [149].

2.1.2. Alkaloids

Alkaloids represent a large (more than 10,000 representatives) and diverse class of nitrogen-
containing plant SMs [150]. These compounds are found approximately in 25% of angiosperm species
in essentially varying abundances [151].

Metabolically, alkaloids are derived from amino acids and contain one or more nitrogen atoms
in their structure, most often, within one or several heterocyclic rings [152]. Such heterocyclic
nitrogen-containing compounds are typically referred to as true alkaloids, whereas aliphatic amino
acid-derived nitrogen-containing compounds (e.g. hordenine, ephedrine, colchicine and capsaicin)
are termed as protoalkaloids or aminoalkaloids [153]. Both true alkaloids and proto-alkaloids are
splitted in several classes according to their amino acid precursors [49,150]. This classification is
summarized in Table 2. In total, about 800 alkaloid-producing medicinal plants species were reported
to have more or less pronounced antidiabetic activity [154,155]. Recently, scientific databases were
comprehensively screened to highlight the biological activity of 78 PAs with a considerable anti-
diabetic profile, based on the results of these studies, all these compounds appeared to be potent anti-
diabetic agents [156]. Specifically, these phytochemicals, in general, were shown to be potent potent
a-glucosidase inhibitors [156].

Family Fabacea is known for multiple widely spread species with rich alkaloid patterns, which
might be promising as the sources of anti-diabetic metabolites. For example, since the medieval times,
preparations based on Galega officinalis extracts are well-recognized as efficient remedies for the
treatment of diabetes mellitus. The active component of the G. officinalis extracts, which resulted in
pronounced drop in the blood glucose levels, appeared to be galegine [157]. This natural product is
the representative of guanidine alkaloid and is well-known for its weight reducing potential, which
is underlied by inhibition of fatty acid synthesis and enhancement of fatty acid oxidation [158].

Four indole alkaloids (vindoline, vindolidine, vindolicine, and vindolinine) were isolated from
dichloromethane leaves extract of Catharanthus roseus and demonstrated antidiabetic potential in
pancreatic 3-TC6 or myoblast C2C12 cells besides exhibiting notable protein tyrosine phosphatase-
1B (PTP-1B) inhibitory properties [159]. Mahanine - a dimeric carbazole alkaloid found in the leaves,
stem bark, and roots of the Murraya koenigii plant, was shown to exhibit significant a-glucosidase
inhibitory properties [160]. Further, several steroidal alkaloids isolated from Sarcococca saligna possess
hypoglycemic effect and improve others diabetes associated complications [161].

Although multiple alkaloids were shown to be promising antidiabetic agents, their activity was
mostly confirmed by in silico, in vitro, and in vivo approaches, while the corresponding mechanisms
are still poorly characterized. Therefore, preclinical and clinical studies accompanied with
comprehensive pharmacokinetic and toxicological surveys are still required to consider alkaloids as
safe and efficient biopharmaceuticals. This aspect is critically important, as numerous representatives
of this group are featured with high toxicity and their application even in folk medicine might be
dangerous for human health, that might be manifested with diverse adverse effects, such as nausea,
vomiting, diarrhea, headache, dizziness, hallucination, convulsion and cardiac arrhythmia by
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interfering with various physiological processes and receptors [162]. Therefore, selection of
formulation, dosage and administration routes of requires a special attention to secure safety and
ensure desired therapeutic outcomes.

In agreement with this fact, one needs to keep in mind that several factors that might directly
affect the toxicity and pharmacokinetics of alkaloids need to be addressed in much detail. Specifically,
their chemical structure, solubility and ADME (absorption, distribution, metabolism, excretion)
properties need to be comprehensively characterized. Moreover, the molecular targets and
intracellular interaction partners need to be identified to get the first insight in the mechanisms
underlying their activity. For example, jatrorrhizine (which belongs to the group of isoquinoline
alkaloids with pronounced antidiabetic activity) has low oral bioavailability due to its poor solubility
and extensive metabolism by intestinal bacteria and liver enzymes [163]. Therefore, it might be better
administered intravenous. The targets and mechanisms, obviously, represent the most serious issues,
which require a deeper insight for most of the characterized alkaloids.

Table 2. Classification of alkaloids and anti-diabetic effects of their characteristic representatives.
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2.1.3. Terpenes

Terpenes represent the class of widely distributed natural products synthesized by diverse plant
and animal species [180]. Several representatives of this compound class were reported as
antihyperglycemic agents over the recent decades [180]. The molecular structure of terpenes
underlies their specific activity, binding affinity and specificity to various molecular targets, such as
enzymes, receptors and transporters involved in glucose metabolism [181]. Interestingly, the most of
the known natural terpenes are reported to be much less toxic than corresponding synthetic analogs
with similar mechanisms of action, although some of them accumulate in the liver and exert
pronounced toxicity [182]. Despite their relatively large molecular weight and high lipophilicity,
pronounced skin penetration potential and bioavailability of terpenes give access to a new way for
administration of antidiabetic drugs [182].

Terpenes are classified according to the number of isoprene units forming the carbon backbone
of the molecule: hemiterpenes, monoterpenes, sesquiterpenes, diterpenes, triterpenes, tetraterpenes
and polyterpenes. Multiple in vitro and in vivo studies [183] clearly showed that monoterpenes (e.g.
carvacrol, thymol, and linalool) can be used as antidiabetic compounds [183], either individually or
as parts of complex mixtures. Due to their relatively low molecular weights, compact and mostly
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linear molecular structures, sesquiterpenes appeared to be more efficient in treatment of diabetes in
comparison to monoterpenes or other terpene classes [184].

On the other hand, due to their different mechanisms of action, hydroxyl- and carboxyl-
substituted triterpenes can be also considered as anti-diabetic natural products, which might be
promising in treatment of DM both at its early stages and when complications are already well-
manifested [185]. The underlying mechanisms employ modulation of glucose transporters,
enhancement of insulin secretion and insulin sensitivity, inhibition of carbohydrate-digesting
enzymes, suppressing oxidative stress and inflammation [182]. This might result in prevention or
reversal of 3-cell dysfunction, attenuation of renal damage and neuropathic pain. Thus, such terpenes
might be efficient in the treatment of diabetic retinopathy, neuropathy and nephropathy or in
impaired wound healing by inhibition of several signaling pathways, e.g. those related to protein
kinase C, receptors for advanced glycation end products (RAGEs) and transcription factor nuclear
factor-kB (NF-xB). Thus, such widely spread triterpenes as oleanolic acid, ursolic acid and betulin
were efficient in clinical trials. In general, analysis of the structure-activity relationships (SAR) of
triterpenes revealed that hydrogen bonding and hydrophobic interaction might favor antidiabetic
activity [182].

2.1.4. Minor Secondary Compounds

Sulfur-Containing Compounds

Organosulfur compounds are organic molecules that contain sulfur and are associated with the
pungent odors characteristic of vegetables that contain these metabolites [186]. Allyl sulphides and
isothiocyanates (ITC) are two classes of reactive organosulphur compounds [187]. Allyl sulphides can
be found in vegetables of the genus Allium, especially garlic, onions, leeks and chives, such as alliin,
allicin, S-allylcysteine, S-allylmercaptocysteine [188]. Allicin from garlic extract is S-allyl-2-propene
sulphinothioic acid ester formed from alliin by an enzyme alliinase and represents the precursor for
several other sulphur volatile compounds as methyl allyl disulphide, diallyl disulphide, dimethyl
trisulphide, allyl methyl trisulphide, diallyl trisulphide and sulphur dioxide [189]. Allyl sulphides
exhibit several biological activities including anti-inflammatory, anti-carcinogenic, and anti-
angiogenic effects [190].

Anti-diabetic potential was demonstrated for all these bioactive metabolites. For example, by in
vitro study on streptozotocin-induced diabetic rats was shown that daily intragastric doses of allyl
methyl sulfide, a major volatile garlic metabolite, for 30 days resulted in a significant attenuation in
blood glucose, in expression of pro-inflammatory markers TNF-a, IL-6, NF-kB p65 unit and
significant elevation in the plasma insulin level [191]. The treatment of streptozotocin-induced
diabetic with S-allyl cysteine also resulted in a substantial reduction in blood glucose indicating that
SAC has antihyperglycemic properties [192]. Ahmad and co-authors demonstrated the potential
antidiabetic activity for alliin, S-allyl-L-cysteine, N-acetylcysteine, and S-ethyl-L-cysteine as inhibitors
of a-amylase and a-glucosidase via a set of in silico and in-vitro analysis [193]. In addition,
cruciferous vegetables (Brassicaceae family) such as broccoli, cauliflower, Brussels sprouts, and
cabbage represent a rich dietary source of glucosinolates (GLS), which are sulfur- and nitrogen-
containing compounds, derived from glucose and amino acids [194]. They play a key role in defense
against insect herbivores and attracting pollinators [195]. There are aliphatic GLS such as
glucoraphanin, gluconapin, sinigrin, progoitrin and glucoiberin), and indolyl-GLS (e.g.
glucobrassicin) [196]. When cruciferous vegetables tissues are damaged during chewing or cutting,
the endogenous enzyme myrosinase is released and break the 3-thioglucoside bond of glucosinolates,
resulting in isothiocyanates (hydrolyzed products) that have in common the R-N=C=S functional
group [197]. Glucoraphanin [4-methylsulfinylbutyl glucosinolate] is the predominant glucosinolate
which is hydrolyzed its corresponding isothiocyanate, sulforaphane [l-isothiocyanato-4-
(methylsulfinyl)-butane] [198]. Sulforaphane can activate the Nrf2 factor, which regulates antioxidant
defense and phase two enzymes. Sulforaphane also inactivates NF-kB, which controls cytokine
production and development of inflammatory response [199].
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It was shown recently, that sulforaphane can improve pancreatic function, lowered blood
glucose levels, decreased insulin resistance, and enhanced intestinal metabolism. Sulforaphane also
attenuated inflammation and oxidative stress in liver and muscle tissues [200]. Thereby, it positively
affects homeostasis of glucose, which relies on (i) regulation of blood glucose levels by insulin
secretion and action, (ii) glucose uptake and utilization by peripheral tissues and (iii) glucose
production by the liver.

Polyacetylenes

Polyacetylenes are the natural products which can be found in various plant-derived foods, i.e.
vegetables and fruits [201]. They may have beneficial effects on glucose metabolism and insulin
sensitivity, which might be underlied by modulation of the PPARY receptor activation. This receptor
is the key regulator involved in onset of insulin resistance and triggering of systemic inflammation
[202]. Studies, accomplished with different models of diabetes showed that polyacetylenes from roots
of carrots (Daucus carota L., Apiaceae), Oplopanax horridus and Panax ginseng can increase PPARy
transactivation and stimulate insulin-dependent glucose uptake [203,204]. Polyacetylenes might act
as partial PPARY agonists, similar to long-chain polyunsaturated fatty acids [204]. However, further
studies are needed to elucidate their molecular targets, pharmacokinetics, toxicity and clinical
efficiency [205].

3. Mechanisms Behind Anti-Diabetic Activity of Plant-Derived Natural Products
3.1. Antioxidant Activity - Detoxification of Reactive Oxygen Species (ROS)

Currently, there is no doubt that reactive oxygen species (ROS), which predominantly are
represented with hydrogen peroxide (H202), superoxide anion radical (O2), hydroperoxyl radical
(HOz2), singlet oxygen, hydroxyl radical (OH), nitric oxide (NO), peroxynitrite, as well as RNS
(reactive nitrogen species) such as nitric oxide (NO), nitrogen dioxide (NO2), and the non-radical
peroxynitrite (ONOO). It is well-known that ROS play a significant role in the pathogenesis of T2DM
and in development of its complications [206].

ROS and RNS are quite common tissue metabolites which are constitutively produced in human
organism via several pathways. The most important source of ROS is the electron transport chains
(ETCs) of chloroplast and mitochondria, where continuous leak of electrons with partial reduction of
molecular oxygen occurs [207]. The resulting mtROS (mitochondrial ROS), mainly superoxide anion
radicals, are formed due to electron leakage from respiratory complexes I and III [207], and hydroxyl
radical via iron-mediated Fenton reaction [208], as shown in Figure 1.

Under normal conditions, coupled respiration on glutamate/malate (GM) or pyruvate/malate
(PM) activates the Krebs cycle enzymes 2-oxoglutarate dehydrogenase (OGDH), malate
dehydrogenase (MDH), and pyruvate dehydrogenase (PDH), and maintains a low membrane
potential as the fifth respiratory Complex, the ATP synthase (CV), is producing ATP. These enzymes
reduce NAD+ to NADH, which is, in turn, a substrate of the first respiratory Complex (CI). Electrons
flow down the chain and reach the third and fourth respiratory Complexes (CIII, CIV). The
production of ROS in this forward electron transfer (FET)
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Figure 1. Production of ROS in Mitochondria (Adapted from Matteo Martini [209]).

situation is minimal, and is commonly by CI, the outer ubiquinone-binding site of CIII (CIIL)
and OGDH [210]. Manganese superoxide dismutase (Mn-SOD) converts the superoxide radical to
hydrogen peroxide in the mitochondrial matrix (MM), while Cu- and Zn-SOD convert the superoxide
radical in the intermembrane mitochondrial space or cytosol [211]. The H20: in the MM can be
converted further via a Fenton reaction by mitochondrial aconitase to a hydroxyl radical (¢OH) [212].

Under normal conditions, these ROS play mostly regulatory role and are continuously
detoxified by an arrow of low-and high molecular weight antioxidants [213], for example, glutathione
peroxidases (GPXs), thioredoxin peroxidases (TRXPs), superoxide dismutases (SODs),
peroxiredoxins (PRDXs), glutathione (GSH), thioredoxin 2 (TRX2), glutaredoxin 2 (GRX2),
cytochrome c oxidase (complex IV), coenzyme Q, ascorbic acid, tocopherol, vitamin E, and carotene,
catalase (CAT), also detoxifies H202 in the peroxisome [214].

Under pathological conditions, such as hypoxia or mitochondrial dysfunction, the
concentrations of mtROS increase and their production overwhelms the capacity of the antioxidant
system. This ultimately results in development of oxidative stress [215]. Moreover, non-
mitochondrial sources of ROS — nicotinamide adenine nucleotide phosphate oxidase (NOX) [216],
xanthine oxidoreductase (XOR) [217], monoamine oxidases [218], NOS (nitric oxide synthase) [219],
lipoxygenases (LOXs) and cyclooxygenases (COXs) [220] strongly contribute in manifestations of
oxidative stress in tissues. Prolonged enhancement of ROS generation and accompanying oxidative
stress result in depletion of all cellular redox-based stress-protective systems and suppression of
antioxidant activity [221]. Such shifts in redox metabolism typically accompany hyperglycemia,
inflammation, dyslipidemia and underlie associated distortion of cellular metabolism and cell
damage [222].

Under hyperglycemic conditions accompanying the T2DM pathology, glucose and lipid
metabolism become the principal sources of ROS overproduction behind the development of
oxidative stress [223]. Indeed, due to increased formation of ROS, the processes of glyco- and
lipoxidation are enhanced, that is accompanied with overproduction of a-dicarbonyl compounds
[224]. The latter, in turn, are the key players of advanced glycation and act as direct precursors of
advanced glycation end products (AGEs) [225,226]. Thereby, glyoxal (GO), methylglyoxal (MGO)
and 3-deoxyglucasone (3-DG) are the most abundant tissue a-dicarbonyls, which are overproduced
under hyperglycemic conditions [227]. The most pronounced sources of these compounds are sugar
and lipid metabolism, specifically — reactions of glycoxidation and lipoxidation [228]. On the other
hand, essential part of the cellular MGO pool originates from glycolysis — specifically, from non-
enzymatic conversion of glyceraldehyde-3-phosphate (G-3-P) [229]. This dicarbonyl compound
readily modifies not only proteins, but also nucleic acids. Thus, its overproduction is associated with
enhanced DNA damage and, consequently, activation of the repair enzyme poly-ADP-ribose
polymerase 1 (PARP1) [230]. PARP1 inhibits glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
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[231], resulting in accumulation of G-3-P and other intermediates of glycolysis with further
enhancement of MGO production. Thus, increasing overproduction of «a-dicarbonyls (the
phenomenon known as carbonyl stress) results in enhancement of advanced protein glycation and
formation of AGEs [232]. It is well-known to date, that accumulation of AGEs in human blood and
tissues ultimately causes sub-clinical systemic inflammation in humans and triggers activation of pro-
inflammatory signaling pathways [233].

Not less importantly, increased concentration of dihydroxyacetone-3-phosphate (DHAP), which
is reduced by glycerol-3-phosphate dehydrogenase to glycerol-3-phosphate, in the presence of free
fatty acids, in turn, increases diacylglycerol concentration and activates proinflammatory protein
kinase C-mediated signaling pathways [234]. Further, accumulation of ROS disrupts the hexosamine
pathway of glucose oxidation, which is associated with enhanced expression of the mitogenic
transcription factors TGF-a and TGF-f3 [235].

Taking all this information into account, it is logical to assume that the search for compounds,
which target the mechanisms of ROS generation and a-dicarbonyl production (which will be
considered in more detail below), might be a promising strategy to control the progress of diabetes
and its complications. In general, antioxidants modulate redox equilibrium by restraining and/or
retarding multiple oxidative reactions via different mechanisms. Thus, antioxidants can act as
scavenging agents reducing equilibrium concentration of ROS in intra- and intercellular liquids.
Thereby, on one hand, antioxidants can be chelating agents, which are involved in formation of
complexes with metals. On the other, they can play the role of radical traps, i.e. the molecules, able
to interrupt free-radical chain reactions [236]. Most often, the latter group comprises phenolics,
primarily polyphenols — anthocyanins and flavonoids. Thus, the search for new ROS-protectors
among these compound classes, which might activate antioxidant protection of the cell, can be
considered a promising strategy. Thereby, transcription factors Nrf2 and NF-kB, which are important
regulators of the cell response to oxidative stress [237], might be considered as the key targets of this
strategy.

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a basic leucine zipper transcription factor
that belongs to the Cap'n'Collar (CNC) family [238,239]. Its cellular contents are quite low under
normal conditions, as this protein is constantly degraded in the proteasome (half-life of only 20
minutes [240]), bound to two molecules of the Keapl protein (the adaptor of E3 ubiquitin ligases)
[241]. Under oxidative stress, the conformation of the Keap1 protein changes, and it dissociates from
Nrf2. Due to this, the Nrf2 factor avoids proteasomal degradation, its concentration in cytosol
increases that triggers its transport to the nucleus. In the nucleus it forms a heterodimer with the Maf
protein, which binds to antioxidant response element (ARE) sequences, activating gene transcription
of antioxidant defense system including (peroxiredoxin 1 (PRDX 1), glutathione reductase (GR),
thioredoxin reductase 1 (TXNRD 1) or sulfiredoxin (SRXN)), enzymes and metabolic regulators
(glucose-6-phosphate dehydrogenase (G6PD), transketolase, malic enzyme, RXRa, PPARy-
coactivator 1 3 (PGC1-B)) [242].

The targets of Nrf2 include the genes involved in protein transport, ubiquitination,
phosphorylation, cell cycle regulation, growth, and apoptosis. Moreover, activation of Nrf2 leads to
down-regulation of fatty acid biosynthesis. Importantly, stability of Nrf2 can be affected not only by
the Keap1 protein, but also by glycogen metabolism and autophagy. Phosphorylation of p62 protein
by some protein kinases (in particular AMPK) leads to degradation of Keapl and accumulation of
Nrf2 in the cytosol. Interestingly, while p62 is a target for Nrf2, this factor itself serves as a target for
several protein kinases, among which are PKC, AMPK, Cdk5, MAPK, ERK, JNK, PI3K/Akt, PKA.
Thereby, signal transduction from the membrane receptors to the transcription machinery is
established [243].

NF-kB plays the key role in the development of acute and chronic inflammation, autoimmune
diseases, and carcinogenesis. The canonical pathway of NF-kB activation is mediated by the inhibitor
of kB (IxBa), which binds the NF-kB dimer, preventing its activation. In response to external stimuli,
IkBa undergoes phosphorylation by IkB kinase (IKK), which results in ubiquitination of IxBa protein,
dissociation from NF-«xB and allowing it to transport into the nucleus and bind to DNA. The target
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genes of NF-kB are cytokines, chemokines, iNOS, COX, endothelin-1, and lipoxygenase; metabolic
changes associated with diabetes have been shown to result from NF-«B activation [244].

Nrf2 and NF-kB signaling pathways affect each other in different ways. Thus, the p65 subunit of
NF-«kB was shown to inhibit the Nrf2 pathway at the transcriptional level, both by competing for
binding with Nrf2 coactivators and by affecting the histone acetylation-deacetylation system [245].
On the other hand, Nrf2 inhibits the NF-kB signaling pathway, as was shown in in vitro study on mice
with Nrf2 gene knockout and astrocytes [246]. Thus, reduction in Nrf2 levels increases NF-xB
expression, resulting in increased formation of proinflammatory factors, and vice versa, NF-«B affects
the transcription of target genes involved in regulation of Nrf2 transcription and activity.

Multiple steps in the mechanism of Nrf2 activation can serve as targets for plant metabolites.
Treatment of the MING cell line with endogenously expressed naringenin resulted in suppression of
oxidative stress, translocation of Nrf2 to the nucleus, and an increase in Nrf2 expression using the
Nrf2-Keapl complementation system [247].

Curcumin and sulforaphane covalently modify several cysteine residues in the Keap1 protein,
thereby causing its dissociation and increasing the stability of Nrf2 [248,249]. It was also proposed
that these substances can act as epigenetic regulators, inhibiting histone deacetylases and activating
histone acetylases, contributing to chromatin remodeling and activating expression of the Nrf2 gene
[250].

Compounds that modulate the activity of protein kinases can be considered promising
antidiabetic agents. Particularly, berberine, as an antidiabetic compound, via AMPK activating
promotes glycolysis through increased glucokinase activity, increased insulin secretion, and
suppressed hepatic gluconeogenesis and adipogenesis [251].

The natural products, which simultaneously activate Nrf2 and inhibit NF-kB signaling
pathways, represent other promising targets. For example, andrographolide, a labdane diterpenoid
isolated from Andrographis paniculata, forms Michael acceptor dependent adducts with Cys151 in
KEAP1 in vivo, leading to inhibition of NRF2 ubiquitination and consequently accumulation of the
transcription factor [252]. Andrographolide upregulates NRF2 through p38 MAPK and ERK
activation. In addition, andrographolide can also form adducts with Cys77, Cys151, Cys273, and
Cys368 in KEAP]I, resulting in its dissociation from Nrf2 and increasing the lifetime of the latter.

3.2. Inhibition of a-Glucosidase and a-Amylase

Amylase inhibitors suppress the release of glucose from oligo- and polysaccharides in intestine
that results in a delay in its absorption. It leads to a decrease in postprandial glycemia and a general
decrease in hyperglycemia [253].

To date, several benzoic acids and their derivatives were shown to act as inhibitors of a-
glucosidase. Thus, Chen and co-workers showed that these compounds interact with the active site
of the enzyme through hydrogen bonding and m-interactions [254]. However, benzoic acid
derivatives are rarely considered as antidiabetic drugs because they have low bioavailability, poor
solubility, and high toxicity [56].

Recent studies have shown that coumarins are potent inhibitors of a-glucosidase and/or a-
maltase, i.e. the enzymes converting disaccharides to simple monosaccharides such as glucose. These
inhibitory effects can be attributed to characteristic structure moieties of the natural coumarine
derivatives, especially to the biaryl C-C or C-O-C linkages, to the terpene side chain and to the
characteristic cyclobutane ring [85]. Some examples of natural coumarins with antidiabetic activity
are scopoletin from Morinda citrifolia, auraptene from Citrus aurantium, and umbelliferone from
Angelica archangelica. Besides these natural products, several synthetic derivatives were proposed as
the potential anti-diabetic agents - such as flavonoid-coumarin hybrids, coumarin-cyclic imide
conjugates, 3-coumarin-carbohydrazides, and 3-coumarin-carbohydrazones. However, the effects
of these compounds are still insufficiently characterized [37,85].

The double bond at C2-C3 and the keto-group at C4 represent the two structural features, which
are critically important for the inhibitory activity of flavonoids against a-glucosidase and a-amylase
[255]. Methylation and acetylation of specific hydroxyl groups at the polyphenol core were found to
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decrease antioxidant and antidiabetic enzyme inhibition activity in vitro [256]. Thus, flavonoids
having quercetin, myricetin, kaempferol, and genistein cores as aglycons were reported to inhibit
alpha-glucosidase and alpha-amylase, and promote glycogenesis [257]. The inhibitory effects on a-
glucosidase were also reported for anthocyanins, stilbens, terpenoids and some other minor classes
of secondary metabolites.

3.3. The Effects of Natural Products on Glucose Absorption and Transmembrane Transport

Binding of insulin to its receptors on the surface of myocyte and adipocyte plasma membrane
triggers recruitment of IRS (insulin receptor substrate) proteins. Insulin signaling leads to the
activation of phosphatidylinositol 3-kinase (PI3K), which phosphorylates phosphatidylinositol-4,5-
bisphosphate (PIP2) to generate phosphatidylinositol-3,4,5-trisphosphate (PIP3). PIP3 recruits and
activates Akt, which phosphorylates several important players of signaling pathways. Akt
phosphorylates glycogen synthase kinase-3 (GSK-3), that results in its inhibition and promotion of
glycogen synthesis. Akt also phosphorylates AS160, a protein involved in GLUT4 translocation [258].
Phosphorylation of AS160 by Akt inhibits its activity, leading to the translocation of GLUT4 to the
plasma membrane. This allows enhanced glucose uptake by the skeletal muscle cells. Thereby, plant-
derived natural products might affect both expression of the receptor and its translocation to the
plasma membrane [259].

The biological activities of this type are well-characterized for alkaloids, which are generally
known as potent biological effectors [260]. For example, steroid alkaloids isolated from Sarcococca
saligna demonstrated clear hypoglycemic effects and appeared to reduce severity of other
complications associated with DM like retinopathy, polyphasia, polyurea and cardiovascular
problems [161]. Similar conclusions could be drawn about vindolidine isolated from Catharanthus
roseus [159].

Another group of anti-hyperglycemic compounds is represented by terpenes [261]. For example,
administration of the triterpene betulin, isolated from the root bark of Euclea undulate, resulted a
significant reduction in blood glucose levels in comparison to the reference synthetic drug
glibenclamide and no side effects. At the molecular level, this effect is underlied by inhibition of the
transcription factor controlling the biosynthesis of cholesterol, fatty acids and triglycerols - sterol
regulatory element-binding protein (SREBP) [34]. When cellular cholesterol levels are low, SREBPs
are activated and translocated to the nucleus, where they bind to specific DNA sequences known as
sterol regulatory elements (SREs) [262]. When bound to SREs, SREBPs promote the expression of
genes involved in cholesterol synthesis, fatty acid synthesis, and triglyceride synthesis, leading to an
increase in lipid production [263]. The precise extent of SREBP inhibition and its impact on lipid
synthesis may vary under different physiological or pathological conditions [264].

Similarly, monoterpenes, like carvacrol, cymene and genipin, or the combination of linalool and
limonene (the latter is also known as a protein glycation inhibitor), showed improved glucose uptake
[183]. Therefore, due to their effect on glucose transport, some monoterpenes, such as carvacrol and
thymol, are widely used as biologically active constituents of foods [183].

Some antidiabetic therpene-rich plant isolates are already commercialized. For example,
glucosol (1% w/v corosolic acid) — a well-standardized formulation isolated from Lagerstroemia
speciosa leaves, was shown to reduce blood glucose levels in a randomized clinical trials with T2DM
patients 135. Triterpene glycoside desmethoxysenegin Il isolated from the rhizomes of Polygala senega
Linn. reduces the blood glucose levels in healthy, non-diabetic mice [182].

PPAR is a group of three nuclear receptors (PPARY, PPARa, and PPAR®) which bind to response
elements in the promoters to control gene expression. PPARy plays an important role in lipid
metabolism, inflammation, immunity, and glucose homeostasis [265]. Specifically, its activation
controls the expression of transcription factors, which are secreted by adipose tissue and affect insulin
sensitivity. Also, certain cytokines and lymphokines are secreted by adipocytes and immune cells
residing in adipose tissue, collectively known as adipose tissue-derived cytokines or adipokines.
These adipokines can modulate insulin signaling and glucose metabolism in various tissues [266].
This might directly modulate the expression of genes involved in glucose homeostasis such as GLUT4
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and CAP [267]. PPARy is induced during differentiation of preadipocytes in adipocytes. Thus,
modulation of PPARY transcript levels with receptor agonists remains an attractive pharmacological
target for the treatment and prevention of metabolic disorders, including diabetes mellitus
[183,268,269].

3.4. Enhancement of Insulin Secretion and Proliferation of Pancreatic p Cells

Enhancement of insulin secretion and proliferation of pancreatic $ cells is the key focus in
diabetes research. Incretins represent the group of hormones of the glucagon family, which are
secreted in the gut in response to consumption of foods, especially those containing glucose and fat
[270]. When the blood glucose contents get increased, incretins trigger insulin production in the
pancreas. To date, two intestinal hormones with an incretin effect are known: GIP (glucose-
dependent insulinotropic polypeptide), which is secreted in the distal ileum and colon by L-cells, and
GLP-1 (glucagon-like peptide-1), which is secreted in the duodenum and jejunum by K-cells. Both
hormones have low half-lives and are rapidly degraded by the enzyme DPP-4 (dipeptidyl peptidase-
4) [271]. Thus, prolongation of their life might give a pronounced anti-diabetic effect. Corresponding
therapeutically active agents might be either DPP-4 inhibitors or undegradable GLP-1 analogues
[272,273].

Coumarins (such as umbelliferone, esculentin and osthole) and their derivatives were reported
to fix pancreatic [3-cell damage and to be promising in treatment of DM and its complications [37]. In
pancreatic 3-cells, increased levels of free radicals can lead to oxidative stress and cell damage, which
is accompanied by a decrease in cell function and the development of DM. Coumarins such as
umbelliferone, esculetin, and osthole can reduce free radical levels and have an anti-inflammatory
effect, protecting pancreatic 3-cells from damage [274]. Also coumarins can increase the activity of
insulin-secreting channels and stimulate insulin release from pancreatic [3-cells. This helps to lower
blood glucose levels and improve DM control [275].

Flavonoids based on quercetin, myricetin, kaempferol, and genistein aglycon structures, were
found to protect pancreatic 3 cells from damage and to stimulate insulin secretion from {3 cells by
modulating various signaling pathways involved in glucose metabolism [257]. Pancreatic {3 cells are
vulnerable to oxidative stress, which can lead to their dysfunction and damage. By scavenging ROS
and increasing the cellular antioxidant capacity, flavonoids can protect (3 cells from oxidative damage
[276]. Flavonoids can inhibit the production of pro-inflammatory cytokines and enzymes, such as
tumor necrosis factor-alpha (TNF-a) and inducible nitric oxide synthase (iNOS), thus reducing
inflammation in 3 cells and promoting their function [277].

Not less importantly, non-proteinogenic amino acids, like taurine were shown to suppress
lowered fasting sugar and insulin levels [278]. However, their safety and efficiency need to be
addressed in further studies. The other group of active compounds — betains, are characteric for red
beet extracts [279]. Recently, Madadi et al [280] confirmed the anti-glycemic effect of betalains. These
natural products reduce glycemia by 40% without simultaneous weight loss or liver damage.
However, further experiments are required to confirm these results in vivo and the safety of betalains.

3.5. Inhibition of Protein Tyrosine Phosphatase Activity

Binding of insulin to its receptors results in a pronounced increase in the tyrosine kinase activity
[281]. It leads to autophosphorylation of the insulin receptor and sequential phosphorylation of the
whole cascade of downstream proteins ultimately resulting in the translocation of glucose transporter
proteins, particularly GLUT4, to the cell membrane [282]. This signaling cascade leads to glucose
accumulation and its enhanced utilization by the cell [283]. Similarly, activation of the leptin receptor
activates Janus kinase 2 (JAK2), which subsequently phosphorylates signal transducers and
transcription activator protein 3 (STAT3), thereby affecting fatty acid metabolism promoting fatty acid
oxidation and reducing fatty acid synthesis. These coordinated and interrelated effects of insulin and
leptin on glucose and lipid metabolism contribute to the regulation of energy storage [284].

The physiological regulation of the insulin- and leptin-dependent pathways is finely tuned by
the balance between phosphorylation and dephosphorylation of the corresponding receptors
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[285,286]. Phosphorylation enhances the signaling activity, while dephosphorylation attenuates it.
Protein tyrosine phosphatase 1B (PTP1B) is a common negative regulator of both insulin and leptin
signaling cascades. This fact makes it a promising therapeutic target for DM treatment [285,286]. This
effect was reported for a number of natural products of terpenoid and phenolic nature such as
curcumin, resveratrol, epigallocatechin gallate, and carnosic acid [287].

The obtained analogues of myristic acid (Khaya senegalensis and Tamarindus indica) showed
potent inhibitory activity on protein-tyrosine phosphatase in vitro, that indicated their value as
potential therapeutic agents. However, additional studies are needed to evaluate the efficiency and
safety of these compounds in living organisms [288].

In this context, Juglans regia (walnut) leaf extract represents a promising subject for research into
its potential role in the treatment of elevated blood glucose levels. Recent studies have shown that
walnut leaf extract enhances glucose uptake and inhibits PTP1B (tyrosine phosphatase), providing
justification for the traditional use of walnut leaf preparations against increased blood glucose levels.
Additional research in this area could help determine the optimal doses and regimens for walnut leaf
extract and evaluate its efficacy and safety in living organisms [289].

4. Suppression of a-Dicarbonyl Formation, Protein Glycation and Accumulation of AGEs as a
Mechanism Behind the Anti-Diabetic Activity of Plant Secondary Metabolites

4.1. Protein Glycation, Formation of a-Dicarbonyls and Accumulation of Advanced Glycation End Products
(AGEs)

The phenomenon of protein glycation was first discovered by Louis Camille Maillard in 1912
[290]. Because of this, the browning reactions occurring during thermal processing of foods are
collectively termed as Maillard reaction [290].

Generally, the complex process of glycation can be divided in two principal steps. First, carbonyl
groups of reducing sugars reversibly react with free amino/guanidino groups of proteins or peptides
(mainly with arginine, lysine and N-terminal amino acid residues), with lipids and nucleic acids
yielding unstable Schiff bases. These intermediates, ketoimines and aldoimines undergo spontaneous
intra-molecular rearrangements that form covalently bound, relatively stable aldoamines and
ketoamines, also known as Heyns [291] and Amadori products [292], respectively.

At the next step, the early glycation products are involved in oxidation, degradation and
condensation reactions, which yield advanced glycation end products (AGEs). This term, initially
proposed by Brownlee et al. in 1984 [293], defines the group of heterogeneous, chemically and
structurally diverse compounds formed by several pathways either exogenously or endogenously.
The process of AGE formation is usually referred to as advanced glycation [294].

To date, several principal pathways of AGE formation are known. On one hand, early glycation
products can be directly converted to AGEs by cross-linking with proteins, hydrolysis or irreversible
autoxidation (in the case of Amadori products, the latter is often referred to as Hodge pathway) [295].
On the other, AGEs can be formed directly by interaction of reactive amino acid residues with
carbonyl compounds such as glyoxal (GO), methylglyoxal (MGO), 1- and 3-deoxyglucosone (3-DG),
diacetyl, glyceraldehyde and glycolaldehyde [226,227]. The highly reactive carbonyl intermediates
can be generated by various rearrangements, dehydration, oxidative degradation or cyclization of
early glycation products, monosaccharides autoxidation (Wolff pathway) [296], in vivo conversion of
glucose to fructose (polyol pathway), lipid peroxidation (acetol pathway) [297], and oxidative
cleavage of Schiff bases (Namiki pathway) [298]. Importantly, the a-dicarbonyl-related pathways
often yield cross-linking AGEs that dramatically affects mechanical properties of AGE-modified
proteins [299]. The formation of AGEs is also promoted by oxidative stress.

Over the last decades, numerous AGEs were reported both in vitro and in vivo. Thereby, several
dozens of new glycation products were identified in human blood, tissues and in foods [300]. Based
on the source of their formation, these products can be classified as endogenous and exogenous AGEs
[301]. Endogenous AGEs are formed under physiological metabolic conditions, in presence of
pathology and during normal aging [301]. Exogenous AGEs are abundant in animal-derived foods
rich with protein and fat [302], especially thermally processed foods, known as dietary AGEs
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(dAGEs), and in tobacco smoke [303]. Dietary AGEs are widely used in food industry to improve
taste, safety and bioavailability of food [304]. The Department of Food Chemistry in Technical
University of Dresden created an AGE database to present the diversity and amount of dAGEs in
selected food products [305]. Recently, the process of AGE formation under diverse conditions was
comprehensively reviewed in much detail [228,306,307].

Accumulation of AGEs in the human organism leads to deleterious physiological effects. On one
hand, these effects can be underlied by modifications in structure and functions of extracellular and
intracellular proteins. The most of such effects are associated with cross-linking, which is known to
dramatically restrict elasticity of connective tissues during ageing [308]. On the other hand, the AGE-
associated effects might rely on activation of multiple signaling pathways associated with an array of
cell surface receptors [309]. These both mechanisms contribute to onset and progression of
pathological states, such as age-related diseases (diabetes mellitus, cardiovascular diseases,
neurodegenerative diseases and cancer and their complications [310].

4.2. Advanced Glycation End Products (AGEs) and Their Receptors

The major class of the cell surface receptors involved in recognition of AGEs and mediation of
the AGE-related physiological effects is the type I multi-ligand receptor for advanced glycation end
products (RAGE). The other receptors contributing in AGE recognition are - advanced glycation end
product (AGE) receptor 1, 2 and 3 (AGE-Rs), and scavenger receptor family (e.g. stabilin-1 and
stabilin-2). The structures, expression, ligands and signaling pathways of these receptors are
comprehensively reviewed elsewhere [307,309].

RAGE (Figure 2) is an immunoglobulin (Ig) superfamily of transmembrane proteins, originally
purified from bovine lung endothelial cells as a 35 kDa polypeptide [311]. It is a pattern recognition
receptor [312] that recognizes various ligands (AGEs, amyloid 3 peptide, S100/calgranulin protein,
HMGB1) and 1is expressed on the surface of several cell types (endothelial cells,
monocytes/macrophages, T-lymphocytes, dendritic cells, fibroblasts, smooth muscle cells, neuronal
cells, glial cells, chondrocytes and keratinocytes) [313]. The full-length RAGE (fl-RAGE) protein has
a large extracellular region with one V-type and two C type domains, a transmembrane-spanning
helix domain (TM), and a short cytoplasmic domain [314]. RAGE has different isoforms produced by
alternative splicing of fl-RAGE mRNA [315], two major variants are N-truncated RAGE and soluble
RAGE (sRAGE), which is secreted extracellularly and produced from proteolytic cleavage by
ADAMI10 and MMP9 [316]. AGE-RAGE interaction triggers signaling pathways that induce ROS
production and systemic inflammatory response, discussed in the next section.
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Figure 2. Structure of the full-length RAGE, including the variable (V) domain, constant (C1 and C2)
domains, the transmembrane region, and the cytoplasmic tail. A disulfide bridge between Cys38
(strand B) and Cys99 (strand F) links the two {3-sheets of the V domain.

4.3. Role of Glycation and AGE Formation in Diabetes Mellitus

The levels of protein glycation and AGE formation are increased progressively with normal
ageing, and appear to be further accelerated under hyperglycemic conditions during development of
diabetic complications [317]. The direct involvement of AGEs in the development of insulin resistance
was shown in mice, which demonstrated a pronounced decrease in the contents of the anti-AGE
receptor 1 (AGER1) and SIRT1 in various tissues after synthetic AGEs administration [318]. Thus, the
progress of DM is accompanied with accumulation of endogenous AGEs.

As was mentioned above, similarly to ingested dAGEs, the accumulated in the organism
endogenous AGEs exert their pathological effects through two main mechanisms: (i) interfering with
the normal function of serum or extracellular matrix (ECM) proteins by disruption of molecular
conformation, reduction of degradation capacity, alteration of enzyme activity and immunogenicity,
modifying protein half-life and cross linking [319] and (if) AGE-RAGE interaction, which triggers the
NADPH oxidase pathway and subsequent ROS generation [320] and induce intracellular signal
transduction through the activation of various kinases (e.g. phosphatidylinositol 3-kinase, PI3K),
which inhibit insulin-induced GLUT-4 translocation to the cell membrane, resulting in insulin
resistance [301]. This interaction also activates extracellular signal-regulated kinase/mitogen-
activated protein kinase (ERK/MAPK) pathway, and the Janus kinase/signal transducer and activator
of transcription (JAK/STAT) pathway [321]. These pathways increase the expression of transcription
factor activating protein-1 (AP-1) and nuclear factor kappa B (NF-kB), which is the main player of the
inflammatory response by promoting the expression of pro-inflammatory cytokines and chemokines
(IL-1, IL-6, TNF-a, monocyte chemoattractant protein-1 (MCP-1), intercellular adhesion molecule 1
(ICAM-1), vascular cell adhesion molecule-1 (VCAM-1) and endothelin-1 [313]. Thereby, a vicious
cycle of oxidative stress and inflammation cascade will be induced and ultimately lead to cell
apoptosis [310,322]. Therefore, AGEs accumulation indicates chronic hyperglycemia as well as total
metabolic burden, oxidative stress and inflammation [323]. AGEs can be considered as biomarkers
and mediators in many diabetic complications [319].

4.4. Anti-Glycation Effects of Plant Secondary Metabolites

It is well-known today, that glycoxidative stress and AGEs cause diabetes-related vascular
damage [324]. Antiglycative agents can block AGE formation or RAGE binding, preventing or
delaying, thereby, the progress of DM and its complications. Due to rich patterns of biological
activities, plant secondary metabolites attract a special attention of researchers as anti-glycative and
anti-diabetic agents [325].

Thus, phenolic compounds, such as phenolic acids, flavonoids, stilbenes and lignans
demonstrated pronounced antiglycative potential in vivo and in vitro [326]. The possible mechanism
behind are: i) trapping highly-reactive a-dicarbonyl compounds, ii) scavenging free radicals and
suppression of ROS generation, iii) chelation of metal ions, iv) interference with RAGE expression
and related signaling pathways, iv) inhibition of aldose reductase v) effect on the availability of
potential glycation sites in proteins, vi) reducing of blood glucose levels. Recently, Ramkissoon et al
showed correlation between the phenolic composition of extract obtained from tropical plants and
their antiglycative activities using in vitro glucose-bovine serum albumin (BSA) assay [327].

Terpenoids were also shown to be antiglycative [301,328]. Thus, pentacyclic triterpenoids, found
in hawthorn, bitter melon, oat, green tea, and herbal medicines [329], have antihyperglycemic and
anti-glycative activities. Oleanolic acid, ursolic acid and betulinic acid are recognized as potential
supplements or drugs for T2DM [330]. Iridoids, another terpenoid class, which is common in
medicinal plants. For example, iridoid glycoside aucubin prevents AGE formation and has
antioxidant and anti-inflammatory activities. Due to this fact, it is widely used as a Chinese herbal
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medicine for AGE-related diseases [331]. Wu and Yen [332] studied the effect of ten flavonoids on
AGE production and found that flavones have the highest antiglycation potential.

Four alkaloids from Ocotea paranapiacabensis had antiglycation potential [301]. Berberine,
another alkaloid, from Cortex phellodendri and Berberis, protected against diabetic renal damage by
lowering blood glucose and increasing antioxidant capacity [333]. Meta-analysis of 27 trials reported
that berberine could efficiently suppress the symptoms of T2DM without any serious adverse
reactions [334]. Plant secondary metabolites have different structures and functions and might
employ different antiglycative mechanisms, which are addressed in more detail below.

Trapping Highly-Reactive a-Dicarbonyl Compounds

Reactive carbonyl compounds and, especially, a-dicarbonyls (GO, MGO, 3-DG) are the key
precursors of structurally diverse AGEs. The increase of their tissue contents, i.e. the state which is
usually referred to as carbonyl stress, always accompanies diabetic hyperglycemia [224]. Reducing
the contents of these intermediates of advanced glycation is the main mechanism behind the
inhibition of AGE formation by natural products.

The most typical carbonyl scavengers are polyphenols. The phenolic hydroxyl groups and
benzene rings form phenoxy anions and bind to electrophilic a-dicarbonyl compounds [301]. For
example, epigallocatechin gallate (EGCG) from green tea represents a well-known example of such
compounds [335]. Phloretin and phloridzin from apple, quercetin, (+)-catechin, (-)-epicatechin and
gingerol, ellagic acid, chlorogenic acid and gallic acid were also reported to be potent carbonyl
scavengers [336-343]. Curcumin - the metabolite which is extractable from Curcuma longa Linn, was
shown to trap MGO directly by forming curcumin-MGO adducts at the C10 position in the dense
carbon portion of the molecule between diketone groups [301]. Genistein, the major soy isoflavone,
also shows significant capacity for trapping of MGO [344,345]. Furthermore, this effect was exhibited
by procyanidins, condensed tannins which are widely present in various species of berries and in
flowers of the ancient Magnolia genus [346,347].

Multiple studies confirmed the antiglycative activity of resveratrol, which is mediated by
different mechanisms including scavenging dicarbonyls [348,349]. In wvitro study of
tetrahydroxystilbene glucoside (THSG), a stilbene monomer extracted from Polygonum multiflorum,
confirmed its impact in MGO-trapping in a time- and dose-dependent manner [350]. In addition, the
pentacyclic triterpenoid oleanolic acid (OA) binds MGO with C-12 in the C ring to form mono-adduct
[351].

Scavenging Free Radicals and Suppression of ROS Generation

The early steps of the Maillard reaction yield highly-reactive ROS [352]. The accompanying
oxidative stress results in enhancement of protein glycation and AGE formation [353]. Scavenging
free radicals and suppressing ROS production by plant secondary metabolites are important
mechanisms to prevent protein glycation, cross-linking, and AGE production. Multiple polyphenol
moieties, such as catechins, proanthocyanidins, anthocyanin, stilbenes and flavonols exert
pronounced antioxidant activity and inhibit AGE formation by neutralizing ROS or suppressing free
radical production [354].

The B-ring of the flavonoid structure is the main target of the radical attack in polyphenols [355].
For example, genistein was shown to inhibit NADH oxidase and to scavenge free radicals [356]. Also,
Kiso et al reported antioxidant activity of sesamin, a lignan isolated from the sesame oil and seeds
[357]. Sesamin inhibits NADPH oxidase-mediated oxidative stress and slows down AGE-induced [3-
cell dysfunction and apoptosis [358].

The ROS-scavenging potential of carotenoids appeared to be even higher than that of
polyphenols. These metabolites represent a class of tetraterpenoid polyene pigments, which are
composed of eight isoprenoid units, representing, thereby, Cs« compounds [359]. In plants, these
lipophilic natural pigments are stored in chloroplast and chromoplast membranes, giving the plant
organs, including fruits, colors like red, yellow and/or orange. Depending on the presence or absence
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of the oxygen atom, carotenoids are divided into xanthophylls (C#0HssO2 or Cs0Hs6O) and carotenes
(CaoHse) [360].Thus, astaxanthin was shown to inhibit protein glycation by ROS scavenging [301].

Chelation of Metal Ions

Under hyperglycemic conditions, transition metals are readily involved in Fenton reaction and
catalyze monosaccaride autoxidation and lipid peroxidation in oxygenated solutions [361,362].
Instead, chelation of metal ions can prevent AGE formation. The chelating effects of phenolic acids
and flavonoids are attributed to their catechol moiety [338,363]. Through this mechanism, a
polyphenol-enriched extract from Guava leaves inhibited Amadori product formation in a dose-
dependent manner [364]. Caffeic acid binds to iron ions and prevents the oxidative consequences of
the Fenton reaction [365], as well as a citrus flavonoid, rutin [366]. Chlorogenic acid and isoferulic
acid act as chelating agents [367-369].

Interference with RAGE Expression and Related Signaling Pathways

As was mentioned above, AGE-RAGE interaction, as well as the associated signaling pathways,
plays an important role in onset and progress of diabetic complications. Thus, targeting these
receptors might be another efficient mechanism to suppress physiological effects associated with
glycation. Thus, attenuation of RAGE expression was reported for gallic acid [343]. In addition to the
pronounced antioxidant activity, EGCG can interfere with the pathways, mediated by AGE-RAGE
interaction [370]. Suppression of the AGE-RAGE axis by sulforaphane might be a novel therapeutic
target for vascular injury in diabetes [371]. It is also assumed, that the ability of resveratrol to delay
long-term diabetic complications is, at least partly, associated with enhancement of RAGE expression,
induces by this stilbene [372]. Resveratrol inhibits the expression of RAGE by activation the
expression of peroxisome proliferator-activated receptor-gamma (PPAR-y) [373]. As far as the other
phenolics are concerned, it was reported that curcumin acts via the same mechanism [374], and can
also bind to RAGE with a strong affinity blocking the interaction with ligands [375]. Resveratrol can
also interfere with AGE-RAGE signaling cascade [349]. In vivo study with the rats fed a high-fat diet,
revealed a pronounced antidiabetic effect of cinnamaldehyde, probably through up-regulating the
expression of proteins in the insulin signaling IRS1/PI3K/AKT pathway and alleviating the
expression of RAGEs [376]. Besides this, daidzein and silibinin inhibit the NF-«B signaling pathway
by activating NAD-dependent deacetylase sirtuin-1 (SIRT1) [354].

Inhibition of Aldose Reductase

Aldose reductase promotes the conversion of glucose to sorbitol and conversion of NADPH to
NADP+ in the sorbitol pathway, where sorbitol is oxidized to fructose by sorbitol dehydrogenase
[377]. In terms of protein glycation, fructose is dramatically more reactive than glucose [13]. This fact
strongly accelerates AGE production and subsequently the progression of diabetic complications
[301]. Some active flavonoids from empetrum nigrum, such as (quercetin, rutin, kaempferol) exhibited
inhibitory effects on aldose reductase. 3,5-di-O-caffeoyl-epi-quinic acid from erigeron annuus was also
reported to inhibit aldose reductase and AGE formation in rat lens [378]. EGCG and 6-gingerol
demonstrated good aldose reductase inhibitory activity in vitro (human retinal pigment epithelial
(HRPE) cells) and in vivo (a high fat diet-induced diabetic mouse model - male C57BL/6] mice)
systems [379]. Additionally, resveratrol was found to inhibit aldose reductase, which reduces the
development of AGEs in the kidney in diabetic rats and prevents opacification of the lens [380].

Effect on the Availability of Potential Glycation Sites in Proteins

Protein glycation can significantly alter the structure and function of proteins by changing the
hydrophilicity or proportion of a-helices and {3-sheets. Thus, antiglycative functions of some natural
compounds can be achieved by competitive binding to proteins through van der Waals forces or
hydrogen bonds [381]. For example, caffeic acid prevents BSA glycation through binding to Arg185
and Tyr137 by hydrogen bonds [382]. Analogously, syringic and chlorogenic acids can protect the
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protein structural integrity from modifications, but syringic acid is more active than chlorogenic acid
because of its smaller molecular size [383].

Reducing of Blood Glucose Levels

Multiple natural compounds including plant secondary metabolites inhibit a-glucosidase and
a-amylase. For example, the flavonoid-rich extract from Annona muricata Linn. showed inhibitory
activity against a-glucosidase and a-amylase [384]. Kaempferol monoglycosides inhibit these
enzymes through hydrogen bonding [385]. Tannic acid was also demonstrated a strong ability for
efficient reversible inhibition of a-glucosidase. The interaction between the polyphenol and the
protein was shown by molecular docking, and appeared to be driven by hydrogen bonds,
hydrophobic forces and electrostatic interactions [386]. Also, diosgenin, extracted from fenugreek,
reduced blood glucose levels by stimulating insulin secretion [387].

5. Other Prospective Antiglycative Mechanisms Associated with Metabolite-Derived Pro- Tein
Adducts — Future Perspectives

Plant secondary metabolites (such as polyphenols) are known to interact with proteins via either
non-covalent or covalent interactions altering their structure and properties [388]. By
computationally driven analysis of the polyphenol-protein interactome was found that the proteins
of human plasma and cellular signaling polypeptides are involved in such interactions, which affect
multiple metabolic pathways [389]. The underlying non-covalent interactions are usually reversible
and occur via hydrophobic, hydrogen bonding, electrostatic, and van der Waals-related mechanisms.
Among them, hydrogen bonding and hydrophobic interactions can be highlighted as the major
mechanisms involved in the non-covalent formation of complexes between proteins and polyphenols
[390]. On the other hand, oxidized polyphenols and electrophilic organosulphur metabolites from
garlic, chives or papaya pulp are known to form covalent bonds with proteins.

Polyphenols with a catechol ring can be oxidized enzymatically (e.g. by polyphenol oxidases) or
by autoxidation (e.g. in an alkaline environment or in the presence of oxidizing agents) to yield
electrophilic o-quinones [187]. Such quinones can react further with nucleophilic residues of proteins
or peptides (thiol, amino, guanidine, or imidazole) by Michael addition [391]. Free thiol groups on
proteins have been shown to be kinetically preferred targets for quinones [392]. Besides, imino-
quinone adducts can be formed by direct reaction between the amino group of L-lysine with the
carbonyl group of quinones [393]. Moreover, polyphenol-protein complexes may also be derived by
either covalently binding semiquinone radical intermediates to protein nucleophilic residues [394],
or by covalently attachment protein radicals to polyphenols at the ortho- or para-positions of their
hydroxyl groups [395].

The interactions between plant secondary metabolites and proteins can occur in human body as
well as during food processing. In both cases, this process is strongly affected by different factors
such as the concentration, molecular weight and structure of the polyphenol and protein interaction
partners, as well as pH, temperature, ions/cofactors and physiological status determining the
precipitation or solubility of the resulting complexes, that may affect their nutritional and functional
properties as well as their biological activities [390].

As was shown recently, protein conjugates formed by plant metabolites demonstrate antioxidant
[396], anti-inflammatory [397], anti-cancer [398] and anti-allergic activities [399]. Thus, it was found
that covalent conjugates of soy protein isolate with black rice anthocyanins exhibit pronounced
antioxidant capacity, which was higher in comparison to that of the polyphenols themselves [388].
The hypoallergenic effects of 3-lactoglobulin-EGCG, B-lactoglobulin -CA conjugates were addressed
in the binding tests with immunoglobin E (IgE) antibodies and by comparison with control f3-
lactoglobulin [399]. Further, protein conjugates of curcumin showed a tumor suppression effect in an
in vivo study on immunocompromised mice with breast cancer [400].

In silico approach also proved to be efficient in studies of biological activities exerted by protein
conjugates of plant metabolites. Thus, kinetics analysis and molecular docking accomplished with
EGCG conjugates showed, that hydrogen bonds played a critical role in the molecular interaction,
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and demonstrated possible application of such adducts as natural a-glucosidase noncompetitive
inhibitors [401]. Therefore, the possible mechanisms behind the hypoglycemic activity of EGCG
conjugates were revealed with potential applications in the development of functional food [402]. In
this context, the antidiabetic activity of such protein complexes needs more in-depth studies.

The potential of plant metabolites to form complex protein adducts with dicarbonyl compounds
cannot be excluded, especially during food processing. Thus, these proposed adducts might be also
involved in anti-inflammatory/antioxidant cell response especially in the context of AGE/RAGE axis.
However, this aspect and structure or biological properties of such plant metabolite adducts are still
mostly unstudied. Additionally, the underlying molecular mechanisms of formation protein adducts
by plant secondary metabolites can be extensively investigated using molecular docking studies,
which are able to provide large scale information to determine possible binding sites and
conformations of conjugates. Moreover, in vitro and in vivo studies are needed for a comprehensive
understanding of their physiological effects for developing anti-ageing, anti-diabetic and anti-
neurodegenerative promising compounds and nutrition strategies in the food and pharmaceutical
industries.

6. Conclusions

Diabetes mellitus (DM) is a multifactorial metabolic disease that imposes increasing health and
economic burdens worldwide. Conventional therapies, while efficient to a certain degree, often cause
side effects and fail to prevent long-term complications related to chronic hyperglycemia. In this
context, plant-derived secondary metabolites represent an appealing complementary or alternative
strategy. These natural compounds — phenolics, alkaloids, terpenes, organosulfur compounds, and
others — demonstrate significant potential in improving insulin sensitivity, enhancing glucose uptake,
modulating key regulatory pathways, and inhibiting enzymes involved in carbohydrate digestion.
Furthermore, their strong antioxidant and antiglycative properties allow them mitigating oxidative
stress and suppress the formation of advanced glycation end products (AGEs), which are directly
implicated in diabetic complications. By influencing the AGE-RAGE axis, Nrf2 and NF-«kB pathways,
and interfering with protein tyrosine phosphatase and other critical molecular targets, these
metabolites can break vicious cycles of inflammation, oxidative damage, and metabolic dysfunction.
However, future research should focus on clarifying their pharmacokinetics, bioavailability, and
safety profiles through well-designed in vivo studies and clinical trials. Optimizing delivery systems,
understanding structure-activity relationships, and exploring synergistic effects with conventional
drugs will be essential. Ultimately, integrating plant-derived natural products into therapeutic and
preventive strategies may provide safer, more holistic control over diabetes and its associated
complications.
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