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Abstract: Diabetes mellitus (DM) is a prevalent metabolic disorder with a rapidly rising global inci-
dence, presenting a significant burden to healthcare systems worldwide. Flavonoids, a class of natu-
rally occurring polyphenolic compounds, are well-documented for their diverse pharmacological ac-
tivities, particularly their anti-diabetic and anti-inflammatory effects. These secondary metabolites
are commonly found in fruits, vegetables, and fungi and are classified into six main subclasses: fla-
vanols, flavones, flavanones, isoflavones, anthocyanidins, and chalcones. The interplay between hy-
perglycemia, inflammation, and vascular complications in diabetes is now well recognized. Flavo-
noids with anti-diabetic properties may help mitigate inflammation by reducing hyperglycemia
through various mechanisms. This review explores the antidiabetic potential and molecular mecha-
nisms of citrus flavonoids, drawing on updated evidence from in vitro and in vivo studies. Flavonoids
?0(_)2’}74 0115701638333208250522050837 are shown to regulate biomarkers of glycemic control, lipid metabolism, renal function, hepatic en-
zymes, and antioxidant defenses. They also modulate signaling pathways implicated in glucose up-

take and insulin sensitivity, which are central to the development of diabetes and its complications.

@ CrossMark Furthermore, this review synthesizes current knowledge on the antidiabetic effects of dietary flavo-
noids, emphasizing their molecular mechanisms in modulating key pathways such as glucose trans-
porters, hepatic enzymes, tyrosine kinase inhibitors, AMP-activated protein kinase (AMPK), peroxi-
some proliferator-activated receptors (PPARs), and nuclear factor kappa B (NF-kf). Further research
is essential to deepen our understanding of flavonoids' therapeutic mechanisms in managing diabetes.
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1. INTRODUCTION of death by 2030 [3]. It is broadly classified into acute and
chronic forms, with acute diabetes involving short-term com
plications like diabetic ketoacidosis, hyperglycemic hyperos-
molar syndrome, and chronic diabetes leading to long-term

conditions such as cardiovascular disease and neuropathy [1].

Diabetes mellitus (DM) is a significant global health con-
cern, contributing to substantial economic and societal bur-
dens [1]. Approximately 463 million persons between the
ages of 20 and 79 have diabetes, with the majority of them

pervading in developing and underdeveloped countries, ac-
cording to the International Diabetic Federation's (IDF) con-
cluding report. By 2045, this number is expected to rise to
700 million [2]. According to a report by the World Health
Organization (WHO), the death rate is projected to double
between 2005 and 2030, making it one of the leading causes
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Fig. (1) interpretation of the normal glycemic effects of
various bioactive phytochemicals, in comparison to acute and
chronic diabetes-also known as prolonged hyperglycemia-
which results from the dysregulation of protein, lipid, and
carbohydrate metabolism and is considered a hallmark of di-
abetes mellitus. Type 1 Diabetes Mellitus (T1DM) is an au-
toimmune disorder where the body's immune system attacks
and destroys pancreatic -cells, leading to insulin deficiency
and hyperglycemia. It typically presents during childhood or
early adulthood, and lifelong insulin therapy is required for
its management. Type 2 Diabetes Mellitus (T2DM) is char-
acterized by insulin resistance (IR) in tissues such as skeletal
muscle, liver, and adipose tissue, with the pancreas initially
compensating by producing more insulin. However, over
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Fig. (1). Various bioactive phytochemicals and their corresponding bioactive compounds from different medicinal plants with normoglycemic
effects. (4 higher resolution / colour version of this figure is available in the electronic copy of the article).

time, B-cell function declines, leading to persistent hypergly-
cemia. T2DM is most commonly observed in adults, espe-
cially those with obesity and a sedentary lifestyle. If left un-
treated, it can result in damage to vital organs, including the
heart, kidneys, and eyes. Type 3 Diabetes is a term sometimes
used to describe Alzheimer's disease due to its association
with IR in the brain. It is thought that impaired insulin signal-
ing may contribute to the cognitive decline seen in Alzhei-
mer's disease. All ages are affected by the three main types of
diabetes: type 1, type 2, and type 3 gestational diabetes [4].
Moreover, T2DM remains the most prevalent and is closely
linked to lifestyle changes and various environmental factors.
This metabolic imbalance results in excessive glucose accu-
mulation in the bloodstream as the body’s cells become less
responsive to insulin. Over time, these factors also impair
pancreatic B-cell function, exacerbating the condition. Addi-
tionally, genetic predisposition combined with these modifi-
able risk factors further accelerates the progression of T2DM.
Addressing these lifestyle factors through diet, exercise, and
stress management can play a crucial role in preventing or
managing T2DM. Symptoms include polyuria (frequent uri-
nation), polyphagia (increased hunger), polydipsia (increased
thirst), weight loss, and sleepiness [3, 4].To control diabetes,
various medications are available in the markets, including
Metformin, which activates AMP-activated protein kinase
(AMPK) by inhibiting complex I of the mitochondrial elec-
tron transport chain (ETC). This inhibition impairs ATP syn-
thesis, thereby increasing the AMP/ATP and ADP/ATP ra-
tios, ultimately enhancing insulin sensitivity. Sulphonylureas
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stimulate the release of insulin from pancreatic beta cells.
Thiazolidinediones (TZDs) activate peroxisome proliferator-
activated receptor-gamma (PPAR-y), modulating genes in-
volved in glucose and lipid metabolism. Biguanides reduce
hepatic glucose production, and insulin administration, com-
monly used T1DM, lowers blood glucose levels while pro-
moting lipogenesis and protein synthesis [5, 6]. Despite the
availability of several effective oral hypoglycaemic medica-
tions, 5-10% of cases experience subsequent failure. This sec-
ondary failure can be attributed to factors such as declining
Beta-cell activity, medication non-adherence, weight gain,
physical inactivity, dietary changes, MDR, or underlying ill-
nesses. The adverse effects of synthetic medications can some-
times be alleviated through the use of herbal therapies.

Historically, numerous medicinal plants have been uti-
lized to manage diabetes. Due to their availability, affordabil-
ity, and minimal side effects, plant-derived bioactive com-
pounds have become essential components of modern thera-
peutics, particularly in rural areas [5-8], with flavonoids be-
ing among the most prominent. Countless flavonoids origi-
nating from citrus fruits have been declared to diminish oxi-
dative stress, improve glucose tolerance and insulin sensitiv-
ity, modulate lipid metabolism and adipocyte differentiation,
suppress inflammation and apoptosis, and improve endothe-
lial dysfunction, which indicates their potential anti-diabetic
effect [8]. Flavonoids, a diverse group of polyphenolic com-
pounds, offer a wide range of health benefits due to their var-
ied structures and mechanisms of action [8].



Therapeutic Potential of Flavonoids in DM Management

Flavonols like quercetin and rutin provide cardiovascular
and cerebrovascular protection, antioxidative, antidiabetic,
and anti-inflammatory effects, with rutin also offering vaso-
protective and neuroprotective benefits [8]. Kaempferol and
isorhamnetin exhibit anti-aging, anti-inflammatory, and anti-
oxidative properties, with isorhamnetin additionally promot-
ing organ protection and obesity prevention. Fisetin is recog-
nized for its anti-oxidant, anti-inflammatory, and anti-tumor
effects, as well as its protective role in myocardial and kidney
injuries [8]. Among flavanones, hesperidin and naringin de-
liver anti-oxidant, anti-inflammatory, and cardioprotective
effects, with naringin also reducing adiposity and osteoporo-
sis risk, while naringenin is noted for its lipid-lowering and
insulin-like activities [8].

Flavanonols, such as silymarin, support insulin sensitiv-
ity, cardiovascular health, and neuroprotection while regulat-
ing blood pressure and lipid profiles. Anthocyanins, like an-
thocyanin, are known for their anti-oxidative, cardiovascular,
neuroprotective, and anti-obesity effects. Flavones, including
baicalin, apigenin, and luteolin, protect cardiovascular, he-
patic, and renal systems while offering anti-inflammatory,
anti-oxidative, and anti-cancer benefits. Scutellarin and my-
ricetin contribute additional anti-obesity and antiviral effects,
respectively. Isoflavones such as puerarin and biochanin A
lower blood glucose levels, improve IR and provide cardio-
protective and antioxidative benefits [8]. Finally, flavan-3-ol
compounds, like (—)-epigallocatechin-3-gallate (EGCG), de-
liver anti-oxidative, anti-obesity, and anti-insulin resistance
effects, highlighting the therapeutic and preventive potential
of flavonoids in diverse health domains [8]. Nearly 40 citrus
flavonoids, including quercetin, rutin, kaempferol, isorham-
netin, fisetin, morin, ellagic acid, myricetin, hesperidin, hes-
peretin, neohesperidin, naringenin, naringin, eriocitrin, di-
dymin, abyssinones, poncirin, apigenin, luteolin, tangeretin,
chrysin, wogonin, diosmin, baicalein, rhoifolin, sudachitin,
tricin, genistein, daidzein, biochanin, cyanidin, delphinidin,
pelargonidin, xanthohumol, cardamonin, and 8-preny-
Inaringenin, have shown significant potential in managing
T2DM (Fig. 1). Flavonoids, including lutein, scutellarin, bi-
ochanin A, naringenin, rutin, puerarin, quercetin, kaempferol,
silymarin, epigallocatechin gallate (EGCQG), and fisetin, are
renowned for their therapeutic potential in diabetes-induced
complications such as diabetic cardiomyopathy (DCM) and
diabetic nephropathy (DN) [8]. These compounds, depicted
around central illustrations of the heart and kidneys affected
by DCM and DN, respectively, highlight their cardioprotec-
tive and renoprotective effects. By leveraging mechanisms
such as antioxidation, anti-inflammatory activity, and the reg-
ulation of lipid and glucose metabolism, these flavonoids
contribute to improved heart health and protection of renal
function. Specifically, in DCM, flavonoids help mitigate car-
diac damage and preserve cardiac function, while in DN,
compounds like kaempferol, luteolin, naringenin, rutin, bai-
calin, myricetin, anthocyanin, puerarin, fisetin, hesperetin,
and EGCG are particularly effective in preventing the pro-
gression of kidney damage. Together, these flavonoids pro-
vide significant therapeutic benefits for managing diabetes-
related complications and promoting overall cardiovascular
and renal health. Current treatments for type 2 diabetes, such
as pharmaceutical drugs, often show side effects and limited
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efficacy, creating a need for alternative and safer therapeutic
options. Flavonoids are emerging as promising candidates
due to their ability to target IR, a hallmark of type 2 diabetes
[8]. To further understand the mechanisms underlying vari-
ous animal models, researchers investigate the interplay be-
tween genetic and environmental factors. This review focuses
on the role of flavonoid compounds in developing novel an-
tidiabetic agents specifically aimed at managing type 2 dia-
betes, providing a foundation for safer and more effective
treatments.

1.1. Glucose Regulation and Insulin Resistance (IR)

Glucose regulation is crucial for maintaining blood sugar
levels, primarily through the actions of the hormone insulin
and glucagon, which help to control blood sugar levels after
carbohydrate-rich meals. Pancreatic o-amylase plays a key
role by hydrolyzing starch and glycogen into oligosaccha-
rides and disaccharides. These are then further broken down
into monosaccharides by the enzyme a-glucosidase on the in-
testinal brush border, facilitating glucose absorption and con-
tributing to postprandial hyperglycemia [9]. Targeting a-am-
ylase and a-glucosidase inhibitors has become a primary
strategy for managing hyperglycemia. While synthetic inhib-
itors like acarbose and miglitol can cause side effects, flavo-
noids have shown promise as natural enzyme inhibitors and
antioxidants, offering protection to cells while helping regu-
late blood sugar levels [10, 11]. Also, the prime hormone in-
sulin, produced by the pancreatic B-cells, is secreted in re-
sponse to elevated glucose levels. It promotes glucose uptake
by activating glucose transporter type 4 (GLUT4) transloca-
tion, stimulates protein synthesis, and encourages glucose
storage [11, 12]. On the other hand, glucagon, released by a-
cells when glucose levels are low, triggers hepatic glucose
production and lipolysis in adipose tissue [12-14]. Glucose
transport across cell membranes is facilitated by GLUT pro-
teins, which are encoded by the solute carrier family 2
(SLC2) genes. Among these, GLUT2 is particularly im-
portant for pancreatic glucose sensing and insulin secretion
[13, 14]. Moreover, IR, which is characterized by diminished
glucose uptake due to impaired signalling, can be triggered
by tumor necrosis factor-alpha (TNF-a) and free fatty acids
(FFAs). These molecules inhibit insulin receptor substrate 1
(IRS-1) and prevent GLUT4 translocation [15]. Other pro-
teins, including protein tyrosine phosphatase 1B (PTP1B),
phosphatase and tensin homolog (PTEN), and suppressor of
cytokine signaling 1/3 (SOCS-1/3), further suppress insulin
signaling, while lipid accumulation in the liver and muscle
exacerbates the condition [16, 17]. As a compensatory re-
sponse, pancreatic B-cells increase insulin secretion, leading
to B-cell hypertrophy and expansion of the islets [18].

1.2. Insulin Receptor Signaling and Mechanisms of IR in
Type 2 Diabetes

Tyrosine kinase (TK), an insulin receptor, mediates insu-
lin's intracellular actions by auto-phosphorylating tyrosine
residues when insulin binds to its extracellular domain, caus-
ing a conformational shift. Phosphotyrosine binding proteins
such as growth factor receptor-bound protein 2 (GRB2),
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insulin receptor substrate (IRS), GRB10, and Src homology
and collagen (SHC) are activated as a result of TK activation
[19]. For instance, GRB10 phosphorylation and stabilization
by mammalian target of rapamycin complex 1 (mTORCI)
provide feedback inhibition to the insulin receptor (INSR),
triggered by insulin signaling. Other substrates, like SH2B2
adapter protein 2 (SH2B2/APS), initiate the metabolic insulin
response [20]. Insulin signaling involves proximal processes,
including the phosphorylation of IRS, phosphatidylinositol 3-
kinase (PI3K), AKT isoforms, and INSR. These processes
start at the plasma membrane in insulin-target tissues. Three
pathways result from phosphorylation: the PI3K-dependent
pathway, which mediates glucose, lipid, and protein metabo-
lism; the mitogen-activated protein (MAP) kinase pathway,
regulating cell proliferation; and the pathway affecting glu-
cose and lipid metabolism through IRS phosphorylation by
TK. Phosphatidylinositol 3,4,5-trisphosphate (PIP3) recruits
AKT, activating phosphoinositide-dependent protein kinase
1 (PDK1) and mTORC?2, which mediate insulin's effects on
glucose uptake and nutrient reserving [21].

In insulin-sensitive organs, insulin regulates metabolic
adaptation between fasting and postprandial states, promot-
ing anabolic activities and nutrient storage. Insulin sup-
presses fatty acid oxidation, glycogenolysis, gluconeogene-
sis, apoptosis, and autophagy, while promoting glucose up-
take and storage in muscle, fat, and liver [22]. However, IR
T2DM attenuates this transition, resulting in impaired insu-
lin action. GLUT1 and GLUT4, responsible for glucose
transport, are less effective in diabetic individuals, reducing
glucose uptake and increasing IR. Diabetes also impacts liver
enzyme activity and insulin signaling, slowing lipid metabo-
lism and contributing to hyperglycemia and IR [23, 24]. Gly-
cated proteins from hyperglycemia reduce PI3K, protein ki-
nase B (PKB), and glycogen synthase kinase-3 (GSK-3) ac-
tivity, worsening IR. Glucosamine increases IRS1 glycosyla-
tion, reducing insulin response [25, 26]. Additionally, IR de-
creases insulin's capacity to promote glycogen synthesis, as
observed in T2DM patients with reduced TK activity in the
liver and muscle [27]. Severe IR can cause ectopic fat buildup
in peripheral tissues like skeletal muscle and liver. Leptin
therapy or weight loss can reverse hepatic IR in T2DM and
non-alcoholic fatty liver disease patients. Ectopic lipid accu-
mulation mediates IR via lipid metabolites, such as diacyl-
glycerol, which inhibit TK activity and deactivate IRS2,
PI3K, and AKT2 [28, 29]. Increased c-Jun N-terminal kinase
(JNK) activity, observed in obese rats and humans, contrib-
utes to IR, as JNK1 knockout mice exhibit improved insulin
sensitivity [30]. Immune cells and cytokines contribute to IR
in the liver, especially with prolonged lipid exposure [31].
Adiponectin receptors 1 and 2 activate AMPK and PPAR-a
signaling, suppressing gluconeogenesis and enhancing glu-
cose absorption, while their deletion contributes to IR [32].

1.3. Inflammatory Response and IR

In both humans and animals with insulin resistance (IR),
it is important to note that leptin levels increase while adi-
ponectin levels decrease. Leptin directly affects insulin action
by binding to its receptor (LepRb) and activating the
JAK/STATS3 signaling pathway [33]. Leptin reduces the syn-
thesis of glucose in the liver, enhances insulin sensitivity, and
120
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restricts the secretion of insulin. Insulin then promotes the
synthesis of leptin in adipose tissue. Interestingly, monocytes
and macrophages emit pro-inflammatory substances such as
IL-6, TNF-a, and IL-12 when leptin levels linked to IR are
high. The onset of IR in those with dyslipidemia or obesity.
A mechanism that causes IR in the liver and pancreatic -
cells is ER stress, which is exacerbated in obesity [34].

1.4. Search Methodology and Selection Standards

A comprehensive literature search was conducted using
the keywords "flavonoids", "phytochemicals", "flavonoids
and anti-diabetics", "phytochemicals diabetes mellitus", and
"flavonoids OR flavonoid subclasses AND diabetes" across
ScienceDirect, Scopus, and PubMed databases to identify rel-
evant studies published in the past 10 years. The inclusion
criteria were original research articles, reviews, and meta-
analyses that specifically investigated the role of flavonoids
and phytochemicals in diabetes mellitus. Studies unrelated to
diabetes, those lacking experimental evidence, or articles
without sufficient data were excluded. From the identified
records, 189 papers meeting the criteria were selected and
thoroughly examined. Data extraction focused on study de-
sign, intervention details, molecular mechanisms, and key
outcomes to ensure a comprehensive and transparent synthe-
sis of the literature.

1.5. Flavanoids in Diabetes Management

The tropical and subtropical regions of Oceania (Queens-
land and Australia) and Asia (from North China to India) are
home to diverse citrus species with high sexual compatibility,
allowing spontaneous crossover and improved hybrids
through human intervention [35]. The global citrus industry
produces 100 million tonnes of fruit annually, with 60% con-
sumed locally, 10% exported, and 30% utilized commer-
cially, including oranges, lemons, limes, pomelos, grapefruit,
mandarins, and hybrids. Recently, interest in unusual varie-
ties like blood oranges, kumquats, yuzu, and kaffir lime has
grown. The first flavonoid, hesperidin, was discovered in the
citrus genus in the late 19™ century, followed by the identifi-
cation of 44 naturally occurring citrus flavonoids [36].

Flavonoids have a 15-carbon skeleton comprising two ar-
omatic rings (A and B) linked by a three-carbon oxygenated
heterocyclic C ring and are classified into six subtypes: fla-
vonols, flavanones, flavones, isoflavones, anthocyanins, and
catechins, based on their structure and functional groups [37].
Bioflavonoids, discovered by Albert Szent Gyorgyi in 1938,
are polyphenols responsible for the vibrant colors of flowers,
fruits, and leaves, offering health benefits for metabolic dis-
orders, including diabetes, cancer, obesity, and cardiovascu-
lar diseases [38]. Acting as antioxidants, flavonoids mitigate
oxidative stress by scavenging reactive oxygen species
(ROS) and preventing cellular damage [39]. Their anti-dia-
betic properties involve regulating glucose uptake, insulin
signaling, lipid metabolism, and reducing hyperglycemia by
influencing glucose metabolism in liver cells [40, 41]. Bioac-
tive components such as hydroxyl groups and o and § ketones
contribute to these effects [42]. Flavonoids also enhance glu-
cose uptake by modulating the expression and translocation
of glucose transporters like GLUT4 in insulin-sensitive tis-
sues, promoting glucose homeostasis and reducing IR [43].
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Since flavonoids have been extensively studied for diabe-
tes treatment, various experimental models, including rodents
and non-rodents such as pigs, rabbits, rhesus monkeys, and
zebrafish, have been employed to understand IR and evaluate
potential therapies. These models include chemically induced
diabetes models (e.g., streptozotocin or alloxan), autoim-
mune models, transgenic models, virus-induced models, T2D
models, monogenic and polygenic obesity models, high-fat
diet models, and advanced approaches like CRISPR-Cas9,
microbiome-modified models, humanized mice, and special-
ized mouse strains [44, 45]. Considering the significance of
these models in diabetes research, this review highlights 40
flavonoids and summarizes their characteristics as studied for
diabetes management through in vitro and in vivo approaches.

2. FLAVONOLS

2.1. Quercetin

The most common flavonoid found in human diets is
quercetin dihydrate, also known as 3,5,7,3',4'-Pentahy-
droxyflavone. Flowers, apples, tomatoes, tomato seeds, ber-
ries, fennel, tea leaves, almonds, onions, broccoli, pepper,
lovage, and shallots make up nearly all of their constituents.
Based on in vitro research it prevents the enlargement of
high-glucose-induced cells by inhibiting the synthesis of vas-
cular endothelial growth factor [46]. In in vitro conditions, it
decreases intestinal a-glucosidase, pancreatic a-amylase and
the rate of glucose absorption in the gastrointestinal tract by
reducing a-glucosidase activity. It lowers triglycerides, total
cholesterol and VLDL-C (very low-density lipoprotein-cho-
lesterol) in rats with hyperlipidemic conditions. It increases
the synthesis of 3-hydroxy-3-methylglutaryl-CoA (HMG-
CoA) reductase, HDL-C (high-density lipoprotein) choles-
terol and adiponectin in the body. Quercetin administration at
a dose of 25 mg/kg/day improved the synthesis of anti-oxi-
dants [47]. The rise in the levels of transforming growth fac-
tor B-1 (TGF-B1) and connective tissue growth factor (CTGF)
was decreased, and this helped diabetic nephropathic rat's re-
nal function better. In diabetic mice, by decreasing the
CYP2E1(Cytochrome P450 2E1) liver enzyme, it is possible
to stop diabetic liver oxidative damage [48]. Also, quercetin
with/without resveratrol decreased blood glycosylated hae-
moglobin (HbAlc) and C-peptide levels; that is, insulin se-
cretion decreases in diabetic rats, which decreases the harm
to pancreatic B-cell. In STZ (streptozotocin)/alloxan-induced
diabetic mice, it also promoted insulin secretion and repaired
pancreatic islets. In order to prevent non-alcoholic fatty liver
disease (NAFLD), it can restore damaged metabolite and mi-
crobiota in the gut as well as decrease the levels of liver en-
zymes like ALT (Alanine transaminase), AST (Aspartate
transaminase), oxidative stress, and inflammation [49]. Pro-
inflammatory cytokines that quercetin has been proven to re-
duce production include interleukin-1 (IL-1), interleukin-6
(IL-6), interleukin-8 (IL-8), interleukin-4 (IL-4) IL-4 and Tu-
mor necrosis factor alpha (TNF-a) [50].

2.2. Rutin

The glycosidic flavonoid known as rutin (quercetin 3-ru-
tinoside, C27H30016) is frequently found in dietary sources.
Oranges, grapefruits, lemons, and limes are the primary citrus
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fruits that contain rutin. It is a flavonoid found in many plants
and shows a wide range of biological activities, including
anti-inflammatory, antioxidant, neuroprotective, nephropro-
tective, and hepatoprotective effects. Diabetic mice with type
1 diabetes mellitus (T1DM) exhibited decreased body
weight, HDL-C levels, and fasting insulin, along with in-
creased fasting serum glucose, total cholesterol (TC), triglyc-
erides (TG), and LDL-C levels. Elevated levels of pro-in-
flammatory cytokines, such as TNF-a and IL-6, were also ob-
served. Similar metabolic alterations were reported in other
mouse models. Fasting serum insulin was elevated in T2DM
mice, in contrast to T1DM models. Treatment addressed both
T1DM and T2DM mice, alleviating common disorders asso-
ciated with lipid and glucose metabolism [51]. Stellaria me-
dia tea, which contains rutin, prevented diabetes-induced
STAT3 phosphorylation in cardiac tissue—an effect that may
help mitigate diabetes-related cardiac complications without
altering fasting blood glucose levels or glucose tolerance. Ru-
tin was administered at a dosage of 100200 mg per kilogram
of body weight daily for four weeks [52]. Additionally, the
ethanol extract of the mushroom Coprinus comatus demon-
strated antidiabetic and antioxidant activities in streptozoto-
cin-induced diabetic rats [53].

2.3. Kaempferol

Significant amounts of the non-toxic flavonoid 3,4,5,7-
tetrahydroxyflavone are found in various foodstuffs, includ-
ing grapes, apples, onions, tomatoes, beans, kale, broccoli,
potatoes, tea, and spinach. Kaempferol holds anti-inflamma-
tory, antibacterial, antioxidant, neuroprotective, and anti-
cancer properties. In a study employing the insulin secreta-
gogue glibenclamide (GBN) as the control substance, it was
discovered that kaempferol increased plasma insulin levels
and decreased blood glucose levels in streptozotocin (STZ) -
induced diabetic rats. In a C57BL/6 mice model of DN,
kaempferol increased levels of insulin, glucagon-like pep-
tide-1 (GLP-1), cAMP (Cyclic adenosine monophosphate)
and glutathione (GSH). By increasing glucokinase (GCK)
levels and glycogen, kaempferol lowers blood glucose levels
[54, 55]. It decreases AMPK (AMP-activated protein kinase)
activity because IR raises insulin sensitivity. The pharmaco-
logical goal of AMPK activation in the treatment of diabetes
is significant. AMPK activators include metformin and
TZDs, Kaempferol also shows similar activity. It promotes
the phosphorylation of ACC (Acetyl-CoA carboxylase) and
AMPK in the liver, adipose tissues and muscles. An appeal-
ing pharmaceutical target for the treatment of diabetes, obe-
sity, and metabolic syndrome is a-glucosidase, which hydro-
lyzes glucoside bonds to glucose. By blocking the
ASKI/MAPK signalling cascade, controlling oxidative
stress, enhancing cardiac function, and decreasing apoptosis,
kaempferol prevents myocardial hypertrophy [56]. It has
been demonstrated that kaempferol causes an increase in
Nrf2 levels and enhances cardiac function. Also, in normal -
cells, oxidative stress brought on by brief hyperglycemia is
controlled in part by antioxidant response element (ARE)
driven gene transcription [57].

2.4. Isorhamnetin

Oenanthe javanica (Chinese celery, Japanese parsley,
blume, minari in Korean), Hippophae rhamnoides (also
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known as sea buckthorn), and Ginkgo biloba (often known as
ginkgo) are examples of medicinal plants that contain an O-
methylated bioactive component. Metformin and isorham-
netin may share a similar mechanism of action for treating
hyperglycemia. Isorhamnetin enhances sensitivity to insulin
by reducing the activity of mTOR, based on a new study. Iso-
rhamnetin was administered orally by gastric gavage at doses
ranging from 10 to 40 mg/kg for three weeks [58]. In our type
2 diabetes (T2D) model, it significantly reduced total choles-
terol, low-density lipoprotein (LDL), triglycerides (TGs), and
the risk of cardiovascular disease. Additionally, in the high-
fat diet/streptozotocin (HFD/STZ)-induced type 1 diabetic rat
model, isorhamnetin lowered plasma malondialdehyde
(MDA) levels, indicating reduced oxidative stress. It raises
GSH (Glutathione) levels by boosting the activity of antioxi-
dant enzymes, superoxide dismutase (SOD), and catalase
(CAT), demonstrating an antioxidant effect [59]. Isorhamnet-
in's activation of AMPK may decrease oxidative stress and
inflammation, simultaneously decreasing the production of
proteins and fatty acids. It can increase glucose absorption
through the AMPK-GLUT4 pathway by increasing the ex-
pression of both GLUT4 and p-AMPK in skeletal muscle
[60]. Further, in diabetic mice, this compound decreased the
HOMA-IR (Homeostatic Model Assessment for Insulin Re-
sistance) measurement. These benefits might be attributed to
an increase in p-AMPK levels, which increase GLUT4 trans-
location to the cell surface, promoting glucose absorption in
skeletal muscles and enhancing responsiveness to insulin
[61]. Lower levels of inflammatory mediators such as ICAM-
1(intercellular adhesion molecules), TNF-o and IL-6 were
seen because they blocked the NF-kB signalling pathway
[62].

2.5. Fisetin

Numerous fruits and vegetables, including cucumbers,
onions, apples, grapes, persimmons and strawberries, contain
a significant quantity of 3,7,3',4'-tetrahydroxyflavone. Fisetin
has neurotrophic, anti-inflammatory, and anti-diabetic prop-
erties. It inhibits the cell migration ability of high glucose-
induced human retinal microvascular endothelial cells
(HRMECS) [63]. Angiogenesis is mostly caused by excessive
blood sugar and diabetic retinopathy (DR) is prevented by
downregulating VEGF/ERK/FAK/Src) pathway signalling
[64]. A powerful inhibitor of the cyclin-dependent kinase that
triggers the G1/S transition is CDKN1B, also known as p27.
Fisetin raised the levels of CDKN1B mRNA expression in
high glucose-cultured podocytes. In the podocytes of STZ-
induced diabetic rats and db/db mice, the Nod-like receptor
protein 3 (NLRP3) inflammasome was found to be activated.
It decreased the amounts of NLRP3, cleaved caspase-1, and
IL-1 protein. It lessened high glucose-induced podocyte dam-
age and STZ-induced DN in mice via restoring CDKN1B
/P70S6K-mediated autophagy and decreasing NLRP3 in-
flammasome. Fisetin is a naturally occurring CDKN1B ago-
nist that may have kidney protective effects in both HG(high
glucose)-induced podocyte injury and type 1 diabetic animal
models. Over eight weeks, mice were given oral fisetin (5,
10, or 20 mg/kg) every two days [65].
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2.6. Morin

Traditional medicinal plants, including Chlorophora tinc-
toria L., Prunus dulcis, and fruits like figs and guava, are the
main sources of the natural flavonoid morin. Morin reduced
the oxidative stress brought on by midbrain carotid artery
constriction in rats by decreasing MDA levels and increasing
the activity of antioxidant enzymes GPx, SOD and GSH. Oral
administration of morin (30 mg/kg b.wt.) continued for seven
days [66]. In human lens epithelial (HLE-B3) cells, morin
triggered ERK-Nrf2 signalling cascades, which elevated HO-
1(Heme oxygenase) expression and had a cytoprotective ef-
fect against oxidative stress [67]. Tert-butyl hydroperoxide
(tBHP) increased ROS production in primary rat hepatocytes
exposed to it. It enhanced the expression of peptides of Nrf2,
along with its downstream genes HO-1 and NQO1[NAD(P)H
dehydrogenase quinone 1] [68]. Morin also strengthened in-
tracellular antioxidants catalase and SOD), and it activated
the Nrf2/ARE signalling pathway to protect pancreatic cells
from DNA damage caused by oxidative stress, according to
an in vitro study [69]. It reduced the expression of the genes
for inducible nitric oxide synthase (iNOS), 5-lipoxygenase
(5-LOX), and cyclooxygenase-2 (COX)-2. Also, it activated
both the MAPK pathways (ERK and p38) and prevented the
phosphorylation of the NF-kB proteins IkB-a and P65 [70].
The IL-6, IL-1p and TNF-a production of pro-inflammatory
cytokines were inhibited by morin pre-treatment. Through
NF-kB (IxkB-a, p65) signalling and the NLRP3, pro-caspase-
1, and ASC inflammasome pathway, it also reduced inflam-
mation [71]. Similar to this, morin reduced the phosphoryla-
tion of INK, ERK, p65, IkB-a, and p38 in the primary bovine
mammary epithelial cells to attenuate the LPS (Lipopolysac-
charide) inflammation through NF-kB & MAPK signalling
pathway [72]. The morin therapy enhanced MnSOD GPx,
GR and GSH while lowering the amount of ROS. The morin
dramatically regulated the effects of hyperglycemia, which
included an increase in the expression of the anti-apoptotic
gene B-cell lymphoma 2 (Bcl-2) and a decrease in the expres-
sion of the pro-apoptotic gene Bcl-2 associated X protein
(Bax) [73]. The brains of diabetic mouse models treated with
Morin exhibited a reduction in inflammation-related markers
(TNF-a, IL-1B, and IL-6) [74]. In contrast, oral supplementa-
tion of Morin to diabetic rats improved the level of neu-
rotrophic and insulin growth factors (NGF, IGF-1, and
BDNF) [75].

2.7. Ellagic Acid

Ellagic acid (EA) is a flavonoid that exists in large quan-
tities in a wide range of fruits, including strawberries, pome-
granate, guava, walnuts, almonds, and green tea of hydrolyz-
able tannins known as ellagitannins. Ellagitannins are trans-
formed into EA in the colon, which is then transformed into
urolithin, one of the most absorbable metabolites [76]. It
functions as an antioxidant, anti-apoptotic, antibacterial, an-
tiviral, anti-inflammatory, anti-malarial, anti-diabetic, anti-
anxiety, and anticarcinogenic chemical [77]. EA stopped
liver damage in rats with diabetes produced by the HFD in
multiple animal models. Additionally, through inhibiting
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SREBPla and activating PPARo, EA reduced hyper-
lipidemia and guarded against steatosis of the liver in HFD,
transgenic and obese rats with T2DM. Furthermore, by acti-
vating AMPK and concurrently suppressing the enzyme
HMG-CoAR (B-hydroxy B-methylglutaryl-CoA reductase),
EA inhibited cholesterol (CHOL) production in both rats fed
cholesterol in vivo and in vitro studies [78]. EA releases in-
sulin and has hypolipidemic, hypoglycaemic, and hypoli-
pidemic effects that are AMPK-dependent. EA inhibits the
histological levels of hepatic lipid accumulation in an
AMPK-dependent way. EA inhibits NF-kB, p65 and acti-
vates Nrf2 to reduce oxidative stress and inflammation in an
AMPK-dependent way. Both the control and T1DM-induced
rats' livers exhibit increased AMPK phosphorylation in re-
sponse to EA. EA inhibits SREBP1/2 and activates the
PPAR-a /CPT1 in an AMPK-dependent way to inhibit he-
patic lipogenesis. EA (50 mg/kg) administered orally daily
for 12 weeks [77] might enhance GLUT4 expression in the
skeletal muscle of diabetic rats to modulate blood glucose
levels [79].

2.8. Catechin

Broad beans, grapes and tea are rich sources of catechins,
a kind of natural flavonoid polyphenol. It can stimulate LKB 1
to activate AMPK, inhibit IRS-1 phosphorylation, and im-
prove insulin sensitivity. It stimulates AMPK and INSR in
adipose tissue. Intriguingly, it functions as an insulin-mimetic
substance, encourages the relocation of GLUT4 to the cell
membrane via the PI3K/AKT signalling pathway, and im-
proves cellular glucose absorption. It can boost GLUT4 trans-
location through the AMPK signalling pathway and
PI3K/AKT signalling pathway, both of which need a media-
tor [80]. In STZ-induced rats with diabetes, it can return GS,
G6P, GK and G-6-Pase, to their equilibrium levels when iso-
lated from cassia seeds. It was given at varying doses (5, 10,
and 20 mg/kg b.w) for eight weeks [81]. By blocking the gene
expression of INK1/2, PTP1B (Protein tyrosine phosphatase
1B) and IKK (Inhibitory kappa B kinase)/NF-kB (Nuclear
factor k-B), as well as IR in mice, it prevents HFD (high-fat
diet)-induced obesity and diminishes oxidative stress [82].
The IRS-1/PI3K/FoxO1 pathway may be the linking factor
between mitochondrial dysfunction and IR [83]. By boosting
UCP-3 (uncoupling protein 3) expression, preserving ATP
generation, enhancing mitochondrial membrane potential,
boosting cell activity and insulin secretion, and lowering -
cell apoptosis, it can help stabilise mitochondrial function
[84]. It enhances Bcl-2 expression to protect cells against in-
terferon-gamma (IFN-y), Interleukin (IL)-1 and TNF-a in-
duced apoptosis via the mitochondrial pathway and restores
GSIS (glucose-stimulated insulin secretion) [85]. It can re-
duce cytokine-induced B-cell death by inhibiting NF-«kB acti-
vation, which downregulates iNOS(Nitric oxide synthases).
It regulates NLPR3-related inflammatory signal molecules
and NF-«B activation to ameliorate insulin sensitivity and -
cell damage caused by chemokines and cytokines [86].

2.9. Myricetin

There are several natural sources of myricetin Hexahy-
droxyflavone (3,5,7,3',4',5'- cannabiscetin), including fruits,
berries, tea, medicinal herbs, and red wine. Myricetin has a
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greater daily consumption (1.0 mg/day) than other natural fla-
vonols. Additionally, myricetin has been demonstrated to
guard renal and pancreatic cells from oxidative damage in di-
abetes patients [87]. Due to its high neuroprotective and anti-
oxidant properties, myricetin may be able to treat DPN. Dia-
betes-related deterioration in sensation, nerve conduction
speeds, and nerve blood flow were markedly improved by
myricetin. Myricetin also greatly increased Na*, K*-ATPase
activity and antioxidant activities in the nerves of diabetic
rats, and it considerably decreased the production of ad-
vanced glycation end-products (AGEs) and reactive oxygen
species (ROS). Further studies showed that in diabetic rats,
myricetin considerably increased the levels of hydrogen sul-
phide (H>S) and increased the protein expression of the en-
zymes. Additionally, myricetin can decrease peripheral glu-
cose levels in people with diabetes. Collectively, the results
of our current investigation suggested that myricetin might
improve poor motor and sensory abilities in diabetes patients.
Intraperitoneal injections of myricetin at several doses (0.5
mg/kg/day, 1.0 mg/kg/day, and 2.0 mg/kg/day) were admin-
istered for two weeks [88]. When T2DM mice were treated
with myricetin, their FBG and blood lipid levels drastically
decreased, but their SOD levels rose. In T2DM mice, myri-
cetin reduced polyuria, weight loss, polydipsia, and polypha-
gia. The intestinal flora of mice was disturbed by T2DM, but
it was restored by myricetin treatment [89].

3. FLAVANONES

3.1. Hesperidin

Hesperidin is a flavanone glycoside that is found in large
quantities in citrus fruits like oranges and lemons. It is said to
have significant pharmacological advantages, such as anti-in-
flammatory and antioxidant properties. In Sprague-Dawley
rats, diabetic neuropathy was produced by giving them an
HFD for 12 weeks. Hesperidin treatment increased SIRT1-
reduced IR and protected against oxidative stress damage by
inhibiting NOX4 in HFD rats and Palmatine encountered
glial C6 cells, thus improving mechanical and thermal sensi-
tivity in rats with HFD-induced diabetic neuropathy. Oxida-
tive stress and inflammation were reduced, and the number
of antioxidant enzymes was increased. Hesperidin was given
orally at a dose of 100 mg/kg [90]. Through its antioxidant
action in SH-SYS5Y neuronal cells, it significantly reduced
high glucose-induced ROS generation. Hesperidin efficiently
shielded SHSYS5Y neuronal cells from oxidative damage, ER
stress, and death by scavenging ROS. Additionally, hesperi-
din restored the MAPK signalling-decreased cell viability by
preventing the oxidative stress-induced activation of ERK
and JNK. According to our research, hesperidin is a potential
biomolecule for the treatment of diabetic neuropathy [91].
CEBP/a. and PPAR mRNA and protein expression in 3T3-L1
(derived from the original 3T3 Swiss albino cell line) cells
were all reduced [92].

As a significant citrus flavonoid and the aglycone deriva-
tive of hesperidin, hesperetin ((S)-2,3-dihydro-5,7-dihy-
droxy-2-(hydroxy-4-methoxyphenyl)-4-benzopyran) is an
aromatic substance mostly present in bitter oranges and lem-
ons. Due to the rutinoside moiety connected to the flavonoid,
it has a greater bioavailability than hesperidin. In diabetic
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rats, it generated considerable decreases in glucose levels but
significant increases in insulin and glucagon levels. In con-
trast, its treatment significantly decreased the blood levels of
the enzymes AST, ALT, ALP, a-amylase, and lipase. Giving
this to diabetic rats caused considerable reductions in the
amount of TC, TG, and LDL, as well as a substantial increase
in HDL levels. Significant improvements in the pancreatic
SOD, CAT, and GPX enzyme activity under treatment with
it revealed improvement in the antioxidative state. Thiobar-
bituric acid reactive substances (TBARS) and AGE, two in-
dicators of pancreatic oxidative stress, decreased because of
the treatment, demonstrating their antioxidant properties.
Hexokinase and glucokinase activity both increased signifi-
cantly after its therapy. Its delivery to diabetic groups led to
noticeably lower levels of gluconeogenic enzymes in the pan-
creas. TNF-a and IL-6 levels in the pancreas were markedly
lowered. It improved pancreatic shape and restored normal
blood vessel function in tissue sections taken from diabetic
rats [93]. In addition to up-regulating the detoxicating en-
zyme glyoxalase 1 and inhibiting the AGEs/RAGE axis and
inflammation, it improved the structural alterations and renal
functioning of diabetic rats. It also up-regulated y-glutamyl
cysteine synthetase, a well-known Nrf2/ARE signalling tar-
get gene, significantly increasing Nrf2. It could decrease the
degenerative progression of (DN) by Glo-lincrease, which
was brought through the activation of the Nrf2/ARE pathway.
Oral gavage of hesperetin (50 and 150 mg/kg) was adminis-
tered once daily for six weeks [94].

3.2. Neohesperidin

Numerous citrus fruits contain Hesperetin-7-neohesperi-
doside, also known as neohesperidin, a weakly polar glyco-
side of flavanone with a harsh flavour. Neohesperidin (NHP),
a dihydrochalcone that is mostly found in bitter oranges, has
special qualities that make it valuable to the food business
and nutraceutical companies. These qualities include hiding
unfavourable flavours and increasing fruity and citrus fla-
vours. In mice given an HFD, therapy lowered serum and
liver ALT and AST levels, indicating better liver function and
also reduced their hepatic steatosis. Its treatment reduced TC,
TG, and serum non-esterified fatty acid (NEFA) blood levels.
Hepatic TC and TG levels, as well as liver weight, decreased
after taking it. It also reduced the observed hepatic fat accu-
mulation in HFD mice by almost 50%. In HFD-fed rats, its
administration notably decreased fasting blood glucose
(FBG) and HOMA-IR levels, thus increasing fasting serum
insulin. It significantly reduced peripheral IR and glucose in-
tolerance in HFD mice, according to the outcomes of oral glu-
cose tolerance tests (OGTT) and insulin tolerance tests (ITT).
Chronic, excessive fat build-up in the liver can result in oxi-
dative stress and inflammatory response. Neohesperidin was
delivered at a dose of 50 mg/kg daily for 12 weeks [95].
When compared to the HFD group, the NHP-treated group
had fewer myeloperoxidase (MPO) positive neutrophils. The
NHP therapy also decreased the mRNA expression of inflam-
matory factors like 11-6, I1-1B, and TNF-a. Oxidative stress
markers, such as MDA and ROS, were considerably de-
creased by NHP therapy in the liver. Additionally, its admin-
istration elevated the mRNA expression of the antioxidant
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genes CAT, SODI1, GPX1 and UCP2. It also raised ROS
scavenger (GSH) levels and intracellular antioxidant en-
zymes (SOD, CAT) in the liver of HFD-induced animals. In-
creased lipid production and decreased fatty acid oxidation
are favourable conditions for hepatic steatosis [96].

3.3. Naringenin

The primary flavanone in citrus fruits known as
naringenin (4,5,7-trihydroxy-flavanone) has drawn growing
amounts of scientific attention due to its bioavailability and
pharmacological properties, which include antioxidant, anti-
inflammatory, anti-atherosclerotic, anti-cancer, antiviral, and
hepatoprotective activities. Mice exposed to STZ had im-
paired glucose homeostasis and islet dysfunction, in which
naringenin improves TBARS, a marker of oxidative stress,
and were considerably lower in the serum by naringenin.
Apoptotic proteins, such as cleaved caspase-3, -9, and -8,
were considerably more expressed in the pancreas of STZ-
vehicle animals. However, its treatment suppresses pancre-
atic B-cell apoptosis induced by STZ. Animals driven by STZ
exhibited increased levels of TNF-a and IL-1B protein ex-
pression as well as the phosphorylation of p65, JNK, and
ERK, which are crucial mediators of cytokine-induced apop-
tosis in B-cells [97]. NF-kB and MAPK activations brought
on by cytokine-induced macrophage infiltration into the pan-
creas are avoided by its treatment; thus, it prevents STZ-in-
duced B-cell death. Besides the pancreas, in the liver and skel-
etal muscles, the STZ administration enhanced p65 phos-
phorylation while significantly decreasing AKT and PI3K ex-
pression levels, which showed anomalies in insulin signal-
ling, although naringenin restored this. Fibroblast growth fac-
tor 21 (FGF21), a crucial regulator of glucose metabolism,
had its protein production decreased by STZ, although
naringenin in the pancreas increased it. The trial involved ga-
vage once a day with varying dosages of NG 25, 50, and 75
mg/kg [98]. In mice forced to develop type 1 diabetes by
streptozotocin (STZ), NG decreased cardiac fibrosis and car-
diomyocyte death. By preventing reactive oxygen species
and pro-inflammatory cytokines, NG(Naringenin) success-
fully reduced cell death in H9C2 myocardial cells exposed to
high glucose levels. In tests on animals and cells, it inhibits
NF-kB and activates Nrf2 [99]. Key markers involved in the
endoplasmic reticulum stress response include phosphory-
lated eukaryotic translation initiation factor 2 (p-eIF2), phos-
phorylated protein kinase RNA-like endoplasmic reticulum
kinase (p-PERK), spliced X-box binding protein 1 (XBP1s),
activating transcription factor 4 (ATF4), and C/EBP homol-
ogous protein (CHOP) were among the ER stress marker pro-
teins whose expression was downregulated by naringenin
supplementation during hyperglycaemic renal damage in
vitro and in vivo. ATF4 and CHOP nuclear translocation in
diabetic kidneys and hyperglycaemic renal cells was inhib-
ited [100]. Naringenin significantly reduced intracellular ox-
idative stress and human retinal endothelial cell (HREC)
apoptosis brought on by high glucose, which may be related
to naringenin-mediated guanosine triphosphate cyclohydro-
lase-1 (GTPCH1)/endothelial nitric oxide synthase (eNOS)
upregulation [101].
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3.4. Naringin

Chinese herbal remedies such as Citrus aurantium L.
(C.A)), Drynaria fortunei (Kunze) J. Sm. (D.F.) and Citrus
medica L. (CM) contain naringin (NR), a flavanone glycoside
made from the flavanone naringenin and the disaccharide
neohesperidose. It is also prevalent in citrus fruits and gives
citrus juices a bitter flavour. Allodynia and hyperalgesia are
features of STZ-induced diabetic neuropathy as a result of in-
creased sensory response and lowered tolerance to painful
stimuli [102]. Animals with long-term diabetes have sensi-
tised neurons as a result of damage to motor and sensory fi-
bres, which reduces the time it takes for the paw to stop mov-
ing. Naringin was supplemented at doses of 40 and 80 mg/kg
for four weeks [103]. According to findings, hyperglycaemia
causes haemoglobin to become glycated; that is, an increased
level of advanced glycosylated end-products (AGEs), called
HbAlc, has been associated with impaired neuronal function
or slowed wound healing. Treatment with naringin to DN
mice selectively decreased blood glucose and HbAlc levels.
When rats are fed a diet rich in fat and cholesterol, naringin
lowers hypercholesteremia, plasma LDL, and triglycerides,
under-expressing gluconeogenesis enzymes and inhibiting
HMG-CoA reductase, without changing HDL cholesterol
levels by overexpressing AMPK [104]. Naringin shows its
antioxidant potential by decreasing oxidative stress in dia-
betic rats, increasing SOD, GSH, and catalase activity, and
simultaneously reducing ROS and lipid peroxidation [105].
MDA levels in DN rats were higher. The increased lipid pe-
roxidation indicates an increase in oxidative stress, which
was alleviated by medication therapy. Naringin's effective-
ness in reducing inflammation is shown by the decrease in
TNF-a and IL-6 production [106]. Rats with persistent hyper-
glycemia exhibit severe brain damage in multiple brain re-
gions. The results of the present investigation imply that DM
may benefit both in avoiding and treating brain damage. One
of the main reasons for pancreatic cell death is the connection
between cell death/apoptosis and oxidative stress [107].

3.5. Eriocitrin

Citrus fruits are rich in flavanones, particularly eriocitrin,
having significant antioxidant, anticancer, and anti-allergic
characteristics. Eriocitrin, in contrast to hesperidin and nar-
ingin, is more effective in reducing oxidative stress in chronic
disorders brought on by excessive oxidative stress [108]. Rats
were given the unprocessed lemon juice formulations, which
significantly affected diabetes and liver damage. In STZ-in-
duced diabetic rats, eriocitrin (0.2%) exposure decreased ox-
idative stress and a reduction in the levels of thiobarbituric
acid was observed in their blood serum, kidney and liver tis-
sues. The benefits of eriocitrin include lowering blood sugar
levels, glycemic index and inflammation throughout the body
and increasing GLP-1 [109]. In rats receiving an HFD or a
high-cholesterol diet (HCD), Eriocitrin (0.35%) lowers the
levels of triglycerides, total cholesterol, VLDL and LDL and
phospholipids in the blood of rats, but there is no change in
the levels of HDL. When compared to untreated animals,
there is no appreciable increase in the excretion of bile acids
from the faeces, nor was there any indication that the mRNA
levels for LDL receptors in liver cells had increased [110].
Eriocitrin improved dyslipidemia and decreased lipid levels
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in hepatocytes. Numerous transcriptional factors connected
to mitochondrial biogenesis, including cytochrome ¢ oxidase
subunit 4, NRF1 and MTF, were shown to have higher
mRNA levels by DNA microarray analysis. Eriocitrin has in-
creased overall mtDNA content as well as mitochondrial size.
As an outcome, ATP production in zebrafish and HepG2 cells
was increased. It stimulates the transcription of mRNAs in-
volved in mitochondrial biogenesis. Eriocitrin was adminis-
tered orally at a dose of 32 mg/kg/day for 28 days [111].
Through its antioxidant activity, eriocitrin inhibits increases
in lipid peroxidation and the glutathione disulfide/glutathione
(GSSG/GSH) ratio. It also suppresses the expression of
MuRF-1 (an E3 ubiquitin ligase involved in protein ubiq-
uitylation) and atrogin-1 [112]. In RAW264.7 cells and a
mouse model, the flavonoid eriocitrin and the polyphenol
resveratrol have demonstrated strong anti-inflammatory ef-
fects against ear edema. These effects target inflammatory re-
sponses mediated by lipopolysaccharide (LPS), including the
expression of IL-1p, nitric oxide (NO), TNF-a, and NF-kB.
Additionally, the combination of these two drugs has a potent
inhibitory effect on the (MAPK), AKT, and STATS3 signal-
ling cascades [113].

3.6. Didymin

Didymin is an oral bioactive citrus flavonoid-O-glycoside
found in various citrus fruits, including oranges, lemons,
grapefruits, and mandarins. It has a strong anticancer ability
while possessing a strong antioxidant potential [114]. This
flavanone functions to prevent high-glucose-induced death of
human umbilical vein endothelial cells by modulating oxida-
tive stress pathways that generate reactive oxygen species
(ROS) and activate Erk1/2. It upregulates the anti-apoptotic
protein Bcl-2 and downregulates caspase-3. Additionally, it
inhibits monocyte adhesion to endothelial cells, restores ni-
tric oxide (NO) and endothelial nitric oxide synthase (eNOS)
levels, and reduces the expression of several inflammatory
cytokines, including IL-1B, IL-2, IL-6, TNF-a, and IFN-y.
Collectively, these effects contribute to alleviating high glu-
cose-induced endothelial dysfunction [113]. Studies con-
ducted in vitro revealed that didymin inhibited a-glucosidase,
AGE formation, HRAR (human recombinant aldose reduc-
tase) and RLAR (rat lens aldose reductase) and improved in-
sulin sensitivity. It decreased the expression of PTP1B (pro-
tein tyrosine phosphatase) and increased the phosphorylation
of GSK3 B, Akt, IRS-1, and PI3K. These modifications re-
stricted glucose production in the liver in insulin-intolerant
HepG2 cells [115].

3.7. Abyssinones

Prenylated flavonoid (2S)-Abyssinone II is derived from
the Chinese medicinal plant Broussonetia papyrifera and
Erythrina abyssinica [116]. It is evaluated as a breast cancer
chemopreventive and had 20-fold greater activity against hu-
man aromatase than the basic molecule. Inhibition of protein
tyrosine phosphatase-1B (PTP1B) has been proposed as a
therapeutic strategy for obesity and type 2 diabetes. Three
novel isoprenylated flavonoids were isolated, including abys-
sinone, which inhibited PTP1B activity using bioassay-
guided fractionation of an EtOAc-soluble extract of Erythrina
mildbraedii's root bark utilising an in vitro PTP1B inhibitory
test [117].
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3.8. Poncirin

Poncirin is a naturally occurring flavanone glycoside that
is prevalent in many citrus fruits. Its antidiabetic mechanism
hasn't yet been studied, though. The capacity of concern to
decrease the production of protein tyrosine phosphatase 1B
(PTP1B), a-glucosidase, human recombinant aldose reduc-
tase (HRAR), rat lens aldose reductase (RLAR), and ad-
vanced glycation end products (AGE) was done. PTP1B ex-
pression was downregulated, and glucose absorption was en-
hanced in C2C12 skeletal muscle cells. By triggering the
IRS-1/PI3K/Akt/GSK-3 signalling pathway, poncirin raised
the amount of GLUT-4 expression. The development of flu-
orescent AGE, nonfluorescent CML (carboxymethyl-lysine),
fructosamine, and B-cross amyloid structures in glucose-fruc-
tose-induced BSA (bovine serum albumin) glycation was
also significantly suppressed by poncirin. It also significantly
inhibited protein oxidation by decreasing protein carbonyl
and a dose-dependent uptake of protein thiol. It has the po-
tential for the treatment of diabetes and its associated prob-
lems. Poncirin (0.5-50 pM) during four distinct research
weeks [118].

4. FLAVONES
4.1. Apigenin

The family Apiaceae genus Apium is named after the
compound apigenin (4',5,7-trihydroxyflavone). It may be
found in large quantities in a variety of fruits and vegetables,
including celery, parsley, oranges, and garlic, as well as in
several herbs, including chamomile and snow lotus. It re-
duces oxidative stress, aberrant glycolipid metabolism, and
IR. IR is lessened by apigenin's inhibition of tyrosine nitra-
tion of the insulin receptor kinase domain. Tyrosine nitration
of intracellular B subunits of the insulin receptor) may result
in reduced tyrosine phosphorylation, impairing insulin signal
transmission in HFD mice [119]. MiRNAs (micro RNA),
which are linked to IR and glucose balance, are regulated by
apigenin. The apigenin-mediated suppression of the phos-
phorylation of transactivating response RNA-binding pro-
teins (TRBP) is confirmed by in vitro research using Huh7
cells and in vivo investigations using miR 103 transgenic mice
[120]. In KK-Ay mice's L6 cells and insulin target organs,
apigenin derived from Sophora davidii increases GLUT4 ex-
pression and activates AMPK phosphorylation [121]. Apig-
enin's inhibition of a-amylase contributes to the alleviation of
T2DM symptoms. Additionally, oxidative stress plays a crit-
ical role in B-cell dysfunction, impaired glucose tolerance,
and IR. In RINmSF pancreatic cells and diabetic rats, apig-
enin pre-treatment increases the expression of antioxidant en-
zymes such as (SOD), (CAT), and (GSH-Px). API was given
for seven weeks at intraperitoneal dosages of 10, 20, and 40
mg/kg [122]. Human blood plasma proteins were in vitro
treated with apigenin to lower the amounts of AGEs and de-
crease oxidative stress [123]. The Nrf2-binding site is occu-
pied by apigenin, which facilitates Nrf2's nuclear transloca-
tion and enhances its anti-oxidant activity by preventing
Keapl(Kelch-like ECH-associated protein 1), an inhibitor of
Nrf2 from binding to Nrf2 [124]. Apigenin substantially im-
pairs the ability of mitogen-activated protein kinase activa-
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tion (MAPK) to suppress NF-kB-TNFa-axis-mediated in-
flammation and apoptosis (increased Bcl-2 expression and re-
duced Bax and caspase-3) in diabetic rats [125].

4.2. Luteolin

Luteolin (LUT), a flavone belonging to the flavone group
of flavonoids, is a 3',4',5,7-tetrahydroxy flavone. Luteolin is
abundant in apple peels, cabbage, celery, artichokes, peppers,
onion, and carrots. In plants, it is mostly found in its glyco-
sylated form. In diabetic rats, three weeks of LUT supple-
mentation dramatically reduced hyperglycaemia, HbAlc, hy-
perlipidaemia, and inflammation, thus increasing the activity
of antioxidant enzymes. Male rats with alloxan-induced dia-
betes were given oral extracts of M. cymbalaria's skin and
seeds (250 and 500 mg/kg) for 28 days [126]. Oral treatment
of LUT dramatically slowed the weight loss, bringing the rats
back to a weight that was close to normal [127]. In diabetic
animals, LUT can decrease IR. Histological analysis revealed
cellular shrinkage, necrosis, and damaged cell populations in
diabetic groups; however, these abnormalities were notably
reversed following luteolin (LUT) administration, supporting
its therapeutic potential [128]. Lessened dyslipidaemia, inhi-
bition of lipid production, and further improvement of
diabetes may be brought on by the decreased lipid action ob-
served in its therapy [129]. Through the prevention of DM-
related protein breakdown, LUT can lessen renal impairment
in diabetic complications. In diabetic groups, there was evi-
dence of decreased SOD, CAT, and GSH activity; however,
following its therapy, there was evidence of a decrease in
TNF-a and IL-6 levels. The current study shows a good anti-
diabetic impact and is extremely comparable to the standard
glibenclamide [130].

4.3. Tangeretin

Tangeretin (TAG) is a pentamethoxyflavone. The rinds of
citrus fruits like mandarin oranges are rich in tangeretin. In
rats with STZ-induced diabetes, tangeretin oral treatment
boosts G6PD activity. An increase in hepatic glycogen con-
tent by tangeretin oral administration in the diabetic rats' liver
after STZ induction indicates that it can alter the activity of
the enzyme glycogen synthase to reduce blood sugar levels.
When LDH is elevated, it interferes with pancreatic cells' nor-
mal ability to secrete insulin and decreases glucose-stimu-
lated insulin production in diabetic experimental mice and
was brought back to normal after oral tangeretin treatment.
Diabetic rats were supplemented with Tangeretin was supple-
mented (100 mg/kg body weight) orally for 30 days [131]. In
mouse musculature and C2C12 myotubes, tangeretin boosted
AMPK pathway activity, which led to a decrease in obesity-
induced glucose intolerance and an increase in glucose ab-
sorption [132]. It mediates insulin signalling pathways that
include AKT1/2, PKA (protein kinase A) and PI3K (phos-
phatidyl inositol three kinases), in target tissues. It boosted
the 3T3-F442A mouse adipocytes' ability to absorb glucose.
By activating crucial downstream pathways in the insulin sig-
nalling system, such as the levels of p-GSK3b(Ser9) (Glyco-
gen synthase kinase-3), p-AKT (Thr-473) and blocking the
MAPK-ERK1/2 pathway, tangeretin (50 mg/kg) significantly
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increased glucose homeostasis and hepatic insulin sensitivity
is a potential insulin action enhancer [133]. It alleviates IR
because it stimulates the production of an insulin-sensitizing
factor adiponectin, while simultaneously inhibiting IR factor
that is by the release of MCP-1(monocyte chemoattractant
protein 1) in 3T3-L1 adipocytes [134]. In human RPE (retinal
pigment epithelium) cells, the production of cytokines like
IL-6, IL-1, TGF-1 and VEGF, which are elevated to exces-
sive levels under high glucose environments, was signifi-
cantly reduced by tangeretin [135]. Treatment with different
doses of tangeretin significantly decreased ROS levels, pro-
teinuria and urea, eventually improving structures and tasks
associated with the kidneys. It lessens inflammatory cell in-
filtration and inflammatory mediators by altering TNF-o/NF-
kB signalling. For 30 days, diabetic rats were administered
oral tangeretin (100 mg/kg b.wt/day) to prevent alterations in
their heart weight and body weight. Lactate dehydrogenase
(LDH), creatine phosphokinase (CPK), Aspartate ami-
notransferase (AST), and other cardiac marker enzymes, as
well as inflammatory cytokines like TNF-a and IL-6 in the
plasma and cardiac tissues, were decreased as a result of this
treatment. It boosts the ATPases that are membrane-bound in
action by lowering oxidative stress inside the cells, cardiac
indicators and proinflammatory cytokine levels in the blood,
as well as by improving the lipid levels in the rats' hearts after
diabetes brought on by STZ [136]. Treatment with tangeretin
decreased TAG (triglycerides) synthesis, DAG (diacylglyc-
erol) acyltransferase activity, apoB (apolipoprotein B) secre-
tion and activation of the PPAR (peroxisome proliferator-ac-
tivated receptor) in Hep G2 cells (a cell line for hepatocellular
carcinoma) [137]. Consistently expressing human SGLTI
(Sodium/glucose cotransporter 1) in the Chinese Hamster
Ovary cells (CHO cell line), an epithelial-like cell line. Tan-
geretin inhibits SGLT1, which can delay apoptosis and delay
the formation of diabetic cardiomyopathy [138].

4.4. Chrysin

Honey, fruits, bee pollen, propolis, bee pollen, and medic-
inal plants, including Passiflora caerulea L. and Tilia tomen-
tosa, all contain large amounts of 5,7-diacetyl chrysin. Diac-
etylchrysin was administered orally to db/db animals to re-
duce the activation of vascular endothelial growth factor
(VEGF) and VEGF receptor 2, which leads to the diabetes-
related progression of illness retinal neovascularization
[139]. The research supported chrysin's beneficial effects on
obesity, IR, kidney damage, renal function, lipid buildup, in-
flammation, and oxidative stress, all of which are strongly as-
sociated with the beginning or advancement of diabetic
nephropathy (DN). It enhances DN by controlling AMPK-
mediated lipid metabolism [140]. By reducing hyperglyce-
mia, exhibiting anti-oxidant, anti-apoptotic impact and ac-
tions that reduce inflammation, triggering the NGF (nerve
growth factor)/p-AKT/GSK-3B pathway, CHY(Chrysin)-
NanoVesicles ameliorates STZ-induced DPN (diabetic pe-
ripheral nephropathy) behavioural and histological abnormal-
ities [140]. In STZ-induced rats, it causes a decrease in glu-
cose, TC, LDL-C, MDA, and TG. While increase in SOD,
CAT, HDL-C, total protein, and GST [141]. Chrysin at a dose
of 20, 40,80mg/kg/day was administered [142]. Chrysin re-
duced the expression of protein collagen-1V in tissue from the
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kidneys and improved renal disease [12]. In rats with diabe-
tes, it lowered the oxidation of lipids and blood sugar levels,
and raised insulin concentration [140].

4.5. Wogonin

Wogonin (5, 7-dihydroxy-8-methoxy flavone) is a major
flavonoid extracted from the root of Scutellaria baicalensis
Gerogi (Scutellariae radix). Wogonin enhances the expres-
sion of PPARa and adiponectin through AMPK activation,
thereby exerting beneficial effects on glucose and lipid me-
tabolism. It does not produce adverse effects such as weight
gain or fatty liver; therefore, it shows promise as a potential
treatment for type 2 diabetes [143]. In the tubulointerstitium
of diabetic mice, wogonin reduced urine albumin and histo-
logical damage. It controls inflammation and autophagy in
the PI3K/Akt/NF-kB signalling pathway-mediated reduction
of tubulointerstitial fibrosis and renal tubular cell damage
therefore, effective treatment for DN's tubular epithelial dam-
age since it specifically targets PI3K. For 16 weeks, wogonin
(10, 20, and 40 mg/kg) was administered intragastrically
[144]. In streptozotocin (STZ)-induced diabetic mice, oral
administration of Wogonin (10, 20, and 40 mg/kg) for 12
weeks resulted in increased activity of antioxidant enzymes
such as SOD1/2 and catalase (CAT), along with elevated lev-
els of other antioxidative defenses. This treatment led to a re-
duction in reactive oxygen species (ROS), malondialdehyde
(MDA) production, and pro-inflammatory cytokines includ-
ing TNF-a, PAI-1 (plasminogen activator inhibitor-1), IL-1,
and IL-6. Furthermore, Wogonin inhibited NF-kB signaling.
Collectively, these effects contributed to the attenuation of
hyperglycemia-induced cardiomyocyte damage by mitigat-
ing oxidative stress and inflammation [145]. By blocking the
NF-kB and TGF-p1/Smad3(Mothers against decapentaplegic
homolog 1) signalling pathways, wogonin may reduce kidney
fibrosis and inflammation in diabetic nephropathy [146].

4.6. Diosmin

Scrophularia nodosa L. was the source of the first discov-
ery of a naturally occurring flavonoid glycoside in 1925. The
flavanone glycoside hesperidin derived from several plant
sources may be dehydrogenated to isolate it. Glycemic con-
trol improved by taking diosmin orally for 45 days in male
albino Wistar breed rats who were administered streptozoto-
cin-nicotinamide (STZ-NA) to induce diabetes. Oral Diosmin
(100 mg/kg b.w.) supplementation reduced glycosylated hae-
moglobin while increasing haemoglobin and plasma insulin.
Additionally, reduces liver gluconeogenesis enzymes and en-
hances hexokinase. The body weight increased as well. In
type-2 diabetes, glycoprotein profiles are corrected by dios-
min. Glycoproteins accumulate when glucose is used by in-
sulin-independent mechanisms in diabetics. Plasma glyco-
protein levels substantially rose in diabetic rats induced with
STZ-NA. Fucose, hexosamine and hexose levels were con-
siderably higher, while sialic acid concentrations were no-
ticeably lower in the liver and kidneys of diabetic rats. For 45
days, oral doses of diosmin are given at 25, 50, and 100
mg/kg b.w. [147]. The adverse effects of hyperglycemia-in-
duced oxidative stress encompass the accumulation of poly-
ols and advanced glycation end products, as well as dimin-
ished (Na'/K")-ATPase activity and endothelial function.
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The oxidative stress-induced death of neurons is known as
apoptosis. High-fat diet and streptozotocin were used to cause
type-2 diabetes in male Sprague-Dawley rats to examine its
impact on diabetic neuropathy. Early diabetic neuropathy
was prevented in rats after four weeks of supplementation
with diosmin (50 and 100 mg/kg, p.o.). By restoring the NO,
SOD and GSH activity that had been altered, it decreased ox-
idative stress [148, 149]. In Wistar mice given alloxan to
cause diabetes, diosmin therapy significantly restored NF-kB
to normal levels. Its therapy decreased glial cell activation
and decreased cytokine production, including IL-1 and IL-
33/St2 [150].

4.7. Baicalein

Scutellaria baicalensis, a perennial herb in Labiatae, uses
its roots as medicine and mainly contains flavonoids, volatile
oil, trace elements, efc. Baicalein has been demonstrated to
be able to neutralise free radicals [151], activate protein ki-
nase C and, inhibit a-glucosidase activity [151], protect
cells [152], among other things, contributing to the lowering
of blood sugar and fat levels as well as the suppression of
inflammatory responses. Baicalein can prevent apoptosis and
decrease ROS generation [153]. Guo Yangyan discovered
that baicalein may simultaneously block the Kv channel in
pancreatic islets B cells, lessen intracellular calcium levels
and inflammatory damage to INS-1(mammalian rat cell line)
cells, and ultimately boost insulin production [154]. Baicalin,
which is anticipated to be employed as a novel anti-hypergly-
cemia medication, can activate the insulin receptor substrate,
AMPK, PI3K/Akt, and MAPK/ERK signal cascades [155].
The suppression of TNF-a signalling and augmentation of in-
sulin signalling by baicalin may contribute to its potential to
ameliorate IR [156]. Baicalin can lessen IR in the liver by
inhibiting the production of p-p38 MAPK, PGC-1a (Peroxi-
some proliferator-activated receptor gamma coactivator 1-al-
pha) and p-CREB (cAMP response element-binding protein)
in the p38-MAPK/PGC-1 pathway. Baicalin is administered
once daily, intraperitoneally, for 21 days at a dose of 50
mg/kg of (i.p.) [157]. Baicalein improves IR by inhibiting
free fatty acids, TNF-a, and inflammatory factors (IL-1p, IL-
6, etc.) [158]. The progression of renal fibrosis is slowed con-
currently with the inhibition of the p38MAPK inflammatory
signal transduction system and its downstream signal mole-
cule NF-«xB [159].

4.8. Rhoifolin

A flavone glycoside called rhoifolin may be extracted
from Rhus succedanea and Citrus grandis (L.) Osbeck (red
wendun) leaves. This species’s leaves and its essential oil are
used as a culinary flavouring, and the dried leaves may be
brewed with water as a drink [160]. Used as a herbal treat-
ment to encourage blood flow and eliminate blood stasis in
disordered body conditions [161]. Red wendun is a traditional
Chinese anti-diabetic drug because of these factors. It in-
creases adiponectin production, tyrosine phosphorylation of
the insulin receptor 8, and GLUT4 translocation; they are ad-
vantageous for diabetes complications. In mice exposed to
whole-body radiation, it protects against radiation-induced
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reductions in blood platelets and cardiac biochemical abnor-
malities. It has several biological effects, such as anti-inflam-
matory [162], hepatoprotective [163], antioxidant, and anti-
cancer potential [164].

4.9. Sudachitin

Sudachitin is a polymethoxylated flavone that was first
discovered in the peel of the Citrus sudachi horticultural fruit.
Its chemical name is 5,7,4'-trihydroxy-6,8,3'-trimethoxyfla-
vone. Sudachitin has often been found in citrus fruits, includ-
ing bitter oranges and mandarin oranges. C57BL/6J mice and
diabetic db/db mice fed a regular diet were used in a high-fat
diet (HFD) experiment to study obesity. The effects of su-
dachitin on energy metabolism, as well as lipid and glucose
regulation, showed a reduction in body weight in HFD-fed
mice, even without dietary modifications. Sudachitin admin-
istered at a dose of 5 mg/kg orally every day for 12 weeks.
Supplementation reduced hyperinsulinemia and hyperglyce-
mia, increased plasma adiponectin levels, decreased visceral
fat accumulation, improved insulin sensitivity and glucose
tolerance, and normalized plasma leptin levels. Sudachitin
regulates metabolism-related genes by upregulating uncou-
pling proteins 1 and 3 (UCP1 and UCP3) and glucose trans-
porter 4 (GLUT4) in the liver and white adipose tissue. Ac-
cording to in vitro studies, it influences mitochondrial bio-
genesis by activating key signaling pathways in myocytes
and upregulating genes such as mitochondrial transcription
factor A (mtTFA), nuclear respiratory factor 1 (NRF1), and
nuclear respiratory factor 2 (NRF2). This leads to an increase
in both the quantity and functionality of mitochondria. Addi-
tionally, it positively regulates SIRT1 and PGC-1a expres-
sion in skeletal muscle, contributing to the management of
obesity, diabetes, and related metabolic disorders [165].

4.10. Tricin

Whole cereal grains such as oats, barley, rice, and wheat
are dietary sources of Tricin (3,5’ -dimethoxyflavone). Tricin
is also found in grass-derived foods like sugarcane juice and
barley leaf powders. Additionally, small amounts of tricin are
preserved in bran components, including the aleurone, em-
bryo, pericarp, and testa. Due to the presence of genes re-
quired for tricin biosynthesis, this compound is commonly
found in the vegetative tissues of grasses but is absent from
the cereal endosperm [166]. To investigate the role of
Sestrin2 in diabetic retinopathy (DR) and evaluate the effects
of tricin, Western blot and immunofluorescence assays were
conducted to assess the expression of heme oxygenase-1
(HO-1), platelet endothelial cell adhesion molecule-1
(PECAM-1/CD31), Sestrin2, nuclear factor erythroid 2-re-
lated factor 2 (Nrf2), and vascular endothelial growth factor
receptor 2 (VEGFR2) in retinal tissues and ARPE-19 cells.
In the retinal tissue and ARPE-19 cells of the model group,
Sestrin2 expression was downregulated, along with de-
creased levels of Nrf2 and HO-1. Conversely, levels of
malondialdehyde (MDA), reactive oxygen species (ROS),
CD31 (cluster of differentiation 31), and VEGFR2 were ele-
vated. Tricin was administered orally at doses of 75, 100, and
150 mg/kg once daily for one month [167].
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4.11. Sinensetin

Orthosiphon stamineus contains sinensetin, also known
as 3',4',5,6,7-pentametoksiflavon, and is colourless. Nearly
40% of diabetic patients develop diabetic nephropathy (DN),
which can lead to renal failure due to impaired autophagy and
increased oxidative stress. Sinensetin (SIN) exhibits strong
antioxidant properties and positively affects high-glucose
(HG)-treated MPCS5 cells, a podocyte cell line, by enhancing
cell survival and autophagy. For in vivo studies, DN mouse
models were established using a 60% high-fat diet combined
with streptozotocin (40 mg/kg). SIN was administered intra-
peritoneally at doses of 10, 20, and 40 mg/kg daily for eight
weeks. SIN protected MPCS5 cells from HG-induced damage
by promoting autophagy and improved renal function in DN
mice, suggesting its potential for therapeutic development
[168].

5. ISOFLAVONES
5.1. Genistein

The Asian population consumes a lot of genistein, a pol-
yphenolic isoflavone molecule that is prevalent in soy or soy-
based goods. It exhibits potential antioxidant and anti-dia-
betic properties, decreases B-cell apoptosis, promotes B-cell
proliferation, normalises the gut flora and prevents the gener-
ation of hepatic glucose. Studies on both humans and animals
have noted this isoflavone's positive benefits on metabolic
syndrome, diabetes, cardiovascular disease, osteoporosis, and
cancer [169]. By lowering inflammatory infiltration, thicken-
ing the glomerular basement membrane, and preventing the
growth of the mesangial matrix and podocyte autophagy in
DN rats, genistein can lessen the histological damage to the
kidneys. A multifunctional protein called Mfn2 (mitofusin 2)
maintains the integrity of mitochondrial DNA and encour-
ages mitochondrial fusion and transport. It has a significant
function in the biogenesis and metabolism of diabetes. In di-
abetic nephropathy (DN) patients, a decline in Mfn2 protein
levels has been associated with increased mitochondrial fis-
sion, as observed in a rat model of global cerebral ischemia
[170]. Genistein, administered intravenously at a dose of 1
mg/kg five minutes prior to injury, was found to mitigate hip-
pocampal damage by activating antioxidant pathways. It re-
duced mitochondrial reactive oxygen species (ROS) levels
and enhanced cytochrome c release, which subsequently ac-
tivated caspases. Additionally, genistein improved mitochon-
drial membrane potential and upregulated Mfn2 protein ex-
pression in rats [171]. Furthermore, genistein treatment led to
the upregulation of NOX4 (NADPH oxidase 4), MAPK, p65,
and p53, suggesting an inhibitory effect on the NF-
kB/MAPK/p53 signaling pathway. This modulation contrib-
uted to a reduction in oxidative stress and inflammatory re-
sponses. In another study, genistein was administered for six
weeks at daily doses of 30 and 50 mg/kg, further supporting
its protective role [172].

5.2. Daidzein

Leguminous crops, particularly soybeans, possess the or-
ganically produced substance daidzein, 7-hydroxy-3-(4-hy-
droxyphenyl)-4H-chromen-4-one. It increases glucose ab-
sorption in muscle cells and adipocytes by raising the GLUT4
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to Na™/K* ATPase ratio of L6 myotubes in the plasma mem-
brane region and prevents the rise in blood glucose levels
[173]. Oral administration of genistein to diabetic mice sig-
nificantly reduced blood glucose levels and improved oral
glucose tolerance. It markedly decreased hyperglycemia
without affecting fasting blood sugar levels and had minimal
influence on insulin secretion, thereby lowering the risk of
hypoglycemia. It lowers triglycerides, LDL cholesterol, and
total cholesterol while very slightly increasing HDL choles-
terol levels [174]. DAI's (Daidzein) antioxidant action is a re-
sult of its ability to bind copper ions. The LDL particles tend
to assemble and fuse when the Cu®" stimulates lipoprotein ox-
idation in the blood. The antioxidant activity of Cu®* chela-
tion prevents the oxidative modification of LDL [175]. Inter-
leukin-6, tumour necrosis factor and Interleukin-1p expres-
sion were all reduced by 100 M Daidzein. It also reduced lip-
opolysaccharide-induced reactive oxygen species production
and increased superoxide dismutase activity through the up-
regulation of NFE2L2 expression and the downregulation of
Kelch-like ECH-associated protein 1 [174].

5.3. Biochanin

An O-methylated isoflavone renowned for its lipid-low-
ering, anti-diabetic, anti-inflammatory and anti-cancer prop-
erties is 5,7-Dihydroxy-4,6-methoxyisoflavone, also known
as biochanin A. It is present in a variety of plants, including
Lupinus termis, Trifolium pratense, Cicer arietinum, and
many other legume species. It has demonstrated an anti-dia-
betic action by turning on insulin signalling, increasing insu-
lin sensitivity, lowering visfatin levels in type 1 diabetic ani-
mals' serum and protecting them from neuropathic pain.
SIRT1 is activated by biochanin A in pancreatic tissue and
other tissues [175]. Biochanin A was administered at doses
of 10, 20, and 40 mg/kg for 28 days [176]. The glycolytic
enzymes are improved, and the level of glucokinase activity
is increased using glucose as fuel; thus, blood glucose levels
drop [177, 178]. A considerable decrease in blood TC, LDL,
TG and VLDL cholesterol, as well as a significant rise in
HDL cholesterol, were seen after 42 days of BCA (Bio-
chanin) therapy. It includes lowering SREBP-1gene expres-
sion, hence lowering fatty acid production in the liver [179].
The renal antioxidant capacity was reversed after BCA ther-
apy, as seen by higher levels of GST, SOD and GSH in the
kidneys of diabetic rats [179]. In kidneys with diabetes and
HG-induced NRK-52E cells, BCA treatment increased Bcl-2
levels while reducing Bax and cleaving caspase-3 expression.
Following BCA injection, NF-«B (p65) phosphorylation, IL-
1B and TNF-a were significantly reduced, which reduced re-
nal inflammation and damage to the kidneys. In this in vitro
study, NRK-52E cells were cultured under high glucose (HG)
conditions. Treatment with BCA reduced apoptotic cell
death, suppressed NLRP3 inflammasome activation, and im-
proved mitochondrial membrane potential [179].

6. ANTHOCYANINS
6.1. Cyanidin

Cyanidin-3-O-glucoside, a water-soluble anthocyanin, is
one of the most widely distributed flavonoids in the plant
kingdom. It is commonly found in a variety of fruits and veg-
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etables, including wild blackberries, chokeberries, blueber-
ries, strawberries, apples, oranges, red cabbage, asparagus,
carrots, and cauliflower. This compound exhibits antihyper-
glycemic properties by inhibiting key digestive enzymes such
as a-glucosidase, intestinal B-fructosidase, and pancreatic o-
amylase. Through these mechanisms, it delays the absorption
of disaccharides and helps regulate postprandial hyperglyce-
mia [180]. It enhanced the viability of pancreatic B-cells, re-
duced mitochondrial reactive oxygen species (ROS) produc-
tion, and prevented B-cell apoptosis. Additionally, it in-
creased the levels of insulin-like growth factor II gene tran-
script and insulin protein in the rat insulinoma cell line (INS-
1) because it controlled the expression of the pancreatic duo-
denal homeobox | gene. Following its treatment, lower blood
glucose levels were seen in an animal model of diabetes
[181]. It elevates BCL2, an anti-apoptotic protein, while pro-
apoptotic proteins like BAX and apoptotic indicators like
cleaved caspase-3 are considerably reduced. A bayberry fruit
extract that is high in cyanidin-3-glucoside (C3G) (CRBFE)
was administered twice a day, at a dose of 150 pg of C3G/10
g of body weight [182]. Extra blood sugar prevents AMPK
from being phosphorylated and active, which disrupts its
downstream signalling and worsens diabetes diseases by
causing glycolysis and lipolysis. The quantity of free fatty ac-
ids (FFAs) and glycerol is decreased, and AMPK activity is
increased when cultured 3T3-L1 adipocytes are exposed to
hyperglycemia in the presence of cyanidin-3-O-glucoside
[183]. It controls biological processes, including lipoprotein
metabolism, energy homeostasis, and glucose metabolism, by
increasing the gene expression of PPARs in human omental
adipocytes [184]. According to a study conducted on diabetic
mice given 0.2% of cyanidin-3-O-glucoside for 5 weeks, ret-
inol-binding protein 4 expression decreased, attenuating hy-
perglycemia and improved insulin sensitivity. Additionally,
it reduced the inflammatory adipocytokines TNF-a, IL-6 and
monocyte chemotactic protein-1 and upregulated the glucose
transporter 4 in the white adipose tissue [185].

6.2. Delphinidin

Maqui berries (Aristotelia chilensis), contain delphinidin
anthocyanins that are particularly rich in glucoside and sam-
bubioside derivatives. In rat duodenum, it has been shown to
suppress SGLT1 activity, and in a healthy human, ingestion
of 200 mg delphinol decreased postprandial blood glucose
and increased insulin [186]. To study the dosage-associated
(60, 120, and 180 mg) reduction of glucose absorption using
just glucose for the OGTT test in a naturally delphinidin-rich
maqui berry extract (Delphinol) to examine prediabetic pa-
tients. One of the primary anthocyanins in maqui berries, del-
phinidin 3-sambubioside 5-glucoside, has insulin-like actions
in liver and muscle cells and, therefore, has anti-diabetic ben-
efits [186]. It affects glucose metabolism by enhancing insu-
lin sensitivity in target tissues, inhibiting intestinal glucose
transporters and having an incretin-mediated effect on insulin
secretion. As a result, delphinol has the potential to lower
both blood glucose and insulin levels [186]. Delphinidin 100
mg/kg treatment in diabetic mice led to a decrease in albumin
production rate and HbAlc glycation. At 8 weeks, diabetic
mice were given 100 mg/kg liposomes filled with delphinidin
chloride every day [187]. Delphinidin's anti-diabetic benefits
result from its capacity to activate free fatty acid receptor 1
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(FFAR1) or G-protein coupled receptor 40 (also known as
GPCRA40) activity in mouse jejunal tissue and human intesti-
nal cell lines [187].

6.3. Pelargonidin

Berries, including blueberries, cranberries, and raspber-
ries, are rich sources of pelargonidin, a flavonoid. Pelargo-
nidin therapy lowers levels of oxidative stress and hypergly-
cemia [188]. On high-glucose/high-fat induced hepatocytes
and db/db diabetic mice, the hyperglycemia-lowering impact
of this bioactive compound produced from wild raspberries
was examined; it increased glucose absorption. It promoted
autophagy, while autophagy inhibitors prevented its hypogly-
cemic effects. It was discovered that there is a relation be-
tween Pelargonidin-induced autophagy and the Transcrip-
tional Factor EB (master gene for lysosomal biogenesis),
which performs a crucial role in controlling fundamental cel-
lular processes, including lysosomal biogenesis and autoph-
agy. An in vivo investigation revealed that its therapy im-
proved glucose tolerance, insulin sensitivity, and autophagy
activation. It improved the integrity of the intestinal barrier
and modulated the composition of the gut microbiota, evi-
denced by an increased Bacteroidetes/Firmicutes ratio and a
higher abundance of Prevotella. Therefore, it reduces hyper-
glycemia by triggering autophagy and altering gut flora,
which is a nutritional treatment for T2D. Rats treated with
pelletargonidin were given a single intraperitoneal injection
of the flavonoid (3 mg/kg body weight) [189-192].

7. CHALCONES
7.1. Xanthohumeol

Xanthohumol (XN), Prenylated chalconoid, also known
as 3'-[3,3-dimethylallyl], -2',4',4-trihydroxy-6'-methoxychal-
cone is produced in the glandular trichomes of hop cones and
is produced by Humulus lupulus' female inflorescences or
hops. It has anticarcinogenic, anti-inflammatory, and antiox-
idant characteristics, and is found in citrus trees of the family
Rutaceae. Both Keapl cysteine alteration and XN-induced
AMPK activation led to Nrf2 activation, which in turn
boosted Nrf2 nuclear translocation, improved antioxidant
protein production, and reduced oxidative stress, leading to
rapid wound healing in STZ-induced diabetic rats [193]. Ad-
ditionally, in DN mice, XN supplementation at a dose of 25
mg/kg, significantly reduced serum creatinine, blood urea ni-
trogen, urea protein, and the kidney weight/body weight ratio.
Also, it declines in reactive oxygen species generation and
the rise in superoxide dismutase and catalase activity in DN
mice. This in DN mice showed a reduction in the mRNA lev-
els of the Nrf2, Hmox1(heme oxygenase 1 gene), and Nqol
[NAD(P)H dehydrogenase quinone 1)] genes [194].
Through the Nrf2 signalling pathway, it protects the kidney
by lowering oxidative stress. Also, a few data suggest that it
inhibits diacylglycerol acyltransferase [195]. In male Spra-
gue—Dawley rats, XN administered at 50 mg/kg/day for 4
weeks inhibited the phosphorylation of nuclear factor kappa-
B (NF-kB) and protein kinase B (Akt), which are overac-
tivated in the hippocampus of diabetic rats. This treatment re-
sulted in lowered blood glucose levels and increased body
weight, indicating that XN may be a potential therapeutic
agent for diabetic encephalopathy [196].
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7.2. Cardamonin

The chalcone cardamonin (2°,4’-dihydroxy-6"-methoxy-
chalcone) is one of the main elements of Alpinia katsumadai
Hayata (Zingiberaceae), C.operculatus, M.serrata, S. sama-
rangense and S. campanulatum etc. have hepatoprotective,
cytoprotective, anti-inflammatory, antifungal, antibacterial,
antituberculosis, antiviral, antispasmodic, antidiarrhoeal,
antiapoptotic, antitumor, antimicrobial and antioxidant effect
as well as low systemic toxicity [197]. The hypoglycemic and
antioxidant properties of myotube cell lines were also demon-
strated [198]. Type 2 diabetes is associated with a significant
increase in hyperglycemia, gonadotropins, and insulin re-
sistance, along with decreased serum insulin and testosterone
levels. These alterations are linked to impaired activity of key
androgenic enzymes in the testes and disruption of cellular
redox balance. Administration of CARD at a dosage of 80
mg/kg for four weeks normalized all measured parameters,
with improvements supported by epididymal sperm analysis.
Notably, CARD inhibited cells exhibiting elevated autophagy
markers and caspase-3 immunoreactivity, while upregulating
the expression of glucose transporter-8 (GLUT-8) in the tes-
tes. CARD activity promoted the degradation of testicular
Kelch-like ECH-associated protein-1 (Keap-1) in a p62-de-
pendent manner, thereby preventing damage through the ac-
tivation of Nrf2. This mechanism provides protection against
testicular injury caused by diabetic stress. Oral gavage of
CARD at 80 mg/kg for four weeks was shown to protect pan-
creatic B-cells from glucotoxicity-induced impairment of in-
sulin production, contributing to its anti-diabetic and antihy-
perglycemic effects [199, 200]. Additionally, CARD en-
hanced glucose uptake and influenced adipocyte differentia-
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tion in 3T3-L1 cells [200]. Furthermore, it has been increas-
ingly utilized as an effective oral glucosidase inhibitor [201,
202].

7.3. 8-prenylnaringenin

It is found in the Citrus genus of plants in the Rutaceae
family. Prenylflavonoid 8-prenylnaringenin, or xanthohumol
metabolite, is only present in small amounts in citrus fruits,
such as oranges, lemons, grapefruits, and tangerines. A sub-
class of flavonoids known as prenylflavonoids is made up of
secondary metabolites that are produced from 2-phen-
ylchromen-4-one and have a prenyl group connected to the
flavone nucleus. The expression of Galectin-3 (Gal3), a pro-
tein overexpressed during the diabetic state, was shown to be
normalised in an animal model of type 2 diabetes mellitus
(C57Bl/6 mice) induced by a high-fat diet (HFD). Addition-
ally, 8-prenylnaringenin was found to be strongly associated
with oxidative stress in the liver and kidneys of diabetic mice.
It also increases the synthesis of nitric oxide (NO) and de-
creases the generation of inflammation, glycation end prod-
ucts (AGEs), and 3-nitrotyrosine, which are hallmarks of cell
damage [201]. Tissue stiffness, elevated blood pressure, heart
failure, and endothelial dysfunction have all been linked to
elevated levels of AGEs in response to diabetic inflammation
(Table 1). Thus, this polyphenol could have therapeutic value
in the fight against diabetes mellitus. The expression of Ga-
lectin-3 (Gal3), a protein over-expressed during the diabetic
state, was shown to be normalised in an animal model of type
2 diabetes mellitus (C57B1/6 mice) induced by a high-fat diet
(HFD). Additionally, 8-prenylnaringenin was found to be
strongly associated with oxidative stress in the liver and kid-
neys of diabetic mice [202, 203].

Table 1. The description of the main characteristics of 40 flavonoids for the management of diabetes mellitus using in vitro and in vivo

studies.
Phytocompound | Compound Mode of Action in Diabetes Doses, Duratl‘on, Methodology References
Type Name and Experimental Model
Prevents enlargement of high-glucose-induced cells by inhibiting
VEGF synthesis.
Decreases intestinal a-glucosidase, pancreatic a-amylase, and glu-
cose absorption. For 30 days, quercetin at a dose of
Quercetin Reduces triglycerides, total cholesterol, LDL, and VLDL. 25 mg/lfgi day vytas adﬁumstered [46-50]
intraperitoneally.
Suppresses TGF-f1 and CTGF, improving diabetic nephropathy. . P y
. . . . . In vitro, Rat, Mice
Increases insulin secretion and repairs pancreatic islets.
Restores damaged metabolite and microbiota in NAFLD.
Reduces pro-inflammatory cytokine production.
Shows anti-inflammatory, antioxidant, and neuroprotective effects.
.. . . e For four weeks, take 100-200 mg
Flavanol Improves lipid and glucose metabolism disorders in diabetic mice. . .
. o of rutin per kilogram of body 1-53
Rutin Prevents STAT3 phosphorylation in the heart. weight every day in vitro. [51-53]
Exhibits antidiabetic qnd antloxl_dant.actlvmes in streptozotocin- Rat, Mice
induced diabetic rats
Encourages insulin secretion
Increases insulin, GLP-1, cAMP, Ca2+, GSH levels. For f five d K ferol
Lowers blood glucose levels by increasing GCK and glycogen. or forty-five days, kaempfero
} . (100 mg/kg BW) was taken
Kaempferol | Activates AMPK, blocks glycogenic enzymes and lowers glucose orally. [54-57]
synt-he51‘s. In Rat, Mice
Improves glucose absorption in skeletal muscle cells.
Decreases inflammatory mediators, oxidative stress, and apoptosis.

(Table 1) Contd...

131



Current Drug Discovery Technologies, 2026, Vol. 23, No. 1

€15701638333208

Chauhan et al.

Phytocompound
Type

Compound
Name

Mode of Action in Diabetes

Doses, Duration, Methodology
and Experimental Model

References

Isorhamnetin

Enhances insulin sensitivity by reducing mTOR activity.
Decreases total cholesterol, LDL, and TGs.

Activates AMPK, decreases oxidative stress and inflam-
mation.

Increases glucose absorption through the AMPK-GLUT4
pathway.

For three weeks, isorhamnetin
was given orally by gastric ga-
vage at varying levels (10 mg/kg
to 40 mg/kg).

In vitro, Rat, Mice

[58-62]

Fisetin

Exhibits neurotrophic, anti-inflammatory, and anti-dia-
betic properties.
Inhibits HRMECs migration and prevents diabetic reti-
nopathy.
Restores CDKN1B/P70S6K-mediated autophagy, re-

duces NLRP3 inflammasome.

Shows kidney protective effects and improves insulin
and neurotrophic factor levels

Over the course of eight weeks,
mice were given oral fisetin (5,
10, or 20 mg/kg) every two days.
In vitro, Mice, Rat

[63-66]

Morin

Reduces oxidative stress, activates ERK-Nrf2 signalling
cascades

Activates antioxidant enzymes and protects against DNA
damage.

Inhibits inflammatory pathways, reduces pro-inflamma-
tory cytokines.

Shows neuroprotective and kidney-protective actions.

Oral administration of morin (30
mg/kg b.wt.) for seven days a
week.

In vitro, Rat, Mouse, Male Adult
Sprague-Dawley rats

[66-74]

Ellagic
Acid(EA)

Exhibits antioxidant, anti-apoptotic and anti-inflamma-
tory properties.

Protects against liver damage, reduces hyperlipidemia
and steatosis.

Activates AMPK, inhibits SREBP1/2, activates PPARa.

Enhances insulin release, hypoglycemic and hypoli-
pidemic effects.

EA (50mg/kg) was administered
orally daily for 12 weeks to rats

[75-79]

Catechin

Stimulates LKB1 to activate AMPK and improves insu-
lin sensitivity.

Acts as an insulin-mimetic substance and promotes
GLUT4 translocation.

Prevents HFD-induced obesity and reduces oxidative
stress and inflammation.

Regulates insulin signal transduction and inhibits IR.

For six weeks, it was given at var-
ying doses (5, 10, and 20 mg/kg
b.w). Rat, Human, Mouse

[80-86]

Myricetin

Guard renal and pancreatic cells from oxidative damage
in diabetes patients.

Exhibits significant neuroprotective and antioxidant
properties.

Increased Na+, K+-Atpase activity.

Decreased the production of advanced glycation end-
products (ages) and reactive oxygen species (ROS).

Decrease peripheral glucose levels in people with diabe-
tes.

Their FBG and blood lipid levels drastically decreased,
but their SOD levels rose.

In T2DM mice, myricetin reduced polyuria, weight loss,
polydipsia, and polyphagia.

For two weeks, intraperitoneal in-
jections of myricetin at several
doses (0.5 mg/kg/day, 1.0
mg/kg/day, and 2.0 mg/kg/day)
were administered.

Rat, Human, Mouse

[87-89]

(Table 1) Contd...
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Phytocompound Compound Mode of Action in Diabetes Doses, Duratl‘on, Methodology References
Type Name and Experimental Model
Increased SIRT1-Reduced IR.
Protected against oxidative stress damage For one month, 100 mg/kg of
Improved mechanical and thermal sensitivity. idi inis-
Hesperidin p eh ' . y hesperldlg was orally adminis [90-92]
Reduced oxidative stress and inflammation. tered to diabetic rats (Sprague-
Increased antioxidant enzymes. Dawley)
Increased SIRT1 expression-Reduced NOX4 expression.
Decreased glucose levels. Increased insulin and glucagon
levels.
Improved pancreatic enzyme activity. Oral gavage ofhesperetl.n (50
. Co o . and 150 mg/kg) once daily for
Hesperetin Reduced oxidative stress indicators - Improved lipid lev- six weeks [93,94]
els ’
o . Diabetic rats
Increased antioxidant gene expression.
Suppressed inflammation - Improved renal function.
Improved liver function.
Reduced hepatic steatosis. Neohesperidin was delivered in-
o Decreased blood glucose, insulin, and HOMA-IR levels. tragastrially at a dose of 50
Neohesperidin Improved IR. mg/kg daily for 12 weeks. [95, 96]
Reduced inflammation and oxidative stress. High-fat diet mice
Regulated lipid metabolism.
Improved glucose homeostasis.
Reduced oxidative stress markers. The trial involved gavage once a
. . day with varying dosages of NG
Suppressed apoptosis in pancreatic B-cells.
Naringenin PP ; P z el p. " B 25, 50, and 75 mg/kg. [97-101]
fproved insuiin signating. Mice exposed to STZ (type 1 di-
Flavanones Reduced cardiac fibrosis and cardiomyocyte death. abetes)
Inhibited NF-kB and activated Nrf2.
Decreased blood glucose and HbAlc levels. 40 and 80 mg/kg of naringin for
o Improved lipid profile. four weeks
Naringin L . . . . . [102-107]
Reduced oxidative stress and inflammation. STZ-induced diabetic neuropa-
Protected against brain damage. thy (DN) mice
Lowered blood sugar levels.
Decreased oxidative stress. Eriocitrin (32 mg/kg/day for 28
Improved lipid profile. days) administered orally.
Eriocitrin P Piep ¥s) L . Y . [108-113]
Increased GLP-1. Streptozotocin-induced diabetic
Reduced inflammation. rats
Anticancer activity.
Anticancer ability.
Antioxidant potential.
Didvmin Inhibited a-glucosidase, AGE formation, HRAR, and Human umbilical vein endothe- [114-116]
ym RLAR. lial cells, HepG2 cells
Improved insulin sensitivity.
Reduced inflammation.
Abyssinones Inhibition of PTP1B activity Not specified [117]
Downregulated PTP1B expression. Poncirin (0.5-50 uM) during
. Enhanced glucose absorption. four distinct research weeks.
Poncirin . [118]
Increased GLUT-4 expression. C2C12 skeletal muscle cells,
Suppressed glycation and protein oxidation. BSA glycation model

(Table 1) Contd...

133



Current Drug Discovery Technologies, 2026, Vol. 23, No. 1 €15701638333208 Chauhan et al.
Phytocompound | Compound Doses, Duration, Methodology and
Mode of Action in Diabetes References
Type Name Experimental Model
Reduces oxidative stress, aberrant glycolipid metabo-
lism, and IR
Inhibits tyrosine nitration of insulin receptor kinase do- API for seven weeks at intraperitoneal
main. dosages of 10, 20, and 40 mg/kg.
Apigenin Regulates miRNAs linked to IR HFD mice, KK-Ay mice, RINm5F pan- [119-125]
" creatic cells, diabetic rats, human blood
Inhibits a-amylase.
plasma proteins, diabetic rats (multiple
Enhances antioxidant enzyme expression. .
Flavone studies)
Modulates Nrf2 and MAPK pathways.
Suppresses inflammation and apoptosis.
) o o Male rats with alloxan-induced diabetes
Reduces. hyperglyca.em.la, HbAlc, hyper.hp.ndaemla, in- were given oral extracts of M. cymbalar-
Luteolin flammation, and antioxidant enzyme activity. Improves ia's skin and seeds (250 and 500 mg/kg) [126-130]
IR Alleviates renal impairment. Shows anti-diabetic im- .
for a duration of 28 days.
pact when compared to glibenclamide.
Diabetic rats (multiple studies)
Giving diabetic rats Tangeretin (100
Boost PD activity. Modulates AMPK path . Me- .
oosts G6PD activity. Modulates patinway. Me mg/kg body weight) orally for 30 days
Pentamethoxyfla- . diates insulin signaling. Reduces cytokine production.
Tangeretin . . S STZ-induced diabetic rats, C2C12 myo- [131-138]
vone Improves kidney function. Decreases oxidative stress
. . tubes, human RPE cells, and diabetic rats
and inflammation.
(multiple studies)
Reduces retinal neovascularization. Controls AMPK- Chrysin at a dose of 20, 40,80mg/kg/day
Chrvs mediated lipid metabolism. Improves obesity, IR, kidney | was administered db/db animals, STZ-in- [12, 40.
sin
& damage, lipid buildup, inflammation, and oxidative duced rats, and diabetic rats (multiple 139-142]
stress. Enhances renal disease. studies)
Flavone . . . .
Activates PPARa and adiponectin expression via For 16 weeks, wogonin (10, 20, and 40
AMPK. mg/kg) was administered intragastrically.
Wogonin . . [143-146]
Reduces inflammation and autophagy. Diabetic mice, STZ diabetic mice (multi-
Inhibits NF-kB and TGF-B1/Smad3 signaling pathways. ple studies)
Improves glycemic control. For 45 days, take oral doses of diosmin
L at 25, 50, and 100 mg/kg b.w.
Flavonoid Glyco- o Reduces oxidative stress.
. Diosmin L STZ-NA induced diabetic rats, diabetic [147-150]
side Prevents diabetic neuropathy. . . .
rats, and alloxan-induced Wistar mice
Corrects glycoprotein profiles. (multiple studies)
For 21 days in a row, administer 50
Neutralizes free radicals. Activates insulin signaling cas- | mg/kg of baicalin intraperitoneally (i.p.)
Flavone Baicalein cades. Decreases inflammation. Slows renal fibrosis pro- once daily. [153-159]
gression. In vitro studies, diabetic rats (multiple
studies).
Increases adiponectin production.
Flavone Glyco- o Red wendun (Chinese anti-diabetic
. Rhoifolin Enhances insulin sensitivity. Has anti-inflammatory, . . [160-164]
side drug), in vitro studies.
hepatoprotective, antioxidant, and anticancer potential.
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Phyt d C d Doses, Duration, Methodol d Ex-
ytocompoun ompotn Mode of Action in Diabetes oses, Dura l(‘m’ ethodotogy and Ex References
Type Name perimental Model
Decreases bgdy weight, hyp'erinsuli.nemia, and hy- 5 mg/kg of sudachitin taken orally every
Polymethox- Sudachitin pergly?emlg. Incre;aﬁs adiponectin levels. Im- day for 12 weeks. [165]
ylated Flavone proves insulin sensitivity and glucose tolerance. L )
Upregulates UCP1 and UCP3. HFD mice, in vitro studies.
For four weeks, 75, 100, and 150 mg/kg of
o Studied for its role in diabetic retinopathy. tricin was given orally once daily.
Flavone Tricin . . . . [166, 167]
It may impact Sestrin2 expression. Sprague-Dawley rats and a high glucose-
induced retinal epithelial cell model.
P llent antioxidant ilities. L
ossesses excellent antioxidant capabilities Injections of SIN (10, 20, and 40 mg/kg)
) _ It shields MPCS5 cells from harm due to HG by in- were administered intraperitoneally for
- Sinensetin creasing cell autophagy activity and enhances the eight weeks. [168]
renal health of DN mice, so it can be used for ther- . .
. Mouse and cell line studies.
apeutic development.
Antioxidant properties.
Anti-diabetic effects.
Decreases B-cell apoptosis Gavage genistein for six weeks at doses of
Genistein . W oroliforati ' 30 and 50 mg/kg/d. [169-172]
romotes B-cell proliferation. Humans, Animals
Normalizes gut flora.
Prevents hepatic glucose generation.
Increases glucose absorption in muscle cells and
adipocytes.
L, blood gl level idzei
Isoflavones Daidzein .owers . ood glucose levels Daidzein at IOO‘uM f)n he.patocyte damage (173, 174]
Decreases triglycerides, LDL cholesterol, and total Diabetic Mice.
cholesterol.
Increases HDL cholesterol levels
Lipid-lowering, anti-diabetic, anti-inflammatory,
and anti-cancer properties. 28 days of treatment with 10, 20, and 40
Activates insulin signalling. mg/kg of biochanin A.
Biochanin . . s . . . . . [175-179]
Increases insulin sensitivity. Type 2 Diabetic Animals, Diabetic Rats,
Lowers visfatin levels. Cells.
Protects against neuropathic pain.
Inhibits a-glucosidase, intestinal B-fructosidase,
and pancreatic a-amylase. . C
i ) ) Bayberry fruit extract that is high in cya-
Canidin Delays absorption of disaccharides. nidin-3-glucoside (C3G) (CRBFE) Twice (180-185]
Y Increases B-cell viability. a day, 150 pg of C3G/10 g of body weight
Reduces ROS generation. Animal Model of Diabetes
Regulates postprandial hyperglycemia.
Suppresses SGLT1 activity in rat duodenum.
Anthocyanins Has insulin-like actions in liver and muscle cells. At 8 weeks, diabetic mice were given 100
/kg li filled with delphinidi
Delphinidin Enhances insulin sensitivity. mexe posomes THeC With ACPMAMN | g6 1g7)
chloride every day. Human, Diabetic
Inhibits intestinal glucose transporters. Mice.
Lowers blood glucose and insulin levels.
Lowers oxidative stress and hyperglycemia. Rats treated with pelletargonidin were
Improves glucose tolerance and insulin sensitivity. i ingle i i 1 iniecti f
Pelargonidin p g y given a single intraperitoneal injection o [188-192]

Triggers autophagy.
Alters gut flora.

the flavonoid (3 mg/kg bodyweight).
Hepatocytes, db/db Diabetic Mice
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Phytocompound Compound Mode of Action in Diabetes Doses, Duratl.on, Methodology and References
Type Name Experimental Model
Anticarcinogenic, anti-inflammatory, and antioxidant
characteristics. Mice received a daily intraperitoneal in-
Activates Nrf2 pathway. jection of xanthohumol (25 mg/kg) for
Xanthohumol Reduces oxidative stress. 20 weeks. [193-196]
Improves wound healing. STZ-induced Diabetic Rats, DN Mice,
Lowers serum creatinine and blood urea nitrogen in and Diabetic Rats [198].
DN mice.
Hypoglycemic and antioxidant properties.
Improves myotube cell lines.
Chalcones Normalizes testosterone and gonadotropins levels in Oral gavage of C for four weeks at

z A%

Cardamonin . & P a dosage of 80 mg/kg. Type 2 Diabetic [197-201]

diabetic rats. .
Rats, Myotube Cell Lines
Inhibits androgenic enzymes in testicles.
Prevents testicular injury by diabetes stress.
Anti-diabetic effect.
. Decrease oxidative stress in the liver and kidneys.
P . . Decreases inflammation, nitric oxide (NO), and 3-ni- Type 2 Diabetic Mice C57B1/6 Model [201-203]
renylnaringenin )
trotyrosine.
Increases Gal 3 protein abundance in skeletal muscle.

FLAVONOID CURE DIABETES BY INCREASING-

AMPK, ARE AKT, Adiponectin, Anti-oxidant Enzymes, ATP Synthase, Anti-apoptotic Proteins,
BDNF, BAX, BCL2, Beta Cell Proliferation, cAMP, CAT, CDKNI1B, CPT1, CYT C OXIDASE,
ERK, eNOS, Glycolysis, Gamma Glutamyl Cysteine Synthetase, GSGPx, GSH, GLP1, Glucose
Absorption, GLUT, GSIS, GDNF, Glucagon, GLO1, Glucose Tolerance, HDL-C, HK, HOI1, Hb,
Hypoglycemia, Insulin Secretion, INSR, IRS1, Insulin Sensitivity, IGF, KEAP1, LKBI, Lipid
Synthesis, MAPK, Mn SOD, MitoM.P., MTF, Mito. Size and biogenesis, Mfn2, Nrf2, NGF, NO,
Na+K+ATPase, NRF1, NGF, NOX4, PPAR-gamma, PI3K, PKC, PGC1, PECAMI, Repaired
pancreatic renal health, SOD, SIRT1, SESTRIN2, TFAM, Testosterone, UCP and wound healing.

FLAVONOIDS CURE DIABETES BY DECREASING-

Alpha-Glucosidase, ARE, AGE, Alpha —amylase, AST, ALT, ALP, ACC, ASK1, ASC, Apoptotic Protein,
ATF4, Atrogen, Blood Glucose, Beta Cell Apoptosis, BAX, Blood Urea, Nitrogen, Cvd Risk, Caspase,
COX2, CHOL, Cytokine, CTGF, C-peptide, CML, CBK, Cardiac Markers, CA+2, CYT-C, Cholesterol,
DPP, DGATI, Dislipidemia, ERK, Er Stress, FBG, FAK, FGF21, Fructosamine, Gluconeogenesis
Enzyme, Glycemic Index, Gsk3-beta, Glial Cells, Galectin3, Glial Cells, HbAlc, HOMA-IR, HMG-CoR,
HG, HRAR, Hyperglycemia, Hyperinsulenimia, Hyper Lipidemia, Inflammation, IKK-BETA, Insulin
Resistance, iNOS, Interleukin, ICAMI1, JNK, LDL, Lipase, LOX, LPS, Leptin, Lipid Peroxidation,
MAPK, mTOR, MDA, MuRF1, miRNA, MCP1,mROS, NLRP3, NFKB, NQOI, NOX4, 3NT, Oxidative
Stress, Polyurea, Polyphagia, Polydipsia, PGCl-alpha, pCREB,PKB, Collagen,ROS, RAGE, RLAR,
STAT3, SRC, SREBP1, SGLT1, SMAD3, Creatinine, SOCS, TG, TC, TGF-1beta, TBARS, TNF-alpha,
TRBP, Urine, Albumine, VEGF, VLDL, visceral fat and visfatin.

Fig. (2). Flavonoids cure diabetes by increasing and decreasing different metabolites. (4 higher resolution / colour version of this figure is
available in the electronic copy of the article).

endogenous antioxidants like SOD, CAT, and GPx and low-
ering ROS concentrations, mitigated tissue damage caused by
extended exposure to high glucose levels. Citrus flavonoids
regulate important metabolic signalling markers by upregu-

8. FUTURE DIRECTIONS TOWARDS DRUG
DISCOVERY

The utilization of bioactive compounds derived from

plant diet sources is an intriguing therapeutic approach, yet it
necessitates a thorough understanding of their effects gleaned
from diverse experimental models when applied to the treat-
ment of different diabetes diseases. The 40 flavonoids from
various plant sources that were examined in this review have
a variety of effects and associated molecular pathways that
can be used to treat and manage diabetes mellitus and its con-
sequences. These citrus flavonoids, mostly through raising
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lating the expression of IRS-1, PI3K, GSK38, PPARYy, and
Akt. Citrus flavonoids are also implicated in modulating the
expression of the NF-xB, IL18, IL-2, IL-6, cytokines TNFa
and INFn as well as activating and enhancing the production
of GLUT4 and IR. Through increased glucose absorption in
peripheral tissues, all of these activities lead to the attenuation
of inflammatory mediators associated with the etiology and
progression of diabetic vascular problems. Additionally, this
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inhibits the growth of cells produced by excessive glucose.
The existing understanding is that flavonoids may mitigate
cellular oxidative stress and inflammatory markers such as
IL-1, IL-6, tumor necrosis factor TNF-a and IR to enhance
the etiology of diabetes and its consequences.

CONCLUSION

Citrus species are rich natural sources of flavonoids and
hold significant potential as a foundation for future therapies
aimed at managing and preventing diabetes and its associated
complications.

To the best of our knowledge, this is the first review that
outlines how the main citrus flavonoids affect the metabolic
indices and essential physiological pathways associated with
diabetes. This can facilitate the development of new treat-
ments for diabetes and enhance our understanding of the bio-
logical profiles of the patients undergoing therapy. Moreover,
further research should be conducted on less complicated and
expensive ways to separate pure molecules so that thorough
investigations into each possible antidiabetic flavonoid can
be carried out. Instead of relying too heavily on artificial an-
tidiabetic medications, flavonoids should be highlighted as
safer, innovative antidiabetic medicines, as shown in Fig. (2).
It is important to compile and disseminate accurate scientific
data on citrus flavonoids as broadly as possible through pub-
lications and seminars. Conducting human clinical trials is
the only definitive way to determine the effectiveness of cit-
rus flavonoids in humans. Therefore, to elucidate the mecha-
nisms of action across various pathways and to perform mo-
lecular gene expression studies involving T2DM-related
genes, it is essential to conduct human clinical trials utilizing
advanced molecular techniques based on the current
knowledge of these compounds.
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