Phytochem Rev
https://doi.org/10.1007/s11101-024-10007-3

)

Check for
updates

Chalcone and derived natural products: versatile scaffolds
for multiple targets in treatment of Type 2 diabetes
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Abstract Type 2 diabetes is characterized by insulin
resistance, elevated blood sugar levels, oxidative
stress, chronic inflammation, dyslipidemia, increased
angiogenesis, and a multitude of associated compli-
cations. The use of herbs in the treatment of diabetes
has been a longstanding practice, proving effective in
preventing and treating diabetic symptoms. However,
the specific molecular mechanisms underlying their
effectiveness remain largely unexplored. A versatile
class of phytochemicals, the chalcone, serves as
precursor to a wide range of flavonoids, obtained
naturally and derived synthetically as well as semi
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synthetically found effective in treating Type 2
diabetes mellitus. Natural chalcones and its plant
metabolites were reported effective in treating dia-
betes and related complications by virtue of their
interaction with diverse metabolic targets involved in
glucose homeostasis. This review specifically
explores studies on such natural chalcones, its plant
metabolites and phyto-complexes conducted within
the last decade on drug targets of Type 2 diabetes
mellitus like a-glucosidase, PTP1B, «-amylase, DPP-
1V, aldose reductase, PPAR?y.
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SOD Superoxide dismutase
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TBARS  Thiobarbituric Acid Reactive Substances
T2DM Type 2 diabetes mellitus

WAT White adipose tissue

Introduction

Non-insulin dependent diabetes mellitus, often
referred to as Type 2 diabetes mellitus (T2DM), is a
chronic disease that causes hyperglycemia, hyperin-
sulinemia, and glycosuria. This condition is linked
with other health problems, like obesity, dyslipidemia,
and hypertension, which can lead to cardiovascular
risks. According to the International Diabetes Feder-
ation (IDF), the global prevalence of diabetes among
individuals aged 20-79 years was reported to be
10.5% in 2021. Furthermore, the IDF has projected
that the number of people with diabetes will reach an
estimated 783.2 million worldwide by the year 2045
(Sun et al. 2022). Based on the WHO 2019 Global
Health Estimates, diabetes ranked among the top ten
leading causes of death and disability globally. In the
year 2017 alone, more than 1 million deaths were
attributed to T2DM. It also ranked as the ninth leading
cause of mortality (Khan et al. 2020). Extracts and
phytoconstituents from medicinal plants have a vari-
ety of modes of action on several metabolic targets
associated with glucose homeostasis. The phytocon-
stituents like flavonoids, alkaloids, coumarins,
polypeptides, triterpenes, polyphenols, and many
more have been reported as antihyperglycemics. Each
of these groups, known for their effectiveness in
managing hyperglycemia, could be regarded as a
privileged scaffold. They are known to act by activa-
tion of peroxisome proliferator-activated receptor
gamma (PPARY); inhibition of enzymes such as a-
glucosidase, protein tyrosine phosphatase 1B
(PTP1B), dipeptidyl peptidase- IV (DPP-1V), aldose
reductase, and o-amylase; and increased sensitivity
and secretion of insulin. They also contribute to
decreased insulin resistance, promotion of glucose
uptake in adipose tissues and skeletal muscles, and
downregulation of gluconeogenesis (Alam et al. 2022;
Salehi et al. 2019; Zhang et al. 2021a).

Chalcone, the o, f-unsaturated ketone synthesized
by shikimate pathway represents the principal inter-
mediate in the flavonoid biosynthesis pathway. Chal-
cones exhibit a range of pharmacological effects,
including anticancer (Michalkova et al. 2021; Bhilare
et al. 2022), cardioprotective (Mahapatra and Bharti
2016), antioxidant (Kozlowski et al. 2007), antimi-
crobial (Nowakowska 2007), antiviral (Elkhalifa et al.
2021), antitubercular (Bukhari et al. 2013), anti-
inflammatory (Mahapatra et al. 2017), immunosup-
pressant (Arshad et al. 2017; Rudrapal et al. 2021),
anti-HIV (Wang et al. 2004), antifungal (Svetaz et al.
2007), antimalarial, (Narender et al. 2005), and many
more.

Chemically they are (2E)-1,3-diphenylprop-2-en-
1-one which consists of open-chain flavonoid skele-
ton, where aromatic A & B rings are separated by three
carbon ketoethylenic group (Zhuang et al. 2017,
Rauter et al. 2018). The three carbon containing
chromophore, o, f-unsaturated carbonyl system (—
CO-CH=CH-) is responsible for the colour associated
with the chalcones. Cis-trans isomerisation of the
olefinic bond is responsible for existence of chalcone
in either Trans-(E) or Cis-(Z) form. The Cis-(Z) form
is unstable compared to the thermodynamically
stable Trans-(E) form due to the steric hindrance
offered by ring B on the carbonyl group (Evranos
Aksoz and Ertan 2011).

Flavonoids are discriminated chemically based on
the carbon position of ring ‘C’ to which ring ‘B’ is
attached as well as oxidation and unsaturation of ring
‘C’. Isoflavones is a special subclass where ring ‘B’ is
attached at position 3 on the ring ‘C’. Rest of other
classes like flavones, flavanones, flavonols, dihy-
droflavonols (flavanonols), and anthocyanins in which
ring ‘B’ instead attached to position ‘2’ of the ring ‘C’
(Liu et al. 2021). A flavonoid subclass, aurones are
structurally similar to the flavones and have little
presence in nature. Aurone chemically are (2Z)-2-
benzylidene- 1-benzofuran-3(2H)-one and differs from
other flavonoids with absence of 6:6 chromane core
(Rauter et al. 2018; Mazziotti et al. 2022) (Fig. 1).

Biosynthesis of Chalcone in plants is brought about
by a major precursor, phenylalanine and vital enzyme
Chalcone synthase (CHS). Biosynthesis of key inter-
mediate chalcone and other subgroups from the
flavonoid class is depicted in Fig. 2. Apart from these
well known biosynthetic products, numerous Diels—
Alder adducts (DAs) derived from flavonoids have
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Fig. 2 Biosynthesis of key intermediate, chalcones and its natural metabolites

been documented in plant flora. In a ground-breaking
advancement, recently the research teams led by Gao
and Lei have successfully employed an innovative
method to discover M. alba Diels-Alderase (MaDA).
This enzyme, extracted from Morus alba cell cultures,
exhibits the remarkable ability to facilitate the [4 + 2]
cycloaddition of chalcones, including morachalcone
A, along with diverse polyphenolic natural dienes to
produce DAs (Gao et al. 2020). Chalcones as precur-
sors to other metabolites belonging to the flavonoid

@ Springer

family are known to be produced by certain plants with
genus Alpinia, Angelica, Pongamia, Glycyrrhiza,
Artemisia, Humulus, Cleistocalyx, Cedrelopsis, Mal-
lotus, Flemingia, Dorstenia, Broussonetia, Solanum,
Nardostachys, Maytenus, Lindera, and Scutellaria
(Rozmer and Perjési 2016).

Recent reports have drawn attention to the potential
of specific herbs and/or their extracts, which contain
chalcones and metabolites, for the treatment of T2DM.
These have been studied in in vivo and in vitro models
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including human volunteers (Table 1). Data available
from the recent literature also shows that the majority
of investigations have speculated on possible mech-
anisms for antihyperglycemic activity of the isolated
chalcones and/ or their metabolites, using different
in vivo and in vitro methods. In light of this, the
present review aims to offer insights into natural
chalcones and their natural metabolites, along with
their proposed biological targets, that have been
explored in the treatment of T2DM. A literature
search for the present review was conducted using
databases such as PubMed central, Scopus, Science
Direct, and google scholar using keywords like
‘chalcones’, ‘chalcone metabolites’, ‘flavonoids’, ‘an-
thocyanidins’, ‘aurones’, ‘T2DM’, drug targets of
T2DM, ‘phytocomplexes’, ‘diabetes complications’
and possible combinations of all these keywords, with
search limited to last decade i.e. from 2012 onwards.

Before exploring the recent advancements regard-
ing the effectiveness of flavonoids in treating T2DM,
let’s briefly overview the diverse mechanisms through
which they exert their actions.

Numerous flavonoids have been documented to
effectively manage T2DM through diverse mecha-
nisms, including the management of insulin resis-
tance, modulation of insulin secretion, maintenance of
glycemic control, regulation of glucose absorption
from the diet, alleviation of inflammation, and man-
agement of oxidative stress and associated
complications.

Impairment in biological response to insulin stim-
ulation and insulin secretion by the body tissues and
cells are the foremost causes that lead to T2DM.
Increase in the insulin secretion by insulin secreta-
gogues is known to be associated with closure of K*-
ATP channel, consisting of sulfonylurea receptor
localized in pancreatic f-cells. When blood glucose
levels rise, f§ cells in the pancreas release insulin,
which attaches to its receptor to activate it. This
prompts the translocation of glucose transporter-4
(GLUT-4) from storage vesicles to the cell surface,
boosting the number of glucose transporters. Conse-
quently, glucose uptake from the bloodstream into
cells increases, enhancing insulin sensitivity. GLUT2
and GLUT4 are pivotal proteins involved in glucose
homeostasis, each with unique locations and mecha-
nism for maintaining blood glucose balance. GLUT4
facilitates insulin-regulated glucose uptake in insulin-
sensitive tissues such as muscle and adipose tissue.

GLUT?2, on the other hand found in tissues such as the
liver, pancreas, small intestine, and kidney, and
involved in glucose sensing, regulation of insulin
secretion, and absorption of glucose from the gut
(Dhankhar et al. 2023; Choudhury et al. 2017; Soares
et al. 2017).

The synthesis and release of insulin from pancreatic
beta cells are also known to be affected by the
endogenous metabolic hormones, glucose-dependent
insulinotropic polypeptide (GIP) and glucagon-like
peptide (GLP). GIP and GLP are incretin hormones
that stimulate insulin secretion in response to elevated
blood glucose levels. GLP-1, the most potent incretin
hormone, is a natural metabolic hormone released by
enteroendocrine cells located in the gastrointestinal
tract. This hormone, released post meal consumption,
augment the synthesis and release of insulin from
pancreatic 5 cells, inhibit glucagon release, slows
down gastric emptying, which can help reduce post-
prandial blood sugar spikes. DPP-IV, a ubiquitous
enzyme rapidly metabolize the GLP-1 within 1-2 min
after secretion and make it ineffective for its natural
function. Thus, the new class of antidiabetics, DPP-4
inhibitors prevent the breakdown of GLP-1, thereby
effectively mimicking the action of incretin hormones
(Hinnen 2017).

Insulin sensitizers, on the other hand, improve liver
and skeletal muscle’s sensitivity to natural insulin,
decrease the production of glucose by liver, lower the
glucose absorption from the intestine, and also reduce
hepatic glucose output by stimulating glycolysis and
reducing gluconeogenesis. Insulin sensitizers, also
known as human peroxisome proliferator-activated
receptor gamma (PPAR?Y) activators, offer an alterna-
tive method to enhance insulin sensitivity and regulate
glucose homeostasis. Among the three subtypes of the
receptor -o, y and 0—PPARY is specific subtype which
enhances glucose uptake by skeletal muscles and
suppresses the glucose production by delaying the
gluconeogenesis. PPARY is transcription factors that is
member of nuclear hormone receptor superfamily, and
important adipocyte differentiation marker, which
maintain glucose homeostasis by regulating carbohy-
drate and protein metabolism. Through adipocyte
differentiation, PPARy plays a significant role in
energy storage lipogenesis and glucose metabolism,
which enhances insulin sensitivity and lowers fatty
acid levels (Kozuharova et al. 2017). Dual agonists
targeting both PPARo and PPARy have gained
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significant recognition in recent diabetes therapy. The
rationale behind employing these dual agonists is to
mitigate the undesirable effects typically associated
with PPARy agonists, effectively control inflamma-
tion, achieve synergistic action, regulate lipid meta-
bolism, and enhance insulin sensitivity (Qaoud et al.
2022; Lebovitz 2019; Balakumar et al. 2019). Simi-
larly, modulation of other adipocyte differentiation
markers such as C/EBP«, adiponectin, and Fatty Acid
Binding Protein 4 (FABP4) may also contribute to
improved insulin sensitivity and reduced inflamma-
tion, thereby potentially mitigating T2DM complica-
tions (Trojnar et al. 2019).

Insulin signaling is also known to be influenced by
the activation of the transcription factor Sterol Reg-
ulatory Element-Binding Protein-1c (SREBP-1c), a
key regulator of lipid metabolism, which contributes
to the development of insulin resistance in T2DM.
Inhibition of SREBP-1c activity can lead to beneficial
effects by reducing lipid synthesis, improving insulin
sensitivity, and mitigating inflammation (Langeveld
and Aerts 2009).

Overloading of lipids and glucose, disordered
secretion of insulin, oxidative stress, autophagy,
adipokines and inflammation can all have an impact
on insulin sensitivity. Several flavonoids have been
shown to activate AMP- activated protein kinase
(AMPK) pathway (via inhibition of IRS1 serine
phosphorylation and mTOR-S6K signaling), promote
GLUT-4 translocation to improve adipose insulin
resistance, increase hepatic insulin signaling, alleviate
inflammation pathways (by deactivation of NF-xB/
IKK and reduction of JNK phosphorylation), and
thereby ameliorate insulin resistance (Zhang et al.
2020; Kuzmenko and Klimentyeva 2016; Chang et al.
2015; Luo et al. 2015; Han et al. 2015; Soares et al.
2017). Glycosphingolipids, a class of lipid and its
metabolites, have been documented to inhibit the
phosphorylation of the insulin signaling mediator Akt/
Protein Kinase B. This interference also contributes to
the development of insulin resistance observed in
T2DM and associated obesity (Langeveld and Aerts
2009).

PTP1B inhibitors have been reported to ameliorate
the insulin resistance and obesity associated with the
T2DM. PTP1B is one from the non-receptor protein
tyrosine phosphatases (PTPs), ubiquitously expressed
in the major target tissues of insulin action. PTP1B has
received significant interest because of its crucial
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involvement in T2DM and obesity, acting as a
suppressor of the insulin, and leptin signaling path-
ways. Thus its inhibitors are considered to be the
potential agents for the treatment of T2DM and
associated complications including obesity. In insulin
resistant states, there is often an upregulation of PTPs,
particularly PTP1B. Its negative regulatory actions on
insulin signaling promote the dephosphorylation of
tyrosine residues on the IR and IRSs, reducing the
sensitivity of cells to insulin.

The leptin signaling pathway controls body weight
by reducing appetite and increasing energy expendi-
ture. PTP1B attenuates leptin signaling by dephos-
phorylating Janus kinase 2 (JAK?2), a key downstream
component of the leptin receptor signaling pathway.
This downregulation of leptin signaling can contribute
to obesity by reducing the responsiveness of hypotha-
lamic neurons to leptin, leading to increased appetite
and decreased energy expenditure (Abdelsalam et al.
2019; Maccari et al. 2007; Zhang et al. 2006; Chen
et al. 2002).

The low-grade inflammation resulting from chronic
high blood glucose levels is a major risk factor for type
2 diabetes. The association of inflammation in
metabolic disease can be seen as altered upregulated
expression of the pro-inflammatory cytokines in
adipocytes of obese animals, with T2DM being no
exception. In T2DM these cytokines are involved in
several metabolic pathways related to insulin resis-
tance, reactive oxygen species (ROS) production,
lipoprotein lipase activity, and adipocyte function.
Additionally, it has been documented that inflamma-
tory cytokines can stimulate the expression of
inducible nitric oxide synthase (iNOS), potentially
leading to insulin resistance (Farzaei et al. 2019;
Perreault and Marette 2001).

NF-kB, known as nuclear factor kappa-light-chain-
enhancer of activated B cells, serves as a vital
mediator in the inflammatory process, pivotal in
regulating the expression of genes associated with
inflammation. These genes consist of pro-inflamma-
tory cytokines such as IL-1p, IL-6, TNF-o, chemoki-
nes like MCP-1, adhesion molecules such as ICAM-1,
and anti-apoptotic proteins.

Exposure to TNF-o or elevated free fatty acids
triggers the inhibitory serine phosphorylation of IRS-
1, thereby reduces its tyrosine phosphorylation level in
response to insulin and impairing its binding to the
insulin receptor. This blocks downstream signaling
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and insulin’s effects. Recently, another pro-inflam-
matory cytokine, IL-6 was reported to inhibit insulin
signal pathways in liver cells, which is known to be
released by a number of tissues, mainly adipose tissue,
and it causes insulin resistance by downregulating the
expression of GLUT-4 and IRS-1. This is driven by
IL-6-mediated activation of the JAK-STAT signaling
pathway and increased level of suppressor of cytokine
signaling 3 (SOCS-3). IL-6 causes inhibition of
SOCS-3 auto-phosphorylation, phosphorylation of
IRS-1 at its tyrosine residue, decreased binding
affinity between the p85 subunit of phosphoinosi-
tide-3-kinase (PI3K) and IRS-1, and subsequently
inhibits the activation of the Akt pathway.

Studies have also indicated that the activation of the
Mitogen-activated protein kinases (MAPK) signaling
pathway initiates the activation of transcription factors
such as NF-xB, resulting in the elevation of pro-
inflammatory mediators like IL-1, IL-6, and TNF-a.
Thus, suppression of the level of serum TNF-a and IL-
6 could ameliorate the insulin resistance complica-
tions (Kerimi and Williamson 2016; Chen et al. 2015;
Carey and Febbraio 2004).

Numerous studies have demonstrated that flavo-
noids inhibit the activity of digestive enzymes, such as
o-glucosidase and a-amylase, thereby reducing glu-
cose absorption through the gastrointestinal tract.
Small intestinal brush-border membrane of entero-
cytes and saliva contains key enzymes like alpha-
glucosidase and alpha-amylase respectively, which
play vital role in carbohydrate metabolism. In the
sequence of events after the carbohydrate meal, firstly
glycogen and starch are hydrolyzed at o (1 — 4)
bonds to form maltose. This hydrolysis is catalysed by
salivary a-amylase in the mouth, followed by hydrol-
ysis of non-abosorbable complex carbohydrate into
glucose by the action of a-glucosidase in small
intestine (Hanhineva et al. 2010). Oral anti-diabetic
medications, functioning as inhibitors of o-glucosi-
dase and a-amylase, work by impeding the absorption
of glucose in the gastrointestinal tract, thereby reduc-
ing the surge in postprandial hyperglycaemia (Derosa
and Maffioli 2012).

Flavonoids also have been reported to achieve the
glycaemic control by inhibiting the human Sodium
Glucose Co-transporters. Glucose uptake from the diet
across the small intestinal cells to the blood is
exhibited by the two major glucose transporters,
sodium-coupled glucose transporter 1 (SGLT1) and

GLUT?2, at fasting and fed states respectively. Addi-
tionally, the sodium-coupled glucose transporter 2
(SGLT2), located on early proximal convoluted tubule
of kidney actively facilitate tubular reabsorption of
glucose from urine, contributing to the maintenance of
glycaemic parameters (Ebbeling et al. 2003; Hsia et al.
2017). The presence of SGLT1 in the latter portion of
the proximal tubule is responsible for reabsorbing the
remaining filtered glucose. Thus, inhibition of SGLT2
and SGLT1 in the proximal tubule reverses the normal
glucose reabsorption and fosters the glucose excretion
in the urine, helping to maintain glucose levels in the
blood (Tentolouris et al. 2019). Intestinal SGLT1
operates against a concentration gradient, in coordi-
nation with the facilitated diffusion via GLUT?2.
SGLT1 inhibitors in the initial segment of the intestine
decreases glucose absorption (Kellett et al. 2008).
Hyperglycaemia and high free fatty acid induced
ROS/reactive nitrogen species (RNS) accumulation
play pivotal role in f-cell dysfunction. This leads to
development of insulin resistance, obesity induced
T2DM, and development of diabetes associated vas-
cular complications. Thus one of the strategies to treat
diabetes and related complications is the reduction of
oxidative stress by suppressing formation of ROS,
which may prevent endothelial inflammation, the
major cause of complication of diabetes. The compli-
cations of chronic diabetes, which essentially cannot
be controlled by insulin, include microvascular com-
plications like retinopathy, neuropathy, and nephropa-
thy, while macrovascular complications like
peripheral, cerebrovascular, and ischemic heart dis-
ease (Styskal et al. 2012; Dai and Mumper 2010).
Flavonoids have also been found effective in
treating T2DM related complications by multiple
mechanisms. The formation of advanced glycation
end-products (AGEs) constitutes a significant con-
tributing factor to the pathogenesis of T2DM and its
associated complications. The release of pro-inflam-
matory cytokines and the generation of free radicals
are promoted by the accumulation of AGE:s in tissues.
Under hyperglycaemic conditions, glucose uptake in
the retina, kidneys, peripheral nerves, and lens of the
eye occurs independently of insulin action. AGEs are
generated through nonenzymatic glycation via the
polyol pathway, originating from the key intermediate
3-deoxyglucosone (3-DG). In this pathway, Aldose
reductase (AR) catalyzes a NADPH-dependent reac-
tion, using NADPH as a cofactor, to convert excess

@ Springer



Phytochem Rev

glucose into sorbitol. Since sorbitol being less perme-
able through cell membranes, it gets accumulated in
the cells. In addition, the fructose, which is formed
from oxidized sorbitol, also accumulates into the cells.
This accumulation increases the NADH/NAD + ratio
and thereby create pseudohypoxia condition. The
accumulation of sorbitol and its metabolic end prod-
ucts may also result in increased cellular osmolarity,
thereby causing cellular damage in diabetes. Thus, the
use of inhibitors of AR is one strategy to treat diabetic
complications (Mylari et al. 2005; Kawanishi et al.
2003; Mylari et al. 2003; Miyamoto 2002; Nishikawa
et al. 2000).

NADPH oxidase (NoX), a membrane-bound
enzyme, generates ROS in T2DM. Overexpression
of NoX is linked to the activation of various pathways
including advanced glycation end products, protein
kinase C, polyol pathway, and the hexosamine path-
way. It also stimulates the deposition of collagen
activation of inflammatory cytokines, and endothelial
growth factors. Consequently, overexpression of NoX
contributes to diabetic complications such as car-
diomyopathy, nephropathy, retinopathy, and neuropa-
thy (Laddha and Kulkarni 2020).

Furthermore, the excessive activation of VEGFR-1
and VEGFR-2 by VEGF-A (Vascular Endothelial
Growth Factor A) can indeed contribute to similar
complications (Wirostko et al. 2008). ROS-induced
protein carbonylation, the oxidative modification of
protein is also implicated in various complications of
diabetes (Althunibat et al. 2019).

Flavonoids are known for their ability to activate
radical scavenging enzymes, not only alleviating
inflammation but also exhibiting significant antioxi-
dant activity by scavenging free radicals. This is
attributed to their ability to increase levels of antiox-
idant defensive enzymes such as glutathione peroxi-
dase (GPx), glutathione (GSH), serum catalase (CAT),
glutathione reductase (GRx), and superoxide dismu-
tase (SOD) in f-cells. ROS attack on lipids leads to
their oxidative degradation, resulting in the generation
of various byproducts such as malondialdehyde
(MDA), thiobarbituric acid reactive substances
(TBARS), lipid hydroperoxides (LH), and 4-hy-
droxy-2-Nonenal (4-HNE). Among these, MDA and
4-HNE are significant aldehydic metabolites known
for their harmful effects, contributing to the develop-
ment of T2DM and atherosclerotic cardiovascular
disease in individuals with T2DM. The antioxidant
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defensive enzymes present in adipose tissues, decrease
the level of lipid peroxidation thereby reduce level of
serum MDA, a product of fatty acid peroxidation
(Shabalala et al. 2022; Matsuda and Shimomura 2013;
Sajeeth et al. 2010).

A vital role in cellular antioxidant defense is played
by the Nrf2/Keapl/ARE pathway. Dysregulation of
this pathway is linked to the development of T2DM. In
T2DM, impaired Nrf2 activation and reduced expres-
sion of its target genes increase susceptibility to
oxidative stress and inflammation. Modulating the
altered Nrf2/Keap1/ARE pathway shows promise as a
therapeutic approach for managing T2DM and its
complications. This modulation can enhance antiox-
idant defenses and decrease tissue damage associated
with T2DM (David et al. 2017).

In T2DM, a combination of factors including aging,
obesity, insulin resistance, inflammation, and oxida-
tive stress can lead to the diminishment of Sirtuin 1
(SIRT1) activity. Restoration of SIRT1 plays a
multifaceted role in T2DM and its complications by
promoting glucose uptake in skeletal muscle and
adipose tissue, reducing insulin resistance, exhibiting
anti-inflammatory properties, and regulating oxidative
stress (Kitada et al. 2019).

Overall, the antioxidant effect help repair the
radical that causes biological damage associated with
T2DM. The antioxidant effects discussed earlier do
not exclusively target diabetes but rather alleviate the
complications associated with Type 2 diabetes
mellitus.

The subsequent sections of the review explore the
potential of different flavonoids in addressing T2DM
and its related complications through one or more of
the mechanisms previously discussed.

Targets of T2DM on which chalcone and its
metabolites act

Control over insulin resistance and regulation
of insulin secretion

The chalcone 4'-dihydroxy-4-methoxydihydrochal-
cone (8), extracted from Artemisia dracunculus L.,
restored insulin sensitivity in a palmitic acid-treated
insulin resistant rat skeletal muscle cell line. It acted
by downregulating the accumulation of glycosphin-
golipid metabolites that are instrumental in the
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development of insulin resistance (Obanda et al.

2014).
H3COOH
OH 0
8
Dimethylchalcone (DMC), 2'.4'-dihydroxy-6'-

methoxy-3',5'-dimethylchalcone (9), was investigated
beyond its known role in inhibiting glucose absorption
from the small intestine. It was assessed for its
potential effects on insulin release and the viability
of pancreatic islets using insulin secretion assays and
MTT assays of MING6 cells, respectively. Cells
pretreated with compound 9, which was separated
from Cleistocalyx operculatus (Roxb.) Merr. et Perry
dried flower buds, demonstrated remarkable and dose-
dependent amelioration of H,O,-induced impaired
glucose responded insulin secretion. Additionally, it
restored the secretion of insulin in simulated basal
insulin secretion mode. Compound 9, at highest dose
of 25 uM, showed 54% improvement in glucose-
simulated insulin secretion and statistically significant
MING cell viability (Hu et al. 2012).

CHy
Ho OoH
‘ & ‘ CHs
O  OCH,
9

Further investigation of compound 9 was con-
ducted for insulinotropic effect in glucotoxicity-
induced RIN-5F f-cells. Compound 9 at 2 uM con-
centration, showed 63% improvement in insulin
secretion and significantly expressed mRNA levels
of GLP-1R, GLUT2-GCK, PRE-INS, and PDX-1
under the glucotoxicity condition of 33 mM glucose.
RIN-5F cells, kept under the same glucose condition
for 48 h, showed a dose-dependent increase in
glucose-stimulated insulin secretion after treatment
with 9 at 20 pM. This increase was attributed to a 3.3-
fold rise in PDX-1 expression, as confirmed from
western blotting analysis. Moreover, it was discovered
that it notably reduced MCP-1 mRNA expression and

iNOS mRNA expression, consequently mitigating
oxidative stress and inflammatory damage induced
by glucotoxicity. (Hu et al. 2014a, b).

Compound 9 also demonstrated to promote glucose
uptake in L6 rat skeletal muscle cells and 3T3-L1
adipocytes. Only the insulin sensitive 3T3-L1 adipo-
cytes reported to promote significantly (78%) the
glucose uptake at 10 pM as compared with the insulin
at concentration of 100 nM (102%). Compound 9 at
10 and 20 pM concentration did not show the effect on
glycogen synthesis in HepG2 hepatocytes. Study also
revealed that it demonstrated a paradoxical effect on
both lipid accumulation and cell differentiation
attributed to the regulated expression of PPAR-y. At
higher doses of 10 and 20 pM, compound 9 resulted in
a notable reduction in lipid accumulation. However, at
a lower dose of 2.5 uM, it significantly increased the
gene expressions of adipocyte differentiation markers,
namely C/EBP-o and PPAR-y. This effect of DMC in
3T3-L1 adipocytes was further reported to be in line
with enhanced adiponectin production (56%) during
cell differentiation at 2.5 pM and comparable with
positive control Pioglitazone (1 pM/ 59%). It was
reported that the increase in lipid content takes place
through the regulation of PPAR-y, as confirmed by
Western blotting analysis. At a low dose of 2.5 uM, a
significant 40% enhancement in the protein expression
of PPAR-y was reported, which is comparable to a
30% increase observed with pioglitazone (Hu et al.
2014a, b).

Flavonoids from licorice were studied for their
cellular activity on the insulin transduction pathway
by evaluating Akt-phosphorylation level in HepG2
cells using Western blot technique. All the studied
flavonoids were also studied for their potential to
inhibit PTP1B (separately discussed under PTP1B
inhibitors). All the PTP1B inhibitor flavonoids under
study showed different cellular activity in the insulin-
signaling pathway. Glycybenzofuran (10), a weak
PTP1B inhibitor after insulin stimulation was found to
be excellent anti-insulin-resistant candidate. It exhib-
ited a concentration-dependent rapid rise in phospho-
rylated Akt levels. In contrast concentration-
independent increase in the pAkt was noted for
Licoagrone (27). Another flavonoid, Licoagroaurone
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(29) showed concentration-dependent decrease in
pAkt level (Li et al. 2013).

OH
0 OH
o)1

OMeMe
/

10

Beer derived polyphenolic constituents, 8-prenyl-
naringenin (11) and xanthohumol (12), were investi-
gated for their effect on the lipid and carbohydrate
metabolism in a C57B1/6 mice model of T2DM. With
a decrease in lipogenesis and the prevention of weight
gain, significant improvements in glucose tolerance
and insulin resistance have been described for both the
compounds. High Fat Diet (HFD) fed animals treated
with compound 11 and 12 demonstrated enhanced
insulin sensitivity and glucose tolerance as confirmed
from the intraperitoneal insulin tolerance test and oral
glucose tolerance test. This improvement resulted in
reversal of insulin resistance and sensitivity indices
when compared to the mice fed with HFD and ethanol.
Both the compounds reported to activate AMPK, the
crucial regulator of both glycolytic and lipid metabo-
lism in the hepatic and skeletal muscles, as a result of
inhibition of expression of SREBP-lc. Increased
insulin sensitivity was reported to be in association
with the activation of AMPK and associated SREBP-
1c expression and its downstream lipogenesis enzyme
inhibition. Modulation of insulin action was also
found to be reported as a result of reduced hepatic and
skeletal muscle PFKFB3 expression. This reduction
was followed by increased phospho-AS160 expression
due to the activation of PI3K/Akt signaling pathway.
Ultimately, this signaling pathway led to the translo-
cation of GLUT4 membrane and an improvement in
glucose uptake. Apart from improving insulin sensi-
tivity and modulation of insulin action, both the 11 and
12 ameliorated the T2DM associated metabolic com-
plications by reducing the hepatic and muscle TG
(triglycerides) and cholesterol content as a result of
down-regulation of expression in VEGFR-1, VEFG-
B, and/ or CD36 (Costa et al. 2017a, b).
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The compound Phloretin (13) exhibited a hypo-
glycemic effect in STZ-induced type 2 diabetes rats
after a four-week treatment regimen, employing a
dosage of 100 mg/kg. Additionally, in vitro studies
conducted on L6 myotubes also supported this find-
ing.The treatment was found to increase the expres-
sion levels of GLUT4, Insulin Receptor substrate
(IRS-1), PI3K, and Akt, as confirmed by the results of
Western blot analysis. GLUT4 translocation in L6
myotubes was confirmed using confocal laser scan-
ning fluorescence microscopy assay. The compound
13 reported to induce insulin sensitization by promot-
ing increased glucose consumption through GLUT4
translocation and activation of the Akt/PI3K pathway,
as a result of the compound’s ability to activate IRS-1
(Shen et al. 2017).

OH
HO O OH O

OH O
13

Extracts derived from black currant and green
currant demonstrated a dose-dependent inhibition of
glucose transport across the small intestine when
tested with CaCo-2 cells. Potential impact of pheno-
lics, anthocyanin glycosides, and their aglycone
counterparts on the mRNA expression levels of
sodium-independent GLUTS, Glucose Transporter
Type-2 (GLUT?2), and SGLT1 was examined. Antho-
cyanins or anthocyanidins were found ineffective in
inhibition of glucose transporter mRINA expression
(Barik et al. 2020).

The antihyperglycemic and antihyperlipidemic
activity of Licochalcone E (49e) was examined after
isolating it from the roots of Glycyrrhiza inflata. In
in vitro studies 3T3-L1 preadipocyte and C3H10T1/2
multipotent stem cell lines treated with the different
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concentration of Lico E resulted in induction of
adipocyte differentiation at concentration upto 10 pM,
as confirmed from the microscopic examination and
spectrophotometric quantification of the stains.
Histopathological studies further confirmed marked
reduction in size of epididymal white adipose tissue
(eWAT) or perirenal white adipose tissue (PWAT) in
49e treated five week old male C57BL/6 J mice. RT-
PCR studies confirmed that both the adipocyte differ-
entiation and decrease in size of WAT is associated
with the increased PPARy mRNA expression with
1.72 -fold and 1.78-fold in PWAT and eWAT
respectively. PPARY transactivation was further stud-
ied using luciferase activity to prove the agonistic
behaviour of compound 49e. Studies confirmed that
49e exhibits weak partial PPARy agonistic activity,

i
OASC |
HO HO OH
\

with almost 10% transactivation, comparable to that of
rosiglitazone used as a control. The Western blotting
results demonstrated a significant increase of 3.4-fold
in Akt signaling in eWAT. The observed increase in
Akt signaling in eWAT is linked to the up-regulation
of PPARy mRNA expression, facilitation of adi-
pogenic differentiation, and an increase in the number
of small adipocytes. It has been reported that these
effects play a role in regulating hyperlipidemia and
hyperglycemia (Park et al. 2012).

Protein tyrosine phosphatase-1B (PTP1B)
inhibitors

Prenylated phenolics isolated from Glycyrrhiza
inflata, namely 14 (licoagrochalcone A), 15 (kanzonol
C), 16 (2’-hydroxyisolupalbigenin), 17 (gancaonin Q),

18 (glisoflavanone), and 19 (glabrol) exhibited
remarkable PTP1B inhibition, with ICsq values rang-
ing between 0.31 and 0.97 uM.

The phenolic compounds with the highest inhibi-
tory potency against PTP1B, namely 14, 15, 16, 17,
18, and 19, all share a common characteristic of having
at least one isoprenyl group on ring A and/ ring B of
the respective flavonoid core. These compounds, when
compared to their non-prenylated derivatives, exhibit
relatively stronger inhibition. (Lin et al. 2017). The
conclusions drawn by Lin and co-workers supports the
SAR of chalcones as studied earlier for PTP1B
inhibitory chalcones and semisynthetic derivatives of
licochalcone A (Goo Yoon et al. 2009).

Chalcone derivatives, specifically morusalbins

A — D and albanin T, along with various phenolics
from the root bark of Morus alba L. (Moraceae),
demonstrated PTP1B inhibitory activity. Among the
isolated compounds, Morusalbin D (20) was identified
as a potent PTP1B inhibitor, exhibiting significantly
greater potency with an ICsy value of
1.90 £ 0.12 pM. This was in comparison to the
positive control, ursolic acid, which had an ICsq value
of 9.47 £ 0.47 puM. Non-competitive PTP1B inhibi-
tory potential of morusalbin D (20), macrourin G (21),
and albasin B (22) was reported to be confirmed from
kinetic studies with Ki values of 1.09, 1.00 and 0.33,
and pM, respectively. Negative binding energies of
these DAs as a output of molecular docking studies,
when posed with PTP1B receptor in the same pocket,
confirmed the tight binding and high affinity to its
active site. Strong PTP1B inhibitory potential of
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compound 20 in comparison to 21 and 22 was noted
because of strong hydrogen H-bonding with a key
allosteric residue, Asn193, at the hetero oxygen of ring
E, confirming the potency of ketalized DA. All the
three compounds interacted with same allosteric
residues of PTP1B, Phe280 (in the o7 helix) and
Argl99, Phel96, Pro188, Leul92, and Alal89 (in o3
helix) through hydrophobic interactions. In the same
study, the compounds mentioned earlier were exam-
ined for their inhibitory activities against o-glucosi-
dase, which are discussed in a separate section
dedicated to a-glucosidase inhibitors (Ha et al. 2018).

Ketalized DAs (Morbilisin A-H) and 2-arylbenzofu-
rans (chalcomoracin) from leaves of Morus notabilis
were examined for their inhibitory activity against
PTP1B, providing insights into their potential as
inhibitors for this enzyme. Morbilisin A (23),
Morbilisin E (24), Morbilisin G (25a), Morbilisin
H (25b), and chalcomoracin (26) were reported as
more potent inhibitors having ICsy values ranging
between 1.5—2.3 uM, comparable to reference
standard oleanolic acid (3.0 uM). Compound 23
and 26 were found to be most potent amongst the
isolates (Wang et al. 2015).

25a 22"=R*

25b 22"=S*
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The flavonoids obtained from the hairy root
cultures of Glycyrrhiza pallidiflora, G. glabra, G.
uralensis, as well as from the leaves and roots of G.
uralensis, specifically biflavonoids, licoagrone (27),
licoagrodin (28), prenylated chalcone isobavachal-
cone (30), prenylated aurone licoagroaurone (29), and
glycybenzofuran (10) were reported to have PTP1B
inhibitory potential. Their ICs, values ranged between
6.0 uM and 23.9 pM when compared with positive
control RK- 682 (IC59 4.6 pM). Based on kinetic
analysis using different concentrations of potent
flavonoids, compound 27 and compound 29 were
identified as non-competitive and mixed-type inhibi-
tors of PTP1B, respectively. This determination was
made based on their Ki values of 24.0 uM and 6.3 uM,
respectively, using the p-nitrophenyl phosphate
(pNPP) substrate. Glycybenzofuran (10), a weak
inhibitor reported as competitive PTP1B inhibitor
with excellent cellular activity and inhibitory selec-
tivity. Compound 27 and 28 were reported as most
potent inhibitors amongst all isolates. PTP1B inhibi-
tion demonstrated by licorice flavonoids 10, 27, 28, 29
and 30 were reported to be attributed to the presence of
prenyl groups and hydroxy moieties in the ortho
position (Li et al. 2013).

Amongst the isolated flavonoids from Glycyrrhiza
uralensis Fisch, flavonols and chalcones were found to
be more potent than the isoflavones in inhibiting
PTPIB and o-glucosidase. Among the isolates,
licoflavone B (31) exhibited the highest potency with
an ICsq value of 15.62 + 0.20 uM. This ICso value
was lower than that of the standard NaVO4
(29.10 £ 0.20 uM), indicating its superior inhibitory
activity. Interestingly the total flavonoid extract dis-
played comparable activity with an ICsy value of
15.84 pg/mL, showcasing its significant inhibitory
potential. Isoflavones were less potent in comparison
to flavonols and chalcones for PTP1B inhibition. The
prenyl or variant prenyl function on ring B is reported
to be responsible for strong PTP1B inhibition by
potent chalcones and flavonols (Guo et al. 2015). In a
subsequent section, the a-glucosidase inhibitory activ-
ity of the flavonoids is addressed separately, providing
detailed insights into their potential as inhibitors of
this enzyme.

@ Springer



Phytochem Rev

NPs that inhibits the digestive enzymes: o-
glucosidase and a-amylase inhibitors

The potential of Bauhinia pulla wood and leaf extracts,
along with eight isolated compounds belonging to the
flavonoid, chalcone, steroid, and steroidal glycoside
classes, was investigated for their ability to inhibit o-
glucosidase. Bioactives were reported to be isolated by
bioassay guided fractionation after screening the
extracts for inhibitory potential. Among the isolated
compounds, quercetin (32) was strong inhibitor of
enzyme with an ICs, value of 5.41 pg/mL, compared to
acarbose, which had ICsy, of 124.11 pg/mL. The
chalcone 4-methyl ether isoliquiritigenin (33) showed
better inhibition in comparison to the 5-deoxyluteolin
(34) and 3, 2’4 ’-trihydroxy-4-methoxychalcone (35).
Molecular docking studies were performed to compare
the molecular interactions of flavonoids and its precur-
sor chalcone. It was confirmed from the docking studies
that the binding site for both chalcone and flavonoid
from Bauhinia pulla is same. It was reported further that
the number and the location of the hydroxy group affects
the alpha- glucosidase activity. This confirmation was
reported based on the observed reduction in inhibitory
potential when modifying or removing the -OH group
from positions 5, 7, or 8 of the ring A and position 3 of
the ring C in flavonoids. Conversely, the inclusion of a
hydroxy group on the 3- or 5-positions of B ring in
chalcones resulted in a decrease in o- glucosidase
activity (Dej-Adisai et al. 2021).

HO
@ O OH
HO °© O X
| c
HO™ < MeO OH
O OH

32 33

34 35

Ethanolic extracts of Syzygium aqueum leaf and the
six individual flavonoids demonstrated significantly
stronger inhibition of wx-amylase and «-glucosidase
compared to the positive control acarbose. The six
compounds isolated are namely myricetin-3-O-rham-
noside (36a), europetin-3-O-rhamnoside (36b), phlor-
etin (37a), myrigalone-B (37b), myrigalone-G (37c¢),
and 4-hydroxybenzaldehyde (38). Amongst the iso-
lated flavonoids, compound 36a and 36b showed
highest a-glucosidase and a-amylase inhibitory activ-
ity with ECsq values of 1.9 uM and 1.1 pM against o-
glucosidase, while 2.3 uM and 1.9 pM against «-
amylase, respectively. Amongst the isolated dihy-
drochalcones, 37¢ showed highest a-glucosidase inhi-
bition activity (7 = 1.4 pM), and 37a showed good a-
glucosidase inhibition with ECsq of 20 4 2.2 uM,
when compared to quercetin (27 £ 9.9). Compound
37b exhibited significant inhibition of a-amylase with
an ICsqg value of 8.3 £ 1.3 pM, whereas the standard
quercetin demonstrated an ICs, value of 17 &= 7.3 uM
(Manaharan et al. 2012).
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Flavonoids, specifically morusalbin D (20), albasin
B (22), macrourin G (21), and yunanensin A (39),
isolated from the root bark of Morus alba L.
(Moraceae), demonstrated inhibitory activity against
o-glucosidase. Contrary to the observed noncompet-
itive inhibition displayed by the DAs towards PTP1B
(as discussed under PTPIB inhibitors), all of the
studied DAs exhibited competitive inhibition of o-
glucosidase. Competitive inhibition of a-glucosidase
by all these compounds was confirmed from the
kinetic studies with K; values of 1.19, 0.64, 2.42, and
0.42 pM, respectively. In-silico studies disclosed that
these DAs exhibit tight binding and high affinity for «-
glucosidase. This was confirmed from binding inter-
actions with vital catalytic residues such as His280,
Asp215, GIn279, Glu277, Hisl12, Asp352, and
Asp242 (Ha et al. 2018).

O OH

42
42a Ry=H,Rp=H,Ry=OH
42b  Ry=-D-Glc, R, = H, Ry = OH

flavanones, eight derivatives of phenolic acids, pyro-
catechol, 5,7-dihydroxychromone, and tyrosol. Chal-
cone derivatives, flavanones, flavanols, quercetin (32),
and isobavachalcone (30) were claimed as potential
candidates compared  to acarbose (ICs5.
= 119.15 £ 4.90 uM) as reference standard. Most
potent compound 32 inhibited the enzyme with ICs, of
8.57 £ 57 pM. Morachalcone (40) and compound 30
from chalcone class (structure as under PTP1B
inhibitors) were reported to be less potent inhibitors
than compound 32 but significant inhibitors than
positive control acarbose, with ICsy value of
49.96 £ 18 pM and 67.30 £ 51 pM, respectively.
Weaker inhibitory potential was observed with com-
pounds 41, 42a-42 h, and 43a-43b than acarbose. It
was further concluded that hydroxyl on the 3- and/ or
7- position on ring ‘C’ and ‘A’ respectively, and more
number of hydroxyl group on ring ‘B’ of flavonoid
core increases inhibitory potential. On the contrary at
the same positions glycosylation of one or both the
hydroxyls reverse the inhibitory potential (Wang et al.
2013).

O OH

43a Ry=H, R, =-D-Glc
43b Ry=-D-Glc, Ry =H

42c  R4=(6"-O-acetyl)--D-Glc, R, = H, R3 = OH
42d Ry=-L-Rha-(16)--D-Glc, R, =H, R3 = OH

42e Ry=H, R, =-D-Glc, Ry = OH

42f  Ry=-D-Glc, R, = -D-Glc, Ry = OH

429 Ry=-D-Glc, Ry = H, Ry = H

42h  Ry=-L-Rha-(16)-D-Glc, Ry = H, Ry = H

Ethyl acetate extract and 25 individual phenolic
compounds obtained from mulberry fruit (Morus alba
L.) showed «-glucosidase inhibitory activity. Isolated
polyphenols include eight flavonoid glycoside, three
chalcones, three derivatives of flavanonols or

Polyphenols such as huperolides A, B, and C
(Compounds 44-46, respectively), which are deriva-
tives of dihydrochalcones, were isolated from the
Malus hupehensis (Pamp.), a plant native to China.
Additionally, known  phytoconstituents  from
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crabapple tea were also separated and inhibitory
activity of these compounds against «-glucosidase
was studied, with acarbose used as a positive control.
Newly isolated dihydrochalcone derivative, huper-
olides C (45b) showed equivalent inhibitory potential
as compared to acarbose, while phlorizin, a 2'-
glucoside of phloretin (60) and 3-hydroxyphloridzin
(46), significantly inhibited «- glucosidase in concen-
tration-dependent manner. Excellent inhibitory activ-
ity was found with compound 46 amongst the all
isolates and even better than acarbose with ICsy of
39.03 pg/ mL. On the other hand huperolides A (44)
and atropisomer huperolides B (45a) were reported as
weak inhibitors (Lv et al. 2019).

OH

HO O
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HO™ OH

OH OH

45a

OH O

OH
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HO
HO™ "OH
OH

male Sprague—dawley rats, with ICsy, of 6.7 and
4.1 pg/mL respectively, compared to acarbose (ICs.
=43 x 1072 pg/ml) as reference standard. Both the
flavonoids reported to be effective in reducing glucose
level in the blood of sucrose loaded diabetic rats at oral
dose of 100 mg/kg and 200 mg/kg, respectively.
Butanolic extract and the fractionated butanolic
extract showed 55 and 76.9% inhibition of a-glucosi-
dase, from which active constituents were isolated
(Choo et al. 2012).

OH

HO O
i OH O

OH

45b

OH

OH O
OH
HO OGlu OH

46

47) and

isovitexin
vitexin (48) from the butanolic leaves extract of Ficus
deltoideav Jack (Moraceae), showed the in vivo o-
glucosidase inhibition in sucrose loaded STZ-induced

C-glycosylbioflavonoids,
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The o-glucosidase inhibitory activity of eighteen
flavonoids, derived from Glycyrrhiza uralensis Fisch,
belonging to the classes of flavones, chalcones, and
isoflavones, were examined in separate study. In vitro
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studies on the isolated flavonoids revealed that twelve
compounds showed strong o-glucosidase inhibition
than positive control acarbose having ICsy value of
5.42 £ 0.10 pg/mL. Chalcones out of all the flavo-
noids, were reported as strong inhibitor at the dose of
5 pg/mL, in contrast to the isolated isoflavones and
flavones. It is pertinent to note that the tested total
flavonoid extract also showed up to 95% inhibitory
activity, which is equivalent to that of the isolated
flavonoids at same concentration. The compounds that
showed promising inhibition are licochalcone A (49a),
licochalcone B (49b), licochalcone C (49c), licochal-
cone D (49d), licochalcone E (49e), genistein (50a),
eurycarpin A (50b), luteone (50c¢), 4',7-dihydrox-
yflavone (51a), licoflavone C (51b), licoflavone B
(51c¢), and glabrol (52). The findings from the in vitro
study of these compounds indicated that the combined
presence of hydroxy and prenyl functional groups
contributed to the observed inhibitory activity, rather
than solely relying on either the hydroxy or prenyl
group alone. Isoflavones and flavonols, although
found active, were reported weaker inhibitors than
chalcones (49a-49e). This is particularly pertinent to
the formation of ring by prenyl and the position of
hydroxy group, specifically at C-5 for isoflavones and
flavonols and C-2’ for chalcones (Guo et al. 2015).

Ry

HO l H3CO. l OH
Rj ~ Ra

o}

49
49a Ri=H, R,=Y,Ry=H
49b R;=OH,R,=H, Ry=H
49¢ Ri=X, Ry=H,Ry=H
49d R;=0H Ry=H, Ry=X
49¢ Ri=H, Ry=Z, Ry=H

51
5la Rj=H,Ry=H, Ry=H, R=H
51b Ry=H, Ry= X, Ry= H, R= OH
5lc R=X,R,=H,Ry=X,R=H

s

Compound 9, 2',4’-Dihydroxy-6'-methoxy-3',5'-
dimethylchalcone from the Cleistocalyx operculatus
(Roxb.) Merr. et Perry (Myrtaceae) dried flower buds,
was separated and screened for a-glucosidase and o-
amylase inhibitory potential. It showed strong pacre-
atic «-amylase inhibition by noncompetitive way in
dose dependent manner with ICsy of 43 uM, as
compared to acarbose and showed merely 20%
inhibition against intestinal a-glucosidase (Hu et al.
2012).

Anthocyanins extracted from blueberries, blue
honeysuckle, and blackcurrants, as well as the corre-
sponding anthocyanidins obtained through acid
hydrolysis were investigated for their a-glucosidase
inhibitory potential. Blackcurrant anthocyanidins and
anthocyanins reported with highest a-glucosidase
inhibitory potential than others. Reported ICsq values
of purified anthocyanidin and anthocyanin rich extract
from  blackcurrant were 0.005 & 0.00 and
0.152 + 0.05 mg/mL, which were significantly stron-
ger than blue honeysuckle (0.025 £ 0.00 and
0.188 + 0.10 mg/mL respectively). Anthocyanidin-
rich extract containing cyanidin (53a) and delphinidin
(53b) from blackcurrant, and Cyanidin (53a) from
blue honeysuckle showed greater a-glucosidase inhi-
bitory potential than corresponding cyanidin glycoside
(83c¢) and delphinidin glycoside (53d) (Zhang et al.
2019).

50
50a R;=H, Ry= H, Ry,R,= OH, Rg=H

50b R;= OH, Ry=X, Ry= OH, Ry,Rs=H
50c Ry=OH, Ry=H, R3,R4= OH, Re=X

52
R;= X, Ry= X, Ry= OH

b
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53
53a Ri=H,R,=H
53b R=0OH,Ry=H
53¢ R;=H, Ry= Glucoside or Galactoside or Arabinoside

53d R;=OH, Ry= Glucoside or Galactoside or Arabinoside

Pelargonidin-3-O-rutinoside (54a), isolated from
the strawberries, was reported as potent inhibitor of -
glucosidase and found to suppress the postprandial
hyperglycemia, as confirmed from the in vivo oral
maltose and oral sucrose tolerance tests using ICR
mice model. Eighteen monomeric anthocyanins con-

arabinoside (54 k), malvidin-3-O- glucoside (54 1),
peonidin-3-0O- galactoside (54 m), and peonidin-3-O-
arabinoside (54m) also showed better a-glucosidase
inhibition than positive control with ICsy ranging
between 10.35 to 234.40 mM. Circular dichroism
(CD) spectroscopic analysis revealed that active 54b,
54a, and 54 k are responsible for the loss of the a-helix
structure of o-glucosidase, which in turn inhibits
normal substrate enzyme binding. Weak o-glucosi-
dase inhibitor delphinidin-3-O-sambubioside, with
sambubioside as glycosyl moiety at Rj; position
showed slight alteration in «-helix structure.

The activity data presented in the study establish a
clear structure—activity relationship, indicating that
inhibitory potential is influenced by the presence of
anthocyanidins, with the order of effectiveness being
pelargonidin > malvidin > peonidin > delphini-
din > petunidin > cyanidin (Xu et al. 2019).

54

54a R;=R,=H, R3= Rutinoside

54b R;=R,=H, R3= Glucoside

54c Ri=R,= OH, R3= Galactoside

54d R;=R,=OH, R;= Arabinoside

54e R;=R,=OH, R3= Glucoside

54f R;=R,= OH, R;= Rutinoside

54g R;=OCHj;, Ry= OH, R3= Galactoside

taining anthocyanidins like pelargonidin, malvidin,
cyanidin, delphinidin, peonidin, and petunidin linked
with the glycosyl function like glucoside, arabinoside,
sambubioside, galactoside, and rutinoside were iso-
lated using combination of HPLC and high-speed
countercurrent chromatography (HSCCC). Com-
pound 54a was reported as active amongst all, and
inhibited the o-glucosidase with ICs, of 1.69 mM, in
comparison to the positive control acarbose with ICs
356.26 mM. Other anthocyanins like pelargonidin-3-
O-glucoside (54b), delphinidin-3-O-galactoside (54c),
delphinidin-3-0O- arabinoside (54d), delphinidin-3-O-
glucoside (54e), delphinidin-3-O-rutinoside (54f),
petunidin-3-0O-galactoside (54 g), petunidin-3-O-ara-
binoside (54 h), petunidin-3-O-glucoside (54i), mal-
vidin-3-0-galactoside (54j), malvidin-3-0-
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54h R;= OCHj, Ry= OH, R3= Arabinoside
54i R;=OCHj3, Ry= OH, R3= Glucoside

54j R;=OCHj, Ry= OCHj;, R3= Galactoside
54k R;=OCHj;, Ry)= OCHj3, R3= Arabinoside
541 R;= OCHj;, Ry= OCHj;, R3= Glucoside
54m R;= OCHj3, Ry= H, R3= Galactoside

54n R;= OCHj, Ry= H, R3= Arabinoside

In a study aimed at confirming the role of phenolics
in managing postprandial glycaemia, inhibitory activ-
ities of green currant, black currant extract, and
phenolics isolated from them were studied against
salivary a-amylase, intestinal a-glucosidase, and sugar
transporters. Cyanidin (53a) reported to be potent -
amylase inhibitor amongst the all anthocyanins and
anthocyanidins with ICsq of 0.47 pg/mL, further
proved the potency of anthocyanin aglycones than
glycosides.

The isolated cyanidin (53a) and malvidin (71), a
anthocyanin aglycones showed to inhibit enzyme with
19.1% and 12.5% inhibition at 66 pg/mL, while the
glycoside form cyanidin-3-glucoside (6b) showed
15.8% inhibition at 33 pg/mL (Barik et al. 2020).
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Major anthocyanins isolated from five Hungarian
sour cherry varieties of Prunus cerasus L., were
studied for their inhibitory potential against the HSA.
HSA catalyzed hydrolysis was described to be com-
petitively inhibited by all the studied extracts includ-
ing anthocyanins. Malvidin-3,5-O-diglycoside (55),
having lowest ICs, value (80 £ 10 pM) was con-
firmed as potent inhibitor of HSA in comparison to
cyanidin-3-O-glucoside (6b) and cyanidin 3-O-ruti-
noside (56). Both the compounds 6b and 56 were
reported to be better inhibitors than malvidin-3-O-
glucoside (54 1) (Homoki et al. 2016).

OH
O OH
HO O O ocH,
Z>o0
Ho OO0 o AoH
HO OH OH
OH OH OH
55

DPP-1V inhibitors or GLP-1 mimetics

Compounds from flavonoid class like lanceolin (57a),
lanceoletin (57b), 4-methoxylanceoletin (57¢), 3,2’-
dihydroxy-4-3’-dimethoxychalcone-4’-glucoside
(57d), (2R)-8-methoxybutin (58), luteolin (1c¢), quer-
cetin (32), and leptosidin (59) were reported to be
isolated from Coreopsis lanceolata flowers. Dose-
dependent inhibition of DPP-IV was noted with
compounds 57b, 57¢, 57d, 58, and 59. The compound
lanceoletin (5§7b) showed highest activity amongst all,
having ICso of 9.6 uM, when compared with sitaglip-
tin (ICsp of 0.071 uM). It was reported further that 57b
becomes less effective as DPP-IV inhibitor, when
substituted with more than one methoxy and/ or in its
glycosidic form (Kim et al. 2020).
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R;=Glucose, Ry=H
Ri=H,R,=H

R|=H, Ry=CH;

R ;= Glucose, R,= CHj

The antihyperglycemic activity of the methanolic
extract derived from the flowers of Helichrysum
arenarium L. Moench (Asteraceae) was investigated
in sucrose loaded Mice. Further, the methanol extract,
ethyl acetate fractions, and methanol eluted fraction
were subjected to in vitro testing to assess their DPP-4
inhibitory activity. The methanol extract demonstrated
promising in vitro DPP-4 inhibition with an ICs value
of 41.2 pg/ml. This result directed the bioassay-
guided isolation of three new dimeric dihydrochalcone
glycosides, namely arenariumosides V-VII (from the
methanol-eluted fraction), in addition to several
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flavonoid constituents. The compounds that reported
to inhibit DPP-4 are arenariumosides V-VII (60, 61
and 62 respectively), arenariumosides III (63a), chal-
coneringenin 2’,4’-di-O-f-D-glucopyranoside (63b),
chalconeringenin 2’-O-f-D-glucopyranoside (63c),
6-hydroxy-3’-0-methylluteolin-7-O-f-D-glucopyra-

noside (64a), apigenin-7-O-gentiobioside (64b), api-
genin-7-0-f-D-glucopyranosiduronic acid methyl
ester (64c), luteolin-7-O--D-glucopyranoside (64d),
apigenin-7-0-f-D-glucopyranoside (64e), 6-hydroxy-
luteolin-7-0-f-glucopyranoside (64f), quercetin 3-O-
f-D-glucopyranoside (65a), quercetin 3,3’-di-O-3-D-
glucopyranoside (65b), kaempferol-3,7,-di-O-f-D-

glucopyranoside  (65c), kaempferol-3-O-f-D-glu-
copyranosyl-(1 — 3)-f-D-glucopyranoside  (65d),
kaempferol-7-O-f-D-glucopyranoside (65e),
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kaempferol-3,4’-di-O- f-D-glucopyranoside (651),
kaempferol 3-O-gentiobioside (65 g), and aureusidin
6-0-f3-D-glucopyranoside (66). Isolated thirty flavo-
noids from previous report including arenariumosides
I-IV, apigenin 7-O-gentiobioside, luteolin 7-O-b-D-
glucopyranoside, and aureusidin 6-O-f-D-glucopyra-
noside (66) were also screened for DPP-4 inhibitory
activity. All the studied compounds showed DPP-4
inhibition, but chalconaringenin 2’-O-f-D-glucopyra-
noside (63c, ICso = 23.1 uM) and aureusidin 6-O-f-
D-glucopyranoside (66, 24.3 pM) showed relatively
strong DPP-4 inhibitory activities with mixed type
inhibition, in comparison to the positive control
alogliptin (0.0018 uM) and diprotin A (2.3 pM)
(Morikawa et al. 2015).

confirmed in C57BL/6N mice jejunal segments and in
Xenopus leavis oocytes. Compound 67 was reported to
be potent amongst the polyphenols, inhibiting human
SGLT1 with IC5y of 0.46 + 0.19 puM in oocytes and
4.1 £ 0.6 uM in mice jejunal segments. Similar
results as obtained with C57BL/6N mice were noted,
when human volunteers which were previously
administered the apple extract were tested for an oral
glucose tolerance. It also reduced venous blood
glucose and plasma insulin concentration while
increasing renal glucose excretion in human volun-
teers, similar to the results observed in mice (Schulze
et al. 2014).

60 61 62
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63 64a R,=OH, Ry=Glc, Ry= OCHj, 65a R;=Gle, Ry=H, R;=OH, R;=H
63a Ri=X;, R,=H 64b R;=H, R,=X,, Ry=H 65b Ry=Gle, Ry=H, Ry=0Glc, Re=H
63b R;=Gle, Ry=Gle 64c R;=H, R,=6-methylGlcA, Ry;=H 65¢ R;=Glc, Ry=Gle, Ry=H,Re=H
63¢c R;=Glc, R,=H 64d R;=H, Ry=Glc, Ry= OH 65d Rj=X,, Ry=H, Ry=H,R,=H
64e R;=H, R,=Glc, Ry=H 65¢ R;=Gle, Ry=H, Ry=H,R;=H
64f R;=OH, Ry=Glc, Ry=OH 65f R;=Gle, Ry=H, R;=H, Ry=Glec

65¢ Ri=X,, R)=H, Ry=H,R=H

Glc = ARD-glucopyranosyl

Inhibitors of human Sodium Glucose Co-
Transporters (SGLT1)

In vivo and in vitro intestinal SGLT1 inhibition
mediated decrease in glucose uptake by an apple
extract and its polyphenols was reported. Apple
extract and polyphenols like phlorizin (67), phloretin
(13), kaempferol (68), and quercetin (32), isolated
from it, reduced postprandial blood sugar level as
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Compound 9, known as 2',4’-Dihydroxy-6'-meth-
oxy-3',5’-dimethylchalcone, has been reported to
exhibit significant inhibition of glucose transport in
both fasting and fed states, as confirmed through the
Caco-2 Cell monolayer glucose transport assay. Dose-
dependent reduced transport of glucose across the cell
monolayers in the simulated fasting state was shown
by 9. At concentration of 40 pM, it reported to exhibit
18% of glucose transport. This is in comparison to the
77% (300 uM) exhibited by the known SGLTI
inhibitor phloridzin dehydrate, which was used as a
positive control. During the simulated fed state, no
significant dose effect was observed. However, at the
same concentration, 9 exhibited 52% glucose trans-
port. This is in comparison to the known GLUT2
inhibitor phloretin, which showed 54% inhibition at a
concentration of 150 uM (Hu et al. 2012).

Chalcones and other flavonoids in treatment
of diabetes and related complications

The antidiabetic properties of specific compounds
found in the resinous inflorescences of Humulus
lupulus, namely Xanthohumol (12) and prenylfia-
vanones such as 8-prenylnaringenin (11) and isoxan-
thohumol (69), were evaluated. Prenylated chalcone
compounds 12, 11, and 69 were reported as potent
tight-binding and noncompetitive inhibitors of human
aldose reductase, AKR1B1 with Ki values 15.08 uM,
0.71 uM, and 0.34 uM, respectively (Seliger et al.
2018).

O OCHs

Oral administration of isoliquiritigenin (7), a
flavonoid from the root of licorice, ameliorated
diabetes retinal injury. This was achieved through
the restoration of retinal SIRT-1 level, down-regula-
tion of miR-195, reduction of oxidative stress and
endothelial damage, as well as inflammation and

reduced NF-xB gene expression. Further histopatho-
logical and electron microscopy studies proved that it
also helped in the preservation of retinal normal
histology and ultrastructure. It has been documented
that treatment with compound 7 has shown improve-
ment in diabetes-induced retinal injury by reducing
oxidative stress, inflammation, and endothelial dam-
age through the involvement of the miR-195/SIRT-1/
NF-kB pathway (Alzahrani et al. 2020).

Beer-derived polyphenols Xanthohumol (12) and
8-prenylnaringenin (11) were reported to play a role in
impaired lipid and carbohydrate metabolism in
T2DM. These polyphenols were also found to con-
tribute to the angiogenic paradox resulting from
neovascularization imbalance in the heart and kidneys
of diabetic C57B1/6 mice. Modulation of T2DM
angiogenic paradox by the 12 was correlated with
the decreased angiogenesis, expression of VEGFR-2,
VEGF-A level, and enzyme PFKFB3 in the endothe-
lial cells of kidney in studied animals, as confirmed
from ELISA assay. Compound 11 on the other hand
showed inverse effects in the left ventricle of the
T2DM mice than that of 12 and improve the impaired
angiogenesis. Interestingly, 11 and 12 decreased the
VEGF-B level, which plays a vital role in mediating
the transport of lipids in endothelial cells. It also plays
a role in the uptake of dietary lipids to peripheral
tissues through endothelial cells (Costa et al.
2017a, b).

The effect of apigenin (70) on obesity and associ-
ated metabolic disorders was reported to be investi-
gated. The study was conducted using C57BL/6 J
mice with HFD-induced obesity, and apigenin (70)
was administered at a dose of 0.005% w/w. The study
reported that apigenin (70) was able to lower the
fasting blood glucose levels. This activity was
reported to be attributed to the suppression of gluco-
neogenesis. This was confirmed by the decreased
expression and activities of PEPCK and G6Pase, the
vital hepatic gluconeogenic enzymes in glucose
homeostasis. This is further reported to be involved
in the improvement of insulin resistance by decrease in
the homeostatic index of insulin resistance and insulin
level. Amelioration of plasma glucose levels, insulin
resistance, and decreased fat accumulation in obese
mice supplemented with apigenin was correlated with
the significant decrease in plasma levels of pro-
inflammatory chemokines such as MCP-1. Addition-
ally, it led to a reduction in cytokines like IL-6, TNF-o,
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IFN-y, further proving its protective effect against
dyslipidemia and hepatic steatosis. This protective
effect was characterized by reduced total plasma
cholesterol, plasma free fatty acids, cytokine-induced
plasma apoB/apoAl ratio, and the apoB levels.
Apigenin, along with the glycemic control and ame-
lioration of insulin resistance, was found to reduce the
lipogenesis and lipolysis in the liver by downregula-
tion of mRNA expression of PPARy in C57BL/6 J
mice with HFD induced obesity (Jung et al. 2016).

Flavonoid-rich extract and flavonoids isolated from
the root extract of Sophora davidii (Franch.) Skeels
were reported to be investigated for their role in the
management of hyperlipidemia and further involve-
ment in the expression of PPARy and WAT size. The
study was conducted against hepatic steatosis and the
suppression of adipogenesis in KK-Ay Mice. Reversal
of hepatic steatosis and inhibition of PPARy expres-
sion confirms the antiobesity effect of flavonoids in
KK-Ay mice (Huang et al. 2018a, b).

Anthocyanin extract from Vaccinium ashei (Blue-
berry), along with its constituent malvidin-3-galac-
toside (54j), malvidin-3-glucoside (541), and
malvidin (71), exhibited a protective effect on eye,
attributed to their anti-inflammatory and antioxidant
mechanisms. The extract and isolated constituents
were found to prevent diabetic retinopathy through
various mechanisms. These included enhancing cell
viability, increasing catalase and superoxide dismu-
tase activity, reducing ROS levels, and decreasing the
expression of Nox4. Furthermore, the anti-angiogenic
effect was confirmed by reduction of VEGF levels and
inhibition of Akt pathway. Additionally, they exhib-
ited inhibitory effects on ICAM-1 and NF-xB, which
are involved in inflammation during the development
of diabetic retinopathy (Huang et al. 2018a).
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Isolated flavonoids from Eysenhardtia polystachya
bark, were reported to ameliorate oxidative stress by in
vitro and in vivo methods. The compounds, 9-hy-
droxy-3,8-dimethoxy-4-prenylpterocarpan (72), 7-hy-
droxy-5,8’-dimethoxy-6’«-1-rhamnopyranosyl-8-(3-
phenyl-trans-acryloyl)-1-benzopyran-2-one (73),
,3,2’ 4’ -tetrahydroxy-4-methoxy-dihydrochalcone-
3’-C-f-glucopyranosy-6’-O- 5-d-glucopyranoside
(74), 6’,7-dihydroxy-5,8-dimethoxy-8 (3-phenyl-
trans-acryloyl)-1-benzopyran-2-one (75), and 2°,4’-
dihydroxychalcone-6’-O- -d-glucopyranoside  (76)
reduced oxidative stress. The compound 75 was
reported to be most potent compound from the series.
Compound 75 exhibits potent free radical scavenging
effects in various in vitro assays, including DPPH,
metal chelating, TEAC, NO scavenging, hydrogen
peroxide radical scavenging, BSA oxidation, super-
oxide, and hydroxyl radical scavenging, outperform-
ing the reference ascorbic acid in most cases.
Conversely, compound 77 demonstrates lower scav-
enging activity.

In vivo assays on STZ-induced hyperglycemic
male CD1 mice reported to increase radical scaveng-
ing enzymes glutathione peroxidase (CSH-Px),
(CAT), SOD, and glutathione reductase (GSH) in
Serum, liver, pancreas, and kidney. Reduction in the
level of enzymes responsible for hepatic damage like
TB, ALP, SGOT, and SGPT supported the hepato-
protective effect of compounds. Overall, in vivo assay
results conclude that compounds 69-73 alleviate
complications of diabetes, by preventing and/or
delaying the onset of pancreatic, renal, and hepatic
damage. These compounds impart antioxidant prop-
erties, lower lipid peroxidation, and elevate radical
scavenging enzyme activity. From the results of all
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in vitro antioxidant assays, it was reported that the
electron donating group on ring A of all chalcones 73,
75, and 76 are orthro to the carbonyl group. Glycosi-
dation reported to show decrease in activity, as
confirmed by the moderate inhibitory activity of 76,
while compound 74 showed low activity (Perez-
Gutierrez et al. 2016).

with oxidative stress in the diabetic state, and
3-nitrotyrosine (3NT), a marker of cell damage.
Moreover it promoted advanced glycation end prod-
ucts (AGEs) production, and reduced inflammation,
and NO production (Luis et al. 2019).

Nobiletin (78), a flavone isolated from the peel of
citrus fruits, provide protection against cardiac car-

75

Antioxidant properties of quercetin (32) was
observed when administered to STZ induced diabetic
rats, at a dose of 50 mg/kg. This resulted in an increase
in insulin secretion in both the control saline group and
the diabetic saline group. Additionally, the concentra-
tion of triglycerides was found to be decreased.
Antioxidant effect of 32 was studied by quantifying
the biomarkers of oxidative stress like SOD, TBARS,
and CAT. It was reported that at 50 mg/kg dose, there
was significant decrease in levels of TBARS in serum
(16.0 = 10.7 nmol MDA/mg protein) in comparison
to the control saline group (21.0 = 7.8 nmol MDA/
mg protein). At same dose, no significant reduction in
SOD activity was reported in treated diabetic rats,
suggests the reversal of the effect caused by oxidative
stress. There were no significant differences in CAT
activities reported between the liver and kidney
(Maciel et al. 2013).

8-prenylnaringenin (11) and Xanthohumol (12)
have been reported to downregulate the expression
of oxidative biomarkers in the liver and the kidneys of
high-fat fed DMC57B1/6 mice model. These biomark-
ers include Galectin-3 (Gal3), a protein associated

diomyopathy in male C57BL mice with STZ-induced
diabetes. Hemodynamic measurements and echocar-
diography in compound 78 treated mice showed
protective effect on cardiac function. Decrease in
oxidative stress and weakened mRNA expression of
isoforms of NoX like p22phox, p91pho, and p67phox
was noted in treated mice. Attenuation of cardiac
fibrosis was reported in treated subjects. Additionally,
a decrease in the expressions of collagen Iw, trans-
forming growth factor TGF-f1, fibronectin, and
connective tissue growth factor CTGF was observed.
Its treatment in diabetic mice inhibited activation of
P38, NF-xB, and c-Jun NH2-terminal kinase (JNK),
mitigating interstitial fibrosis and cardiac dysfunction
(Zhang et al. 2016).
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Naringin (79) and hesperidin (80) were found
effective in attenuating the hyperglycemia-mediated
oxidative stress of rats with HFD/STZ-induced type 2
diabetes. Both the 79 and 80 treated rats significantly
decreased the production of pro-inflammatory cytoki-
nes, like IL- 6, and TNF-o. Apart from these effects, it
also lowered the glucose level, glycosylated hemoglo-
bin (HbAlc %), liver MDA, and NO (Mahmoud et al.
2012).
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A citrus flavanone, hesperetin (81) was studied for its
protective effect in diabetes -associated testicular injury
in the STZ-rat. Beneficial effects observed after the
hesperetin treatment were body weight loss prevention,
improvement of serum testosterone and reduced serum
glucose. Inhibition of apoptosis and lower activity of
oxidative stress specific biomarkers such as ROS, caspase
3, DNA fragmentation, MDA, and protein carbonyl was
observed in diabetic group treated with hesperetin.

Treatment with compound 81 enhanced the testicular
antioxidant system not only by increasing GSH, mito-
chondrial membrane potential (MMP), and ferric reduc-
ing antioxidant power (FRAP) levels, but also improved
the activities of enzymes such as SOD, GPx, and CAT.
Improvement in the sperm counts, motility, and viability
are some of the beneficial effects reported in hesperetin-
treated diabetic rats. Additionally, attenuation of testic-
ular indices of inflammation TNF-« and IL-17, along
with prevention of seminiferous tubules damage, was
observed in diabetic rats (Samie et al. 2018).
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In diabetic rats, kaempferol (68) exhibited potent
hypoglycemic and insulin-releasing effects, while also
reducing oxidative, inflammatory, and fibrotic damage
to the left ventricles (LVs) in STZ-diabetic rats. It
significantly preserved the systolic and diastolic
functioning of the LVs, which was associated with
suppression of cardiac fibrosis and decreased ventric-
ular collagen deposition, infiltration of inflammatory
cells, and protein expression of Bcl2-associated X

protein (Bax), cleaved caspase-3, and cytochrome-C.
The protective mechanism was attributed to its anti-
inflammatory and antioxidant actions, mediated
through the activation of SIRT1 (Alshehri et al. 2021).

Research explored the alleviating effects of scutel-
larin (82) on Type 2 diabetic cardiomyopathy using a
model of STZ-induced type 2 diabetic cardiomyopa-
thy in adult male SD rats fed with a high-fat and high-
sugar diet. It was observed to alleviate symptoms of
diabetic cardiomyopathy by enhancing the levels of
autophagy-associated proteins in cardiomyocytes,
such as LC3-II and Beclin-1, while reducing those
associated with apoptosis, such as Cyt-C, Bax, and
caspase-3 (Su et al. 2022).

OH

3
HO. O OH

Additionally, scutellarin has been found to effec-
tively protect against cardiac injury in type 2 diabetic
mice. It demonstrated this effect by diminishing
inflammation, oxidative stress, and apoptosis. The
observed mitigations are attributed to its modulation
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of the TLR/MYDS88/NF-xB pathway, Nrf2/Keapl/
ARE pathway, and mitochondrial apoptotic pathway
(Huo et al. 2021).

Scutellarin (82) relieved damage to the blood-
retinal barrier (BRB) by inhibiting retinal inflamma-
tory responses and subsequent oxidative stress injury
initiated by microglia cells in STZ-induced diabetic
mice. It has been documented to safeguard against
BRB damage during the early stages of diabetic
retinopathy. This protective effect is attributed to its
inhibition of the ERK1/2-NFxB inflammatory signal-
ing pathway, leading to reduced TNFa expression in
microglia cells. Additionally, it has been reported to
alleviate oxidative stress injury by inducing Nrf2
activation (Mei et al. 2019).

In STZ-induced diabetic rats, administration of a
2.5 mg/kg dose of Fisetin (83) over six weeks resulted
in decreased development of diabetic cardiomyopa-
thy. Fisetin mitigated cardiac damage by improving
circulating levels of CK-MB, LDH, and c¢Tnl (all are
biomarkers employed in the evaluation of cardiovas-
cular complications, being released into the blood-
stream in response to damage occurring in heart
muscle cells), as well as enhancing serum lipids and
cardiovascular risk indices. It also reduced oxidative
stress by increasing the activities of cardiac GSH,
SOD, and CAT, while decreasing levels of MDA and
protein carbonyl. Furthermore, studies reported that it
inhibits the production of pro-inflammatory cytokines
in diabetic rats by blocking cardiac NF-xkB pathways
(Althunibat et al. 2019).

HO.
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HO
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Luteolin (1¢) has been shown to provide protection
to the kidneys in a mouse model of Diabetic
nephropathy (DN), specifically the C57BL/6 J db/db
mice. It decreased the concentration of MDA and
increased SOD levels in db/db mice. Additionally, it
was noted to reverse the elevated levels of IL-6, IL-1,
IL-17A, and TNF-o« in DN mice. The observed
protective effect of luteolin was linked to a reduction
in glomerular sclerosis and interstitial fibrosis, which

was found to be correlated with the inhibition of
STATS3 expression (Zhang et al. 2021a, b).

Baicalin (84) alleviated diabetic nephropathy in a
spontaneous mouse model by diminishing oxidative
stress and inflammation. It mitigated oxidative stress
through enhancements in the activities of antioxidant
enzymes GSH-PX, SOD, and CAT, while reducing
MDA levels. Additionally, it decreased the levels of
pro-inflammatory cytokines IL-1p, IL-6, MCP-1, and
TNFa. Thus, its primary mechanisms were reported to
be associated with activating the Nrf2-mediated
antioxidant signaling pathway and suppressing the
MAPK-mediated inflammatory signaling pathway.
Inhibition of the MAPK-mediated inflammatory sig-
naling pathway was corroborated by the inhibition of
MAPK family proteins, Erk1/2, JNK, and P38 (Ma
et al. 2021).

Diosmetin (85), at dose of 25-100 mg/kg/day for
8 weeks in STZ induced diabetic nephropathy mice,
decreased the levels of TNF-a, IL-6, and IL-1b in the
serum of the diosmetin-treated group. It also attenu-
ated oxidative stress by altered levels of MDA and NO
and the activity of SOD and Myeloperoxidase (MPO)
in the tissue homogenate of STZ-induced DN mice. It
reduced the expression of NF-kB protein and thus the
level of inflammatory cytokines in the serum of DN
mice. Modulation of Akt/NF-kB/iNOS signaling
pathway was reported to prove renoprotective, anti-
diabetic, anti-inflammatory and anti-oxidant effects of
Diosmetin (Jiang et al. 2018).
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Biochanin A (86), an isoflavone, improved
retinopathy in diabetic rats induced by STZ. It was
observed to exert its effects by lowering blood sugar
levels, modulating inflammation by reducing IL-1f
and TNF-o, and suppressing angiogenesis through the
inhibition of vascular endothelial growth factor in
retinal tissues (Mehrabadi et al. 2018).
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Phytocomplexes as antidiabetic agents

Diabetes Mellitus is treated now days using classical
drugs acting on multiple molecular and cellular targets.
In contrast with single ligand acting at a single
receptor, herbal extracts in the form of phyto-com-
plexes act as multi-target ligands, where numerous
phytoconstituents bind to the diverse targets of DM.
Scutellariae Radix (SR) was reported to contain the
baicalin, baicalein, wogonin, and wogonoside, and
showed the suppression of gluconeogenesis and aug-
mentation of insulin resistance. The alkaloid berber-
ine, from herb Coptidis Rhizoma (CR), is known to
lower blood glucose and promote the insulin secretion.
Interestingly, the combined extract of both of these
herbs in equal proportion work synergistically and is
known as traditional Chinese medicine to treat the
T2DM (Artasensi et al. 2020).
o

HyCO !
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This phyto-complex approach not only validates
the synergistic effect but also help improve the poor
bioavailability of herbal drugs. Phyto-complex tech-
nology, a novel drug delivery system, where aqueous
soluble or standardized plant extracts are incorporated
into phospholipids, which thereby produce lipid
compatible molecular complex (Mathur 2013).

@ Springer

Various reports on the DESIGNER (Deplete and
Enrich Select Ingredients to Generate Normalized
Extract Resources) have been published to generate
the Phytocomplexes for the treatment of T2DM. In this
process, Knockout Extract (KOE) is prepared using
appropriate separation techniques. KOE is then uti-
lized for in vivo and in vitro pharmacological studies,
which can potentially produce synergistic effects and
reduce undesirable effects. KOE derived from the
bioactive extracts are known to act on multiple
molecular and cellular targets. (Fig. 3a).

One such study, where DESIGNER approach was
employed, to identify the isomeric bioactive compo-
nents from the mixture of phytoconstituents in an
ethanolic extract of Artemisia dracunculus with
hypoglycemic properties. The experiments conducted
in vitro and in vivo, using the knockout extract,
revealed that both 4’-O-methyldavidigenin (87) and
4-0-methyldavidigenin (88) possess the capacity to
enhance insulin signaling in skeletal muscle. This
finding suggests that these compounds could poten-
tially contribute to a synergistic effect, leading to
improved insulin secretion (Yu et al. 2019).

Artemisia dracunculus contains additional constituents
from the flavonoid class, which have been demonstrated
to act on various targets associated with T2DM (Eisenman
etal. 2011; Vandanmagsar et al. 2021). The representative
illustration of phytocomplexes derived from the ethanolic
extract of Artemisia dracunculus using the DESIGNER
approach is shown in Fig. 3b. The figure showcases the
impact of these phytocomplexes on diverse targets
associated with T2DM.
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Fig. 3 a General Multi-target drug approach for development
of antidiabetic drugs from herbs b illustrating the multitarget

Extract

(a)

PTPIB ()
AMPK (+)

Aldose reductase (-)
AMPK (+)
PI3K (+)

Aldose reductase (-)

4-0-methyldavidigenin (83)

4"-0-methyldavidigenin (82)

(b)

mechanism of action of ethanolic extract from Artemisia effects
dracunculus and its knockout extracts, KOE (i) and KOE (ii)

Recent patents on plant based anti-diabetics
(Table 2)

KOE

Sakuranetin
6-emethoxycapillarisin

Improved Glucose Uptake

[IR] Insulin signaling (+)
AKT (+)

Aldose reductase (-)
PTPIB (-)

[IR] Insulin signaling (+)
PTPIB (-)
AKT (+)

4 ) 82

2',4'- dihydroxy-4-methoxydihydrochalcone 83)

Improve Insulin Levels

containing chalcones and their natural metabolites on various
targets in T2DM. ( +) represents activation and ( —) inhibition

Table 2 Some Patents recently published on natural compounds under study for its T2DM treatment

Sr.  Publication Patent Number Invention Disclosed

No  Date

1 18/07/2019  US2019216875A1  Polyphenol composition and method of its use and manufacture in the treatment of
metabolic disorders

2 29/09/2022  CN105596429A Preparation and application of lotus plumule total flavones for preventing and treating II-
type diabetes

3 24/03/2016  'WO2016041195A1 Flavone glycoside derivatives and preparation method and use thereof

4 11/07/2012  CN102552378A Lucerne and application of lucerne extract in preparing medicament for treating diabetes

5 22/02/2017 CN106420697A Polymethoxylated flavone, composition and application of polymethoxylated flavone

preparation in preventing or treating diabetes
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Conclusion

Recent reports from the WHO and the IDF sound an
alarming bell regarding the increasing prevalence of
T2DM in the near future and thus highlight the urgent
need for the development of optimized treatments that
are effective and free from side effects. Conventional
antidiabetics are effective in T2DM, but suffer from
higher incidences of side effects, thereby natural
alternative or an adjunct therapy to conventional drugs
is the choice of treatment nowadays. Though the
reports have suggested the identification of chalcone
and its natural metabolites acting on multiple targets
of T2DM with antidiabetic effect, very few attempts
have been found to be made for optimization of these
leads for improving therapeutic efficacy with reduced
side effects. Apart from reducing the side effects of
recent T2DM treatment, the amelioration of the
diabetic related complications is major challenge for
the T2DM drug development. Recent Studies reported
the use of phyto-complexes working same as multi-
target ligands in treating T2DM. To tackle the
multifaceted nature of diabetes and its related com-
plications, there is a growing interest in developing
multitarget drugs derived from natural sources. In
particular, the utilization of optimized scaffolds based
on chalcone and its metabolites from flavonoid class
show promise in this regard. Such approaches have the
potential to target multiple pathways and provide
effective relief from the various aspects of diabetes
and its associated complications.

While numerous studies have demonstrated the
inhibitory effects of flavonoids including chalcones on
a-amylase, there are conflicting reports also suggest-
ing that neohesperidin dihydrochalcone can activate
mammalian o-amylase through chloride-mediated
allosteric activation (Kashani-Amin et al. 2013). The
dual behaviour of flavonoids in both activating and
inhibiting o-amylase requires further investigation,
particularly in terms of anionic-dependent allosteric
activation and its relationship with structural features.

PTP1B inhibitors have gained attention not only for
their antidiabetic and antiobesity properties but also
for their potential positive effects on the development
and advancement of cancers (Lessard et al. 2012). The
review emphasizes the potential significance of
flavonoid scaffolds, which are known inhibitors of
PTP1B, and suggests that further attention should be
given for exploring their potential role in the

@ Springer

development of novel natural products for cancer
therapy, which is commonly associated with diabetes.
Several investigations have examined the utilization
of anthocyanin-rich foods or isolated anthocyanins
and anthocyanidins as dietary supplements. However,
there remains an opportunity to optimize these
molecules further in order to enhance their absorption.
It has been suggested that compared to the chalcones
and other natural metabolites discussed earlier, the
anthocyanin family of dietary flavonoids exhibits the
least bioavailability (Lila et al. 2016).

In conclusion, this review builds on newly reported
plant-derived chalcones and their metabolites to the
existing pool of plant-based antidiabetic natural prod-
ucts. It provides a valuable resource for researchers
seeking to optimize antidiabetic leads in the future.
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