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Abstract: Diabetic complications pose a significant threat to life and have a negative impact on quality
of life in individuals with diabetes. Among the various factors contributing to the development
of these complications, endothelial dysfunction plays a key role. The main mechanism underlying
endothelial dysfunction in diabetes is oxidative stress, which adversely affects the production and
availability of nitric oxide (NO). Flavonoids, a group of phenolic compounds found in vegetables,
fruits, and fungi, exhibit strong antioxidant and anti-inflammatory properties. Several studies have
provided evidence to suggest that flavonoids have a protective effect on diabetic complications. This
review focuses on the imbalance between reactive oxygen species and the antioxidant system, as
well as the changes in endothelial factors in diabetes. Furthermore, we summarize the protective
mechanisms of flavonoids and their derivatives on endothelial dysfunction in diabetes by alleviating
oxidative stress and modulating other signaling pathways. Although several studies underline the
positive influence of flavonoids and their derivatives on endothelial dysfunction induced by oxidative
stress in diabetes, numerous aspects still require clarification, such as optimal consumption levels,
bioavailability, and side effects. Consequently, further investigations are necessary to enhance our
understanding of the therapeutic potential of flavonoids and their derivatives in the treatment of
diabetic complications.

Keywords: diabetic complications; flavonoids; reactive oxygen species; antioxidant enzymes;
endothelial dysfunction

1. Introduction

Diabetes has become a widespread problem of epidemic proportions. As reported by
the International Diabetes Federation, the number of individuals aged 20-79 years with
diabetes worldwide was 537 million in 2021. Moreover, the incidence rate of diabetes is
rapidly increasing, and it is estimated to reach 783 million by 2045 [1]. Diabetic complica-
tions are the leading cause of mortality among diabetic patients and significantly impact
their quality of life. They are divided into macrovascular complications and microvascular
complications in the clinic. Hyperglycemia (HG)-induced endothelial dysfunction is the
key to vasculopathy. The endothelium is a continuous monolayer of cells that lines the
arterial, venous, and lymphatic vessels. It constantly faces the force of blood pressure and
shear flow [2,3]. Endothelial dysfunction can be narrowly defined as a decrease in the
capacity for vasodilation. However, it can also encompass any alteration that influences the
endothelium’s foundational function for vascular protection. This includes the impairment
in vascular tone, compromised integrity of the endothelium, malfunctioning endothelial
cell metabolism, and platelet activation [4]. Reactive oxygen species (ROS), which act
as intermediates of molecular oxygen (O,), are important secondary messengers of cell
metabolism. However, oxidative stress (OS), which is an imbalance between antioxidant
enzyme defense systems and ROS generation, is a crucial factor in endothelial dysfunction
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in diabetes [5]. Excess ROS induces inflammation, a reduction in nitric oxide (NO), and mi-
tochondrial dysfunction in endothelial cells (ECs) [6]; additionally, inflammation enhances
ROS generation in turn [7].

Flavonoids, which consist of 15 carbon skeletons and two aromatic rings connected
by three carbon chains, are phenolic compounds [8]. Accumulating evidence strongly
suggests that flavonoids inhibit vascular injury in diabetes [9]. Pycnogenol, as a flavonoid-
rich dietary supplement, has been shown, in a clinical study of patients with type II
diabetes mellitus, to significantly decrease endothelin-1 (ET-1) levels in serum and reduce
the dosages of the vasoconstrictor angiotensin-converting enzyme (ACE) inhibitor in the
treatment group [10]. The antioxidant properties of flavonoids are the key to their protective
effect and are closely associated with their structural characteristics; they are related to
conjugated double bonds, the position and number of hydroxyl groups, and electrophilic
groups in these rings [11]. In this review, we first describe the generation of OS in diabetes.
Subsequently, we present a summary of the findings on the mechanisms mediated by
flavonoids against endothelial dysfunction in diabetes.

In preparing this review, we searched related articles (as of 2 July 2024) from the
PubMed database. The review includes two main sections, and the search terms of oxida-
tive stress and endothelial dysfunction in diabetes were (“Diabetes” [Mesh] OR Diabatic
[Title/ Abstract] OR Hyperglycemia [Title/ Abstract]) AND (“Oxidative Stress” [Mesh] OR
Reactive Oxygen Species [Title/ Abstract] OR Reactive Nitrogen Species [Title/ Abstract] OR
Antioxidative [Title/ Abstract]) AND (“Endothelial Dysfunction” [Mesh] OR Endothelial
[Title/ Abstract] OR Endothelium [Title/ Abstract]). The search terms of flavonoids were
(“Flavonoids” [Mesh] OR Flavonoid Derivatives [Title/ Abstract]) AND (“Diabetic Com-
plications” [Mesh] OR Hyperglycemia [Title/ Abstract] OR Diabetes) AND (“Endothelial
Dysfunction” [Mesh] OR Endothelial [Title/ Abstract] OR Endothelium [Title/ Abstract]).
To focus on endothelial function, we excluded articles with non-endothelial cell samples in
the cellular experiments, and among the screened articles with animal experiments alone,
we retained only those that examined endothelial function in a narrow sense, including
vasodilation, NOS activity, and NO bioavailability. Finally, 167 articles were included in
this review.

2. The Generation of Diabetes-Induced Oxidative Stress in Endothelial Cells

Superoxide anions (O, ~) and hydrogen peroxide (H,O;), which participate in O,
metabolites, are the main ROS. Moreover, other ROS include hydroxyl radicals (OH),
hydroxyl anions (OH ™), and hypochlorous acid (HOCI). In diabetes, the sources of ROS in-
clude the mitochondrial electron transport chain (ETC), nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase, xanthine oxidase (XO), and uncoupled endothelial nitric
oxide synthase (eNOS). Moreover, uncoupled eNOS forms highly reactive peroxynitrite
(ONOO7) [7].

2.1. Mitochondrial-Derived Reactive Oxygen Species in Diabetes

The mitochondrial metabolism plays a crucial role in EC growth, apoptosis, prolif-
eration, and mobilization [12]. In a clinical study, mitochondrial fission was found to be
increased in diabetic patients and led to endothelial dysfunction [13]. In addition, mitochon-
dria serve as a significant source of ROS. NADH-ubiquinone oxidoreductase (complex I)
and ubiquinol-cytochrome C reductase (complex III) predominantly contribute to Oy ™
generation within the electron transport chain (ETC) [14].

Under pathophysiological conditions associated with diabetes, mitochondrial dys-
function promotes the generation of ROS, disrupts the endothelial NO metabolism, inhibits
proliferation, and stimulates apoptosis, which are all closely associated with endothelial
dysfunction development in diabetes [15]. In ECs, HG suppresses the activity of the tri-
carboxylic acid cycle and ETC, which are sources of mitochondrial ROS [16]. Keller and
colleagues showed that glycated low-density lipoprotein (glyLDL) inhibited the activity of
mitochondrial ETC enzymes [17], which is consistent with the results that revealed that
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HG suppressed mitochondprial electron transport. Moreover, other studies showed that
diabetes-associated metabolic disorders decreased oxygen consumption, mitochondrial
membrane potential, cell viability, and enzymatic activity in ECs cultured with HG [18-20].
Subsequently, HG induced intramitochondrial O,  ~ production, leading to the activation
of the amino hexose signaling pathway, polyol signaling pathway, protein kinase C (PKC)
signaling pathway, and advanced glycosylation end-products (AGEs); ultimately, these
processes led to endothelial dysfunction [21].

2.2. NADPH Oxidase-Derived Reactive Oxygen Species in Diabetes

All NADPH oxidase (NOX) family members, which are membrane-bound enzymes,
are acknowledged as the primary sources of ROS in diabetes [22]. NOX1, NOX2, NOX4, and
NOX5 have emerged as the prominent contributors of OS in ECs. Studies have shown that
NOX are activated by the upregulation of their subunit p22P"°* and p47Ph°X translocation
in diabetes [23].

Several studies have provided abundant evidence regarding the excessive production
of NOX-derived ROS in diabetic models. In human aortic endothelial cells (HAECs) stimu-
lated with HG, the overexpression of NOX2, NOX4, and p47P"°* is induced by HG [24]. In
mouse brain microvascular endothelial cells treated with HG, HG enhanced the activity
of NOX by upregulating the expression of the NOX1 protein. Subsequently, resveratrol,
which is a kind of nuclear factor-kappa B (NF-«B) inhibitor, prevented the upregulation of
NOX1 expression [25]. This demonstrated that the activation of NF-kB-mediated NOX1 is
an important process of OS in diabetes. Moreover, HG increased the generation of NOX4-
mediated ROS in HAECs. The interaction between NOX4 and NF-«B/p65 was enhanced
by HG. Subsequently, an intervention with NF-kB/p65 inhibition or the knockdown of
NF-«kB/p65 via small interfering RNA (siRNA) prevented the overexpression of NOX4
induced by HG [26]. Hence, this study showed the mechanism of NF-«B/p65-mediated
NOX4 overexpression in HG conditions. In addition, evidence has shown that the AMP-
activated protein kinase (AMPK)/PKC pathway is also responsive to NOX expression.
In human umbilical vein endothelial cells (HUVECs) stimulated with different concen-
trations of glucose (5 and 10 mmol/L), rosiglitazone inhibited NOX-mediated OS via
AMPK signaling pathways, which subsequently inhibited PKC and the translocation of
the NOX subunits p47ph0x and Ras-related C3 botulinum toxin substrate 1 [27]. Similarly,
the expression of gp91P"%, the catalytic subunit of NOX2, increased with HG in porcine
coronary rings, and the increase in O, ~ was completely blocked by staurosporine’s PKC
inhibition [28], which indirectly predicted that the PKC pathway was responsive to NOX2.
The same result was verified in another experiment of HUVECs treated with intermittent
and continued HG, and PKC inhibition reduced the increase in p47ph°X, p67ph°X, and
p22PhoX induced by HG [29]. Recently, a study of NOX5 transgenic mice demonstrated
the HG-induced upregulation of NOX5 expression in vascular ECs and smooth muscle
cells [30]. Furthermore, studies have indicated that NOX5 activation is related to PKC
pathways and that PKCx mediates NOX5 activation in HUVECs exposed to HG [31]. In
summary, the evidence of endothelial cells exposed to the HG environment indicates an
important role of NOX-derived ROS in stimulating endothelial cells” OS.

There is also considerable evidence that correlates vascular complications with NOX
overexpression in diabetes. The aorta of streptozotocin (STZ)-induced diabetic rats exhib-
ited an increase in NOX1 protein and a reduction in endothelium-dependent vasodilation.
However, it was difficult to prove that NOX1 is the prominent source of endothelial dys-
function because there were other concurrent observations, such as eNOS uncoupling and
xanthine oxidase overexpression [32]. In another study, Youn et al. interfered with the
siRNA transfection mixture of NOX1, NADPH oxidase organizer 1, NOX4, and mitochon-
drial ETC complex III in diabetic mice, and the results suggested that NOX1 is an important
contributor to eNOS uncoupling and the subsequent occurrence of endothelial dysfunc-
tion [33]. Other studies highlighted NOX2-induced endothelial impairments in animal
models of diabetes. Sukumar et al. created mouse models with endothelial-specific insulin
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resistance to show impairments in endothelium-dependent vasodilation, the overproduc-
tion of superoxide, and overexpression of NOX2 in pulmonary ECs isolated from the aorta
and lungs of transgenic mice; subsequently, OS and vascular endothelial dysfunction were
inhibited by the knockdown of siRNA against NOX2 [34]. NOX4, which generates HyO5, is
the major isoform in ECs. However, the protective effect of NOX4 on endothelial function
is controversial. Craige et al. demonstrated that NOX4 promoted endothelial angiogenesis
through eNOS activation in hypoxia and ischemia models. In contrast, Wang et al. showed
that HG induced a decrease in NO bioavailability via the overexpression of NOX4 in the
aorta of diabetic rats [35]. To date, there have been few rescue experiments on endothelial
function by NOX4 in diabetic models; so, it is worth exploring the mechanisms of NOX4
on vascular function.

2.3. Uncoupled eNOS-Derived Reactive Oxygen Species in Diabetes

Nitric oxide synthases are enzymes that catalyze the production of nitric oxide (NO)
from L-arginine, and the cofactor tetrahydrobiopterin (BH4) [4], including the three iso-
forms eNOS and neuronal nitric oxide synthase (nNOS) (which are expressed under normal
conditions) and inducible nitric oxide synthase (iNOS), is induced by impairment.

The generation of NO is a compact process in the eNOS enzyme. However, metabolic
disorders induce eNOS uncoupling in diabetes, which leads to reverse electron transfer;
the process generates O, ~ and no longer synthesizes NO [36,37]. Moreover, O, ™ reacts
with NO to generate ONOO™, which depletes NO, decreases the bioavailability of NO,
and then impairs endothelial function [38]. In a rat model of diabetes, observations of the
aorta showed the occurrence of oxidative stress and a decrease in NO [39]. Furthermore,
the function of NO-mediated vasodilation was significantly impaired [40,41].

2.4. Reactive Oxygen Species Derived from other Enzymes in Diabetes

Xanthine oxidoreductase (XOR), an enzyme (270 kDa) involved in the metabolic pro-
cess of purines, facilitates the oxidation of hypoxanthine, resulting in the production of
xanthine and eventually uric acid. XOR includes two forms, xanthine oxidase and xanthine
dehydrogenase, and XO is the main superoxide-producing enzyme [42]. In a clinical trial
on the correlation between XO and diabetes mellitus, the mean XO level of the diabetes
group (5.8 £ 3.6 U/L) was significantly higher than that of the control (2.9 = 1.8 U/L)
group [43]. Studies have demonstrated that XOR activity is related to endothelial dys-
function in diabetes [44,45], which may be due to ROS produced by XOR attenuating
NO-mediated vasorelaxation. In a randomized, controlled trial of diabetes and mild hyper-
tension, allopurinol, a xanthine oxidase inhibitor, improved the response of acetylcholine
(Ach)-mediated blood flow and decreased malondialdehyde (MDA) levels [46]. In addition,
allopurinol decreased the level of xanthine-dependent superoxide in the aorta of diabetic
animals [47]. These data indicate that XO-derived superoxide is one of the factors of
endothelial dysfunction in diabetes.

Excess superoxide leads to the release of Fe?* by ferritin and iron-sulfur cluster-
containing proteins. The increased Fe?* produces highly reactive OH~ and OH', which is
referred to as Fenton’s reaction or ferroptosis [7]. Recent research has shown that ferroptosis
contributes significantly to the development of diabetes and its complications [48]. In
HUVECs stimulated with HG and interleukin 1(3 (IL-1$3), Luo and colleagues treated cells
with deferoxamine and ferrostatin-1, demonstrating that ferroptosis inhibitors reduce lipid
peroxides and improve endothelial cell viability. Mechanistically, HG and IL-1f3 enhanced
HUVEC ferroptosis by activating the p53/xCT/GSH pathways. Moreover, a reduction in
xCT and endothelial cell content was observed in the aorta of diabetic mice [49]. The main
sources of ROS are depicted in Figure 1.
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Figure 1. Mechanisms of oxidative stress-induced endothelial dysfunction in diabetes. In the diabetic
state, oxidative stress induces endothelial dysfunction via the regulation of endothelium-related
factors, including Ang-2, vWf, ESAM, ET-1, and Ang-1. Specifically, the dark red solid frame shows
ROS generated by NOX family in diabetes, including NOX1, NOX2, NOX4, and NOX5. The light
blue solid frame shows ROS generated by the leakage of electrons in the mitochondrial ETC and
decrease in antioxidant enzyme activity. The orange solid frame shows that eNOS uncoupling
leads to a decrease in NO and generates ONOO™ in diabetes. The light green solid frame shows
ROS generated by xanthine oxidase in diabetes. The red dashed frame shows that hyperglycemia
accelerates glycolysis to generate excess pyruvate, then leading to mitochondrial overload. The light
blue dashed frame shows ROS generated by the polyol pathway in diabetes. The yellow dashed
frame shows ROS generated by the hexosamine pathway via the acceleration of glycation in diabetes.
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The green dashed frame shows that the binding of AGEs and RAGE activates MAPK and NF-«B
pathways to generate ROS. The scarlet dashed frame shows the process of ROS generated via the
PKC pathway in diabetes. The brown dashed frame shows ROS generated by glyLDL, FFA, and
ox-LDL in diabetes. The purple dashed frame shows eNOS uncoupling induced by insulin resistance
in diabetes. Abbreviations: PI3K, phosphatidylinositol 3-kinase; Akt, protein kinase B; PYK2, proline-
rich tyrosine kinase 2; NOX, NADPH oxidase; eNOS, endothelial nitric oxide synthase; ROS, reactive
oxygen species; TCA cycle, tricarboxylic acid cycle; Ang-2 angiopoietin-2; vWf, von Willebrand
factor; ESAM, endothelial cell-selective adhesion molecule; ET-1, endothelin-1; Ang-1, angiopoietin-
1; glyLDL, glycated low-density lipoprotein; FFA, free fatty acid; ox-LDL, oxidized low-density
lipoproteins; AGEs, advanced glycosylation end-products; LOX-1, lectin-like ox-LDL receptor-1;
NADPH, nicotinamide adenine dinucleotide phosphate; EF, EF hand; NOXO1, NADPH oxidase
organizer 1, NOXA1, NADPH oxidase activator 1; Rac, Ras-related C3 botulinum toxin substrate;
MnSOD, manganese superoxide dismutase; GPx, glutathione peroxidase; Prx, peroxiredoxin; Trx,
thioredoxin; CAT, catalase; CoQ, coenzyme Q; BH4, tetrahydrobiopterin; BH2, dihydrobiopterin;
O,, molecular oxygen; O, ~, superoxide; ONOO™, peroxynitrite; H,O,, hydrogen peroxide; PGI,
phosphoglucose isomerase; TPI, triosephosphate isomerase; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; FADH), flavin adenine dinucleotide; ETC, electron transport chain; AR, aldose
reductase; SORD, sorbitol dehydrogenase; GSSG, glutathione disulfide; GR, glutathione reductase;
GFAT, glutamine-fructose-6-phophate amidotransferase; RAGE, receptor for advanced glycation
end-products; MAPK, mitogen-activated protein kinase; NF-«B, nuclear factor-kappa B; PKC, protein
kinase C.

2.5. Attenuation of Antioxidant Defense Systems in Diabetes

To preserve the redox balance, the presence of antioxidant defense mechanisms, which
function to eliminate ROS, is vital. The antioxidant enzymes that actively participate in
this process include superoxide dismutase (SOD), glutathione peroxidase (GPx), catalase
(CAT), peroxiredoxins (Prx), and thioredoxin (Trx) [14]. In the redox process, SOD facilitates
the dismutation of O, ~ to HyO,. Subsequently, H,O, undergoes catalysis to form H,O,
with the assistance of CAT, GPx, Prx, and Trx, through a reduction reaction. As shown in
Figure 1, HG inhibits the activity of antioxidant enzymes.

Superoxide dismutase (SOD) enzymes are essential in maintaining cellular home-
ostasis by catalyzing the dismutation of superoxide radicals into molecular oxygen and
hydrogen peroxide. There are three different isoforms of SOD that include copper—zinc
superoxide dismutase (CuZnSOD or SOD1, 32 kDa) located in the cytosol and nucleus,
manganese superoxide dismutase (MnSOD or SOD2, 93 kDa), and extracellular CuZnSOD
(ECSOD or SOD3). In the aorta of STZ/nicotinamide-induced diabetic mice, Taguchi et al.
observed a decrease in SOD1 expression. However, treatment with a Ginkgo biloba extract
elevated SOD1 expression and improved endothelium-dependent relaxation by activating
the protein kinase B (Akt)/eNOS pathways [50]. In addition, the inhibition of SOD1 in-
hibited angiogenesis by increasing superoxide levels and reducing vascular endothelial
growth factor (VEGF) and fibroblast growth factor-2 (FGF-2)-mediated extracellular signal-
regulated kinase (Erk) 1/2 phosphorylation in ECs [51]. Moreover, H,O, generated from
SOD1 has the effect of an endothelium-dependent hyperpolarization factor [52]. Similarly,
SOD2-derived H,O, affects the formation of sprouts and blood vessel formation [53]. In-
creases in superoxide levels and impairment in Ach-mediated vasodilation were shown in
the thoracic aorta of diabetic mice with SOD2 deficiency [54]. In vitro, the expression of
SOD2 protein and SOD activity were inhibited by HG in HUVECs, and ROS-derived SOD
decreased cell viability [55].

Catalase is a cytoplasmic 240 kDa homotetrameric enzyme. The decrease in CAT
activity is considered to be a cause of OS in diabetes. In the aorta of diabetic rats, the
observations were excess ROS and vascular pathological damage, with a decrease in CAT
levels [39]. Leff et al. employed human serum catalase to protect endothelial cell function
from HyO; [56]; presumably, CAT inhibited endothelial dysfunction via the reduction of
H,0; in diabetes.
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Glutathione peroxidase, an 85 kDa protein dependent on selenium, demonstrates
a comparable antioxidant impact on H,O, akin to that of catalase. Both enzymes func-
tion in the detoxification of HyO, by transforming monomeric glutathione (GSH) into
dimeric glutathione disulfide (GSSG). The family includes four different GPxs (GPx1—4)
in mammals [57]. HG inhibits GSH and GPx levels in endothelial cells [58-60]. Recently,
a reduction in GSH was reported in diabetes, indicating an important role in endothelial
dysfunction via the acceleration of OS [61].

Peroxiredoxins, which reduce H,O; to H,O by active cysteine residues, are a family
of antioxidant enzymes. Currently, six different peroxiredoxins (Prx1-6) have been identi-
fied [7]. In a controlled clinical trial of diabetes with peripheral atherosclerosis, the levels
of Prx1, Prx2, Prx4, and Prx6 were higher than those in the control group [62]. Notably,
peroxiredoxins have a positive effect in protecting against inflammation and OS in car-
diovascular diseases [63]. Presumably, the overexpression of Prx1, Prx2, Prx4, and Prx6
provided compensatory protection against diabetic cardiovascular issues.

Thioredoxins, which reduce disulfides to their corresponding sulfhydryls via the
reduction of equivalent NADPH, are a family of 10-12 kDa redox-sensitive antioxidant
enzymes located in the cytosol and mitochondria [64]. Currently, three Trx enzymes
(Trx1, 2, and 3) have been identified. The positive effects of the thioredoxin family, which
consists of Trx, NADPH, are regarded as antioxidant defense systems in diabetes and
cardiovascular disease, and thioredoxin reductase [65]. Currently, Trx-interacting proteins
have been discovered, including p40P"°% and vitamin D3-upregulated protein 1; p40Ph°* is
an NADPH subunit. The interaction indicated that Trxs might also regulate superoxide
via NOXs [7]. In ECs, the expression of the Trx protein is regulated by stimulation with
H,0;, and lower concentrations of H,O, enhance Trx levels and improve cell apoptosis,
while at higher concentrations, the reduction in Trx protein induces cell apoptosis in a
cathepsin-D-dependent manner [66]. Thioredoxin-interacting proteins (TXNIPs) are a
key factor in glucose homeostasis, and Li et al. indicated that endothelial dysfunction
is positively correlated with TXNIP concentrations in diabetic rats [67]. Additionally,
the knockdown of TXNIP reduced diabetes ischemia-related impairment in angiogenesis
and blood flow [68]. Lam et al. generated TXNIP knockout and TXNIP overexpression
mouse models and observed that the impairment in Ach-mediated vasorelaxation and
the increase in nucleotide-binding domain-like receptor 3 (NLRP3) levels induced by
diabetes were attenuated in the TXNIP knockout model. Additionally, the reductions in
Akt phosphorylation (p-Akt) and p-eNOS were also restored [69].

3. Mechanisms of Oxidative Stress-Induced Endothelial Dysfunction in Diabetes
Endothelin-1, angiopoietin-1 (Ang-1), angiopoietin-2 (Ang-2), von Willebrand fac-
tor (vWI{), endothelial cell-selective adhesion molecule (ESAM), and other cell adhesion
molecules play a crucial role in regulating endothelial cell function through multidimen-
sional interactions. ET-1, a vasoconstrictor peptide, inhibits eNOS activity and NO pro-
duction. It has been observed that ET-1 levels are upregulated in the plasma of diabetic
mice [70]. Moreover, the upregulation of ET-1 has been found to accelerate the progression
of atherosclerosis, perivascular OS, and inflammation through NOX1 in diabetes [71]. Ad-
ditionally, Binjawhar et al. revealed HG-induced ET-1 mRNA overexpression rather than
promoter methylation in HUVECs [72]. Ang-1 activates the EC tyrosine kinase receptor
TIE-2, promoting vascular integrity. It is an endothelium-specific protective factor. On the
other hand, Ang-2 is involved in cardiovascular remodeling, which involves altering the
vascular structure [73,74]. HG and AGEs inhibit p-Akt and p-FOXO1 induced by Ang-1
and enhance Ang-2 generation. This process is accompanied by OS and cell proliferation
impairment [75]. vW{, an adhesive glycoprotein expressed in ECs, plays a crucial role in
platelet adhesion and aggregation, thereby regulating vascular hemostasis. In the context of
endothelial dysfunction, the plasma levels of vWf are significantly elevated in individuals
with diabetes and cardiovascular diseases compared to those with diabetes alone [76]. The
increase in ROS production accelerated vWf multimers to form endothelial Weibel-Palade
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bodies in diabetes, and then promoted vWf multimers to be released into the plasma [77].
ESAM expression was upregulated in response to HG conditions, resulting in cell ad-
hesion and infiltration [78,79]. Additionally, other endothelial cell adhesion molecules,
including E-selectin, vascular cell adhesion molecule-1 (VCAM-1), and intercellular adhe-
sion molecule-1 (ICAM-1), were upregulated in diabetes, and their overexpression was
positively correlated with OS [80]. Furthermore, in diabetes, there is an upregulation of
other adhesion molecules on endothelial cells, such as vascular cell adhesion molecule-1
(VCAM-1), intercellular adhesion molecule-1 (ICAM-1), and E-selectin. This upregulation
is positively correlated with oxidative stress [79]. It is crucial to inhibit endothelial injury to
prevent vascular complications in diabetes. HG-induced OS has a negative impact on these
factors that are related to endothelial function.

4. The Mechanism of Flavonoids and Their Derivatives in Endothelial Dysfunction in Diabetes

Flavonoids and their derivatives have shown positive effects in the treatment of
diabetic complications. They play a protective role by modulating multiple factors. Detailed
information is shown in Table 1.
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Table 1. The mechanisms of flavonoids and their derivatives in endothelial dysfunction in diabetes.
Model Used References
Flavonoid Subclass Flavonoid Name Molecular Formula Mechanism . .
In Vivo In Vitro
}f XI;I/[%;AT aorta of diabetic mice [41]
. ) 10~ M for 30 min
Quercetin p-Aktt
MDA | ROS|
. HG-HUVECs
p62. Beclg}gi LC3II/I1 20 uM for 24/48/72 h [58]
SODT CATT MDA aorta of diabetic rats
protein carbonyls groups/ 30 mg/kg/day for 4 weeks [39]
iNOS| gastric lavage
OH
o ina of diabetic rat
Ho o retina of diabetic rats
. CLI, caspase-3) Bax| caspase-9, CytCl 5 /50100 mg /kg/day for 8 HG-RVECs
Hyperoside oH o i Bel-27 weeks 10 mg/mL for 72 h [81]
HO:O)V oH SODT MDA{ ROS| gastric lavage
HO™
OH
SODT MDA | ROS| NOX4.
o p-p47Pox | lactate
Fl 1 HO, SN dehydrogenase|
avono HO,, 10 /OH J(j) oH caspase-3/ Bcl-2/Bax] HG-HUVECs
Icariin BOWga®: 65) NF-kBJ 50 uM for [82]
b oA P L6 72h
\ A
A, p-ERK/ERK |
ICAM-1| VCAM-1|
E-selectin|
a-smooth muscle actin’ collagen penis of diabetic rats
I/collagen IIT 1/5/10
Icariside II TGEp1| CTGF|Smad2| mg/kg/day for 12 weeks, [83,84]
nNOST VEGFT eNOST 5 mg/kg/day for 6 weeks
SODT MDA & agstric%ava e
Ion RAGE| & &
. R HG-HUVECs
Myricetin LPOJ TACT total thiol molecules 0.5/1 uM [85]

Bax/Bcl-2| cleaved caspase-3|

for24 h
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Table 1. Cont.
Model Used References
Flavonoid Subclass Flavonoid Name Molecular Formula Mechanism In Vivo In Vitro
OH
HO O o ‘ O on NOX4/| ROS| TXNIP,|
Rutin S I\IIII: Iﬁ;ﬁ aorta of diabetic rats HG-HUVECs [56]
o) . -
I‘:@’O\/Q\OH caspase-1]. 35/70 mg/kg/day for 12 weeks 10/30/100 uM for 0.5 h
HO” ™ "OH o NOT
OH
CAMs| peritoneal exudates of mice
5.7/28.5 g HG-HUVECs
Fisetin O o MCP-Il_IlZI(TSfip@i intravenous administration 0.1/1/10/50uM for 6 h [87]
HO O o] | oH t after 6h
OH vWf1 ICAM-1| oxidized LDL-HUVECs [85]
o] eNOST Erk-57 0.5uM for 48 h
HO oH
HO. o O NOT aorta of diabetic mice
Morin O : OH p-eNOST 10~% M for 30 min (41]
p-Akt!
OH O
OH
° O aorta of diabetic rats
DiOHF O i OH ROSIL\T IC\)I‘(S)Txu 1mg/kg/day for 7 days [89]
OH € subcutaneous injection
e}
HO. 0.
aidein O ‘ LPO/ ROS| Cgl))(ji CAT? SOD? HG-HUVECs -
zel O . 0.02/0.04/0.1 M for 20 h
OH iNOS| NF-kB|
o LU o GSH' CAT MDA/ ROS| HG-mouse vascular endothelial
Puerarin " L b TXNIP| HMGB1| NLRP3| Cells [90]
OH O on cleaved caspase-1/ 1/10/25/50 uM for 24 h
Isoflavone
" Bad| Bcl-27 Bax/
HO. .0 o MDA/ SOD?1
AGEs-HUVECs
C7G o«é L) IL-6) ICAM-1 L, e [91]
" IO MICP1 107/1078/10~ M for 24 h
TGFp1) RAGE|
o % IL'(’%{&\T ok palmitate- HUVECs
Kakkalide . AR - p-JNK| p-p65. palmlte(i)ti—/aﬁrltg of rats [92]
HOTQ’ IkB kinase B p-Akt" ymol /'L for 30 min

p-eNOST




Molecules 2024, 29, 3265 11 of 32
Table 1. Cont.
Model Used References
Flavonoid Subclass Flavonoid Name Molecular Formula Mechanism . ;
In Vivo In Vitro
SIRT1{IL-6) TNF-oc
o O OH CytC 1;ifggﬁéf£i TCth mn retina of diabetic rats
Coumestrol (4 SOD{ ROS|MDA/ 10/50/100 mg /kg/day for 8 HG-HRECs [93]
o . weeks
K iNOS| NO| VEGF/| R
- subcutaneous injection
cleaved caspase-3| C-reactive
protein
OH
on TAC? SIRT31 SOD27 aorta of diabetic mice
Dihydromyricetin Ho O OH GSH/GSSGT 250 mg/kg/day for 12 weeks [54]
OH MDA | ROS/| gastric lavage
OH O
Oy on MDA/ ROS| SOD1 GSH1
. vo_~_o .»(:[O]\@[o\ : . HG-HUVECs
Silibinin WOH - Beclin-11 p62] LC3-1I/LC3-1 10 uM for 24/48/72 h [60]
OH O NOL
superoxide in mitochondrial | HG-HUVECs [17]
(-)-Epicatechin ETC complex V| 0.1/1uMfor1h
eNOS O-GlcNAc/ SIRT1T HG-HCACEs [94]
NOT p-eNOST 100 uM for 48 h
Flavanols
aorta of diabetic rats
SOD7 25 mg/kg/day
EGCG MDA for 12 weeks [95]
gastric lavage
H
é/ o aorta of diabetic rats
Catechin ° Oy MDA| 50 mg/kg/day for 3 weeks [96]
ROS| -
oH gastric lavage
OH
MDA |ROS|Nrf21CAT{ HG-EPCs
NADPH dehydrogenase quinone 0.1/0.5/2.5 umol/L [97]
PCB2
17 for 6h
AGE-HUVECs
cleaved caspase-3] lactadherin| 2.5/5/10 98]
ROS| pmol /1

forlh
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Table 1. Cont.
Model Used References
Flavonoid Subclass Flavonoid Name Molecular Formula Mechanism 5 -
In Vivo In Vitro
O TNE-o| p-p38) aorta of HFD-Goto-Kakizaki rats H,0,-HUVECs
Baicalein HO O ° ] p-JNK| caspase-3 150 7.5/15 [99]
HO ROS] Nrf21 HO-11 SOD mg/kg/day for 4 weeks ug/mL
eNOS|T NAD+/NADHT MPO/ astric lavage for1h
OH O g &
HO.. o o O VEGFI:ZeDCZFror 2t HG-induced chick embryos
Baicalin ,@, ) 6 uM for 48 h [100]
HO™ Yy HO cleaved caspase-3| L
oo OH O p62. injection
H o O
wo. L _.o o VEGF| . . .
. : tina of diabetic rats HG-HRECs
Wogonoside ,éo HIF-1oc| SIRT1} re [101]
HO 1 nY IL-1B] IL-6] 30 mg/kg/day for 6 weeks 10/20/30/40 pmol/L
oH O on proliferating cell nuclear antigen | HG-HUVECs
. HO. -0 o VEGEF| 1/10°1/
Scutellarin Ho’@m HIF-To| 10-2/10-3/ [102]
oo M P ROS| MDA | NOX/ 1074 uM for 48 h
Flavones O oH ta of diabetic rat
aorta of diabetic rats
. Ho o ROS| OH' ™| SOD?
Luteolin ] o N 10/50/100 mg/kg/day for 8 [103]
T NO7T NOST weeks
NO7T p-eNOST aorta of diabetic mice HG-HMEC-1
. Ho N © ‘° o p-AMPK? 1 mg/kg/day for 4 weeks 5uM [104]
Vaccarin H:[g o o ROS| intraperitoneal injection for12h
fock Son Histone deacetylase 1.
HQTQ cleaved caspase-3| Bax/Bcl-2| [105]
o SOD? CAT GPxt
OH O
SCI)CDghh/ﬁ ?fi artery of diabetic rats
Apigenin Ho O o | NO' 50/100 mg/kg/day for 6 weeks [106]
O on p-p65 gastric lavage
L. Bcl-2/Bax] Wnt/b-catenin HG-HUVECs
Vitexin SOD' Nrf2| ROS| MDA | [107]

15/30 umol/L for 24 h




Molecules 2024, 29, 3265 13 of 32
Table 1. Cont.
Model Used References
Flavonoid Subclass Flavonoid Name Molecular Formula Mechanism . .
In Vivo In Vitro
O, ~ ] NADH dehydrogenase |
succinate cytochrome c reductase
o CytC NOX4/ CytB' %{)YLII\)/IL{;AEC; [18]
NADH dehydrogenase 17 K
cleaved caspase-3] Bcl-21
E-selectin| VCAM-1] leukocyte
adhesion]
HO™ _OH ROS| Nrf21 NF-«kB| HO-11 GSH palmitic acid-HUVECs [108]
OH BTB and CNC homology 1, 20/40 uM for 24 h
cr NADH quinone oxidoreductase
1t
@/OH PKCRIL|
Naringenin Ho. O ROS| p-p65] p-Aktt HG-HUVECs and HAECs [109]
& \Q;g Bcl-21 Bax/ caspase-3. 3/30 uM for 48 h
OH O NOT p-eNOST
Naringin /Eg'l/; ool . CXBXII?O%E-AMA HG-HUVECs [110]
HO,@ A NO' 50 uM for 48 h
HO.
O _ on HG-HUVECs/rat aorta
t-RV O ROS/| 0.1/1/10/ [111]
100 uM for 3 h
Flavanones o
MDA | ROS|
iNOS/eNOS|
Bcl-21 Bax/ caspase-3|
vo. 1 on o, ICAM-1] VCAM-1| NF-kB | 3
Didymin /&«Qm o EGF| FGF2| CX3CL1), ;GI\ZI Evgﬁ [112]
R TNF-o| Interferon-o2] HiL Tor
Interferon-y] MCP-1
IL-1B) IL-1 TL-2)
IL-5] IL-6] IL-8) IL-15]
S wo o TGFp1) RAGE| NF-kB/ AGEs-HUVECs
Liquiritin T 10/10"7/108 M for 48 h (113]

ROS/ MDA | SOD +
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Table 1. Cont.

Model Used References
Flavonoid Subclass Flavonoid Name Molecular Formula Mechanism . .
In Vivo In Vitro
XM HIF-1a/ MDA | SOD? HG and hypoxia-HRECs )
LC3-11/LC3-1| Beclin-1/ p621 high/ (114]
autophagy-related gene 5| medium/
p-PI3KT p-AktT p-mTORT low dose for 24 h
VEGF|
NKR
NOX4| ROS| H,O,
E-selectin| VCAM-1| ICAM-1, HG-HUVECs
Chalcones HSYA VEGE| 50 uM for 24 h [80]

Fibroblast growth factor|

Abbreviations: Red downward arrows, suppress; green upward arrows, enhance; p-eNOS, phosphorylation of eNOS; AMPK, phosphorylation of AMP-activated protein kinase;
Akt, protein kinase B; MDA, malondialdehyde; ROS, reactive oxygen species; p62, sequestosome 1; LC3II, microtubule-associated protein 1A /1B-light chain 3-1I; SOD, superoxide
dismutase; CAT, catalase; iNOS, inducible nitric oxide synthase; CytC, cytochrome c; NOX4, NADPH oxidase 4; p47phox, phagocyte oxidase 47-kD subunit; Bcl-2, B-cell lymphoma 2;
Bax, Bcl-2-associated X protein; NF-«B, nuclear factor-kappa B; ERK, extracellular signal-regulated kinase; ICAM-1, intercellular adhesion molecule 1, VCAM-1, vascular cell adhesion
molecule-1; nNOS, neuronal nitric oxide synthase; VEGF, vascular endothelial growth factor; TGFf1, transforming growth factor 1; CTGE, connective tissue growth factor; RAGE,
receptor for advanced glycosylation end-products; LPO, lipid peroxidation; TAC, total antioxidant capacity; TXNIP, thioredoxin-interacting protein; NLRP3, nucleotide-binding
domain-like receptor 3; MCP-1, monocyte chemotactic protein-1; COX-2, cyclooxygenase-2; GSH, glutathione; HMGB1, high mobility group box 1; JNK, c-Jun N-terminal kinase; SIRT1,
Sirtuin 1; Nrf2, nuclear factor erythroid 2-related factor 2; HO-1, heme oxygenase 1; MPO, myeloperoxidase; HIF-1«, hypoxia-inducible factor 1-alpha; GPx, glutathione peroxidase;
PKCRII, protein kinase C beta II; CX3XL1, fractalkine; EGF, epidermal growth factor; FGF2, fibroblast growth factor 2; IL-2, interleukin 2; PI3K, phosphatidylinositol 3-kinase; mTOR,
mammalian target of rapamycin; DIOHF, 3’,4’-Dihydroxyflavonol; EGCG, epigallocatechin-3-gallate; PCB2, procyanidin B2; C3G, cyanidin-3-o-glucoside; t-RV, trans-resveratrol; IXM,
isoxanthohumol; NKR, norkurarinone; HSYA, hydroxysafflor yellow A; C7G, caly-cosin-7-O-f3-D-glucopyranoside.
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4.1. Flavonols

Flavonols are characterized by an unsaturated carbon ring at C2-C3 as well as oxidation
at C4 and hydroxylation at C3. They exist abundantly in capers, parsley, saffron, dill weed,
and elderberry [115].

4.1.1. Quercetin

Quercetin (C15H;007) or 3,3',4,5,7-pentahydroxyflavone is a flavonoid compound
with the highest intake in daily diets. It exists abundantly in tea, tomatoes, onions, broc-
coli, and cabbage [116]. Quercetin showed a positive effect on improving endothelial
dysfunction in diabetes [61]. In the aorta of STZ-induced diabetic mice, quercetin promoted
Ach-mediated vasodilation and eNOS-mediated NO generation via the activation of phos-
phatidylinositol 3-kinase (PI3K)/Akt and AMPK signaling pathways [41]. In HUVECs
exposed to HG, quercetin inhibited OS and reversed the HG-induced attenuation of cell via-
bility, autophagy, proliferation, and migration [58]. Additionally, quercetin protected NAD™*
and redox status from HG by inhibiting the activation of poly(ADP-ribose)-polymerase
(PARP) and aldose reductase (AR) in HUVECs [117]. In myeloperoxidase (MPO) and HG-
cultured HUVECsS, quercetin not only inhibited the generation of HOCL by directly binding
to the active heme of MPO but also reduced the production of HyO, by inhibiting NOX4
overexpression [118]. In endothelial progenitor cells (EPCs), quercetin attenuated HG-
induced impairment in cell viability, OS, and cyclic 3’,5'-guanosine monophosphate (cGMP)
levels and improved NO levels by inducing Sirtuin 1 (SIRT1)-dependent p-eNOS [119].
In vivo, treatment with quercetin and exercise decreased vascular injury via an increase in
antioxidant enzyme activity and a decrease in OS production and iNOS levels in the aorta
of diabetic models [39].

4.1.2. Hyperoside

Hyperoside (Cp1H9O13) or quercetin 3-O-3-D-galactopyranoside is a flavonol ex-
tracted from Crataegus and Hypericum monogynum. It is based on the backbone of
quercetin with a D-galactoside at C3. Hyperoside showed a protective role in diabetic
retinopathy. In STZ and high-fat diet (HFD)-induced diabetic retinopathy model rats,
treatment with hyperoside reduced retina pathological damage, cell apoptosis, and impair-
ment in cell viability and proliferation. In vitro, hyperoside protected rat retinal vascular
endothelial cells (RVECs) from apoptosis and OS induced by HG. The observations were a
reduction in cysteinyl aspartate specific proteinase-3 (caspase-3), caspase-9, Bcl-2-associated
X (Bax), and CytC levels and increase in B-cell lymphoma 2 (Bcl-2) [81].

4.1.3. Icariin

Icariin (C33H400O15) is a glycosyloxyflavone obtained from the genus Epimedium. It is
based on kaempferol, which is replaced with a 3-methylbut-2-en-1-yl group at A8 and in
which the hydroxy groups are replaced with 6-deoxy-o-L-mannopyranoside at C3, methyl
ether at B4, and B-D-glucopyranoside at A7. Icariin showed a positive effect on inhibiting
OS, inflammation, cell apoptosis, and adhesion in HUVECs exposed to HG [82]. Icariin
reserved the phenylephrine (PE)-induced vasoconstriction and Ach-induced vasodilation
in the aortas of alloxan-induced diabetic mice. Mechanistically, it reduced HG-induced en-
dothelial dysfunction by inhibiting p-p38 MAPK overexpression and activating p-eNOS in
HUVECs [120]. In EPCs treated with H,O,, icariin might reduce apoptosis and autophagy
via the recovery of mTOR/p70S6K/4EBP1 pathway phosphorylation and the inhibition of
Erk1/2 and ATE2 overexpression [121].

Icariside II is a secondary product of icariin. In the penis of diabetic rats, icariside
II improved a-smooth muscle actin, nNOS, and eNOS levels and reduced the apoptosis
of cavernous smooth muscle cells and ECs by inhibiting transforming growth factor 31
(TGFp1)/drosophila mothers against decapentaplegic protein 2 (Smad2)/connective tissue
growth factor (CTGF) pathways [83], and icariside II inhibited OS by restoring SOD activity
and reducing lipid peroxidation (LPO) [84]. In human cavernous endothelial cells treated
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with HG, icariside II prevented endothelial cell dysfunction via the recovery of total
antioxidant capacity (TAC), proliferation, p-Akt, p-Erk1/2, and p-eNOS [122]. Furthermore,
in the kidney cortex and medulla of STZ-induced diabetes, icariside I ameliorated diabetic
nephropathy via an increase in endothelial cell contents and the downregulation of the
TGFp1/Smad2/CTGF signaling pathways [123].

4.1.4. Myricetin

Myricetin (C;5H10Og) is hexahydroxyflavone in which flavonol is replaced with hy-
droxy groups at C3, B3/, B4/, A5, B5, and A7. It is found in the leaves of Myrica rubra.
Generally, exposure to HG causes a decrease in cell viability, and Aminzadeh et al. showed
that OS and cell apoptosis were the key mechanisms of endothelial function in HUVECs
exposed to HG. These observations were increased in LPO and proapoptotic protein and
decreased in TAC and total thiol molecules. Additionally, treatment with myricetin re-
versed these trends. These results suggest that myricetin has the potential to prevent the
development of endothelial dysfunction in diabetes [85].

4.1.5. Rutin

Rutin (Cy7H30015), which is based on quercetin and hydroxy group substituted by glu-
cose and rhamnose sugar groups at C3, is a rutinoside. In vivo, rutin inhibited endothelial
dysfunction. Wang et al. constructed rat models of high glucose diet feeds, and they indi-
cated that rutin restored PE-mediated vasoconstriction and Ach-mediated vasodilation in
the aorta. In vitro, rutin improved HUVEC viability and attenuated HG-induced OS-related
inflammation [86], and it also improved NAD* levels via the inhibition of PARP activa-
tion and AR activity [117]. In addition, rutin protected renal endothelial barrier function
from HG via the inhibition of nuclear factor-E2-related factor 2 (Nrf2)-mediated ROS/Ras
homolog family member A /Rho-associated coiled-coil kinase signaling pathways [124].

4.1.6. Fisetin

Fisetin (C15H;0Og) is a tetrahydroxyflavone with additional hydroxy groups at C3,
B3/, B4, and A7. The vascular endothelium exposed to HG conditions elicited an increase
in permeability, monocyte—endothelial adhesion, inflammation, and OS. Treatment with
fisetin ameliorated this damage; it inhibited the activation of NF-«B and decreased the over-
expression of CAM, monocyte chemotactic protein-1 (MCP-1), and IL-8 [87]. Additionally,
fisetin inhibited endothelial dysfunction induced by oxidized LDL via the upregulation of
Erk5/myocyte-specific enhancer factor 2C/Kriippel-like factor 2 signaling pathways [88].

4.1.7. Morin

Morin (C15H;9Oy) is a pentahydroxyflavone in which flavonol is substituted by hy-
droxy groups at B2/, C3, B4, A5, and A7. It is found in Lotus ucrainicus and Psidium
guajava. In the aorta of diabetic rats induced by STZ, morin improved NO-mediated
vasodilation by activating p-Akt and p-eNOS [40,41].

4.1.8. 3',4'Dihydroxyflavonol

3’ 4’-Dihydroxyflavonol (C15H1905, DiOHF) is not a naturally occurring flavonoid.
DiOHF has antioxidation capacity and improve Ach-mediated vasodilation in the aortic
tissues of diabetic rats [125]. In diabetic rat mesenteric arteries, DiOHF reduced super-
oxide levels by inhibiting NOX2 overexpression and improved Ach and NO-mediated
endothelium-dependent vasodilation by inhibiting eNOS uncoupling [89,126].

4.2. Isoflavones

Isoflavones, which are found in soybeans, microbes, and other leguminous plants, are
a distinct subclass of flavonoids.
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4.2.1. Daidzein

Daidzein (C15H19Oy) is a phytoestrogen that is mainly found in nuts, fruits, and
soybeans. It is an isoflavone replaced with two additional hydroxy groups at B4’ and
A7. Daidzein improved endothelial function and OS in diabetic rat models; it inhibited
the increase in PE-mediated endothelium-dependent vasoconstriction and improved Ach-
induced relaxation in aortic rings [127]. In vitro, daidzein attenuated HG-induced OS, cell
viability damage, and activation of NF-kB [59]. Moreover, the exposure of HUVECs to HG
and H,O; conditions induced cell apoptosis and proliferation damage, and treatment with
daidzein reversed these observations via an increase in estrogen receptor (3 expression and
Bcl-2/Bax as well as the modulation of PI3K signaling pathways [128].

4.2.2. Puerarin

Puerarin (Cp1Hp9Oy) is an isoflavone replaced with two hydroxy groups at B4’ and
A7, as well as a (3-D-glucopyranosyl residue at A8 via C-glycosidic linkage. In mouse
vascular endothelial exposed to HG conditions, puerarin attenuated cell permeability and
NLRP3-related factors via the inhibition of OS [90].

4.2.3. Calycosin-7-O-3-D-Glucopyranoside

Calycosin-7-O-3-D-Glucopyranoside (CyH22 019, C7G) is found in Astragalus mongholi-
cus and Maackia amurensis. C7G is calycosin replaced with a 3-D-glucopyranosyl residue
at A7 via a glycosidic linkage. In HUVECs stimulated with AGEs, the Bad/Bcl-2 and
MDA /SOD ratios were increased, and IL-6, ICAM-1, TGFB1, and MCP-1 levels were in-
creased. Treatment with C7G reversed these increases and receptor for AGEs (RAGE) levels,
indicating that C7G ameliorated AGE-induced OS, inflammation, cell apoptosis, migration,
and adhesion. Furthermore, the protective effect might be based on the inhibition of NF-kB
and p-Erk1/2 [91].

4.2.4. Kakkalide

Kakkalide (CpgH3,015) is found in Viola hondoensis and Pueraria montana. Palmitic
acid, a dominant saturated free fatty acid, plays a crucial role in the development of insulin
resistance in individuals with diabetes. In a study conducted on HUVECsS, the presence of
kakkalide effectively suppressed the generation of ROS induced by palmitate. Additionally,
it enhanced the mitochondrial membrane potential and curtailed ROS-related inflammation.
Furthermore, kakkalide positively modulated insulin receptor substrate-1 function, thus
improving the PI3K/Akt/eNOS pathways. Notably, kakkalide also demonstrated an
improved capacity for enhancing insulin-mediated vasodilation in the rat aorta [92].

4.2.5. Coumestrol

Coumestrol (C15HgOs) is a member of the coumestans, which is found in Campy-
lotropis hirtella and Melilotus messanensis. Treatment with coumestrol improved retinopa-
thy in diabetic rats and also improved HG-induced OS, inflammation, and cell apoptosis.
Furthermore, human retinal endothelial cells (HRECs) were treated with short hairpin
RINNA-SIRT1 to explore the mechanisms, and the results indicate that coumestrol plays a
protective role via the activation of SIRT1 [93].

4.3. Flavanols

The structural features of flavanols are the lack of a double bond at C2-C3, the lack of
a carbonyl group at C4, and an additional hydroxyl group at C3 or C4. It is found in cassia
nomame, beers, wine, tea, and cocoa [129].

4.3.1. Dihydromyricetin

Dihydromyricetin (C15H120g) is the hydrogenated derivative of myricetin, which is
extracted from barnacles. To explore the mechanisms of dihydromyricetin on vascular
dysfunction in diabetes, SIRT3 knockout mice were injected with STZ to construct diabetic
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models. The results indicate that dihydromyricetin alleviates endothelial dysfunction in
diabetes via the inhibition of OS in a SIRT3-mediated way. Additionally, dihydromyricetin
improved Ach-mediated endothelium-dependent relaxation [54].

4.3.2. Silibinin

Silibinin (Cp5H»019) is a kind of flavonolignan found in milk thistle. Silibinin has the
potential to protect ECs from damage exposed to the HG environment via the recovery of
autophagy, and it improved OS, cell migration, and viability. Furthermore, an intervention
with the autophagy inhibitor 3-methyladenine, aim at discovering the effect of silibinin
on HUVECsS, suggested that silibinin initiated autophagy via the reduction in p62 levels
and the enhancement in Beclin-1 and LC3 (microtubule-associated protein 1 light chain
3)-11/LC3-1 levels [60].

4.3.3. (-)-Epicatechin

(—)-Epicatechin (C15H;40¢) is a natural product found in Visnea mocanera and Litsea
rotundifolia. In HG-treated HUVECS, (-)-epicatechin improved endothelial dysfunction
and reduced ROS by restoring the change in mitochondrial complexes induced by HG [17].
One study indicated that an increase in O-linked N-acetylglucosamine (O-GlcNAc) might
participate in eNOS uncoupling in diabetes. (-)-Epicatechin reversed the increase in eNOS
O-GIcNAc levels at Ser1177 induced by HG and restored mitochondrial biogenesis by
increasing peroxisome proliferator-activated receptor y coactivator 1« and SIRT1 levels [94].

Epigallocatechin-3-gallate (CooH1gO11, EGCG) is a gallate ester based on (-)-epicatechin.
In the aortic rings of diabetic rats induced by STZ, EGCG improved endothelial dysfunction
by inhibiting PE and KCl-mediated endothelium-dependent contraction and enhancing
Ach-mediated relaxation [95].

4.3.4. Catechin

Catechin (C15H1404) is a natural product found in Visnea mocanera and Salacia chinen-
sis. Catechin prevented endothelial dysfunction by increasing Ach-mediated endothelium-
dependent vasodilation in prediabetes, and it prevented OS via the inhibition of the
overexpression of the NOX subunits p22P"* and p47Ph°X [130]. In addition, treatment with
catechin hydrate improved endothelial function via the activation of the PI3K/eNOS/NO
signaling pathways in diabetic rats [96].

4.3.5. Proanthocyanidis

Proanthocyanidins are a type of polyphenol compound composed of flavanol monomers
and their polymers. In the pulmonary artery rings of STZ-induced diabetic rats, a grapeseed
proanthocyanidin extract (GSPE) improved OS and Ach and sodium nitroprusside-mediated
vasodilation in diabetes [131,132]. In HUVECsS, the GSPE inhibited the AGE-induced elevation
in VCAM-1, RAGE, and ROS levels [133,134]. The GSPE improved mitochondrial function
and reduced OS by increasing SIRT3 expression in HG-cultured EA hy926 cells, as well as
increasing SOD, CAT, and NO levels [135].

Procyanidin B2 (C30Hp¢O12, PCB2) is a proanthocyanidin consisting of two (-)-epicatechins.
It is found in Begonia fagifolia and Saraca asoca. PCB2 attenuated OS via the activation of
Nrf2-related factors and protected cell proliferation and migration from HG damage [97]. PCB2
inhibited AGEs-induced apoptosis by regulating glycogen synthase kinase 33 phosphoryla-
tion [98]. PCB2 also protected cells from HG by inhibiting redoxosomes/NF-«B signaling and
inhibiting the activation of NLRP3, caspase-1, and IL-1 in TR-iBRB2 cells [136].

4.4. Flavones

The features of flavone structures are an unsaturated carbon ring at C2-C3 and a
ketone group at C4, while, compared to flavonols, lacking hydroxylation at C3 [137].
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4.4.1. Baicalein

Baicalein (C15H19Os) is a natural product that is characterized by three hydroxy groups
at A5, A6, and A7. It is mainly found in Stachys annua and Stellera chamaejasme. Currently,
some data have shown that baicalein protects endothelial function from OS via the Nrf2-
mediated antioxidant system and MAPK signaling pathways in diabetic models. In vitro,
EA. hy926 cells exposed to HyO, showed a decrease in cell viability, NAD* /NADH, SOD
activity, Nrf2, and heme oxygenase 1 (HO-1) expression, and these trends were reversed
by baicalein. In vivo, baicalein protected arteries by improving eNOS expression and
Nrf2-related antioxidant systems. Furthermore, the levels of pro-inflammatory factors were
suppressed by baicalein [99]. Baicalein, an inhibitor of 12-lipoxygenase, inhibited STZ-
induced erectile dysfunction via the activation of eNOS/NO/cGMP pathways, reduction
in OS, and fibrosis. Furthermore, the results indicated that baicalein enhanced NO levels
via the inhibition of p38/Arginase II/L-Arginine pathways; alleviated fibrosis via the
inhibition of TGFf31/p-Smad2/3/CTGF pathways; and attenuated OS via the reduction in
NOX1 activity, ROS, and MDA levels and the increase in SOD activity [138]. In diabetic
retinal complication models, treatment with baicalein decreased the overexpression of
ICAM-1, VCAM-1, IL-6, and NOX2. Additionally, it also improved endothelial dysfunction
via the inhibition of p-VEGF-receptor 2 [139].

Baicalin (Cp1H13011) is a derivative of baicalein with 7-O-glucuronide, and it is the
active ingredient of Scutellaria baicalensis. Treatment with baicalin protected chick embryos
against cardiovascular malformation induced by HG, while the contents of SOD, GPx, and
MDA were all attenuated after treatment with baicalin. The results indicate that baicalin
might play an antioxidant role in chick embryos, but not by activating SOD and GPx.
Moreover, baicalin improved p62-mediated autophagy [100].

Wogonoside (CpHy9O11) is another ingredient in Scutellaria baicalensis, and in com-
parison to baicalin, its structure is characterized by an additional ether bond at A8 and a
lack of a hydroxyl group at A6. In HRECs cultured with HG, wogonoside improved cell
migration, proliferation, and membrane permeability by upregulating SIRT1 expression. It
also inhibited HG-induced OS and inflammation by improving glutathione sulfotransferase
activity and decreasing IL-1§3 and IL-6 levels [101].

Scutellarin (Cp1H;8012), compared to baicalin, has an attentional hydroxyl group
at B4'. In HG-induced HUVECSs, treatment with scutellarin inhibited EC apoptosis via
a reduction in Bax/Bcl-2 and CytC expression and inhibited OS via a decrease in ROS
levels and improved SOD2 expression; additionally, scutellarin improved mitochondrial
autophagy via the activation of the PTEN-induced kinase 1/Parkin pathways [55]. It also
protected HRECs from the attenuation of proliferation and migration exposed to HG and
hypoxia conditions via the inhibition of ROS/hypoxia-inducible factor-1a (HIF-1c)/ VEGF
pathways [102].

4.4.2. Luteolin

Luteolin (C15H19Og) is a naturally occurring flavonoid that is characterized by four
hydroxy groups located at B3/, B4’, A5, and A7. It is found in Verbascum lychnitis and Carex
fraseriana. In the aortic rings of diabetic rats induced by STZ, luteolin attenuated the HG-
induced damage of endothelium-dependent relaxation via antioxidation and eNOS/NO
pathways [103]. In Goto-Kakizaki rats, treatment with luteolin improved Ach-mediated
vasodilation in arteries mounted with perivascular adipose tissue and reduced OS via an
increase in MnSOD and GSH levels and a reduction in MDA levels and AR activity [140].

4.4.3. Vaccarin

Vaccarin (C3;H3gO19) is a natural product found in Gypsophila vaccaria. The data
showed that vaccarin had the potential to protect against endothelial dysfunction in dia-
betes. In diabetic mouse models induced by STZ and HFD, vaccarin restored the reduction
in Ach-mediated endothelium-dependent vasorelaxation. In human microvascular en-
dothelial cell-1 (HMEC-1) exposed to HG, vaccarin promoted p-eNOS, activated the AMPK
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pathway, and inhibited ROS production and elevation of microRNA (miRNA)-34a. Further-
more, an intervention with miRNA-34a and an AMPK inhibitor suggested that vaccarin
improved endothelial dysfunction via the ROS/AMPK/miRNA-34a/eNOS pathways [104].
Additionally, vaccarin improved cell viability and inhibited cell apoptosis via the inhibition
of histone deacetylase 1 in HG-cultured HMEC-1 cells [105].

4.4.4. Apigenin

Apigenin (C;5H19Os) is based on flavone replaced with three hydroxy groups at
B4/, A5, and A7. The exposure of HUVECs to AGE environments induced inflammation
and OS, and treatment with apigenin reduced ROS production and inflammation via the
downregulation of RAGE, p-Erk1/2, NF-kB, MCP-1, and IL-6. Additionally, apigenin
restored the levels of Nrf2 and related factors and HO-1. These observations indicated that
apigenin might protect HUVECs against AGE-induced OS and inflammation via the inhi-
bition of the RAGE /Erk/NEF-«kB pathways and the induction of Nrf2-related factors [141].
In HG-cultured HUVECs and HAECs, apigenin inhibited HG-induced PKCfII activation
and ROS generation, increased Bcl-2 expression and the p-Akt/Akt ratio, and reduced
Bax and caspase-3 expression and the NF-«B subunit p-p65/p65 ratio. Moreover, apigenin
improved Ach-induced vasodilation and NO content in the aorta of Sprague Dawley rats
exposed to an HG environment; furthermore, the observations indicated that apigenin
might inhibit cell apoptosis and OS via the PKCp1I-related ROS/caspase-3 pathways [109].
In the arteries of diabetic rats induced by STZ and HFD, apigenin also improved insulin
and Ach-mediated vasodilation [106].

Vitexin is a combination of glycoside and apigenin. In HG-cultured HUVECs, treat-
ment with vitexin reduced apoptosis via the activation of Wnt/b-catenin and increase in
the Bcl-2/Bax ratio; additionally, vitexin attenuated OS via increases in SOD and Nrf2
activity [107].

4.5. Anthocyanins

Anthocyanins are natural pigments found in plants that are responsible for their vi-
brant colors. These pigments are stored in the vacuoles of plant cells. Anthocyanins are
glycosides of anthocyanidins. They are water-soluble and remain unoxidized and unsatu-
rated. These flavonoids are most abundant in flowers and fruits, where they contribute to
pigmentation [142].

4.5.1. Cyanidin

Cyanidin (C15H1106"), which is flavylium replaced with hydroxy groups at C3, B3/,
B4/, A5, and A7, is an anthocyanidin cation [8]. There are many derivatives of cyanidin
in anthocyanin extracts of sour cherries, including cyanidin-3-rutinoside and cyanidin-3-
o-glucoside (Cp;H1011%, C3G). In HG-induced HUVECS, treatment with a sour cherry
anthocyanin extract could inhibit excessive ROS generation; decrease TNF-«, IL-6, IL-8, and
IL-1 levels; decrease the overexpression of ET-1 and endothelin-converting enzyme-1; and
increase NOS expression. These results suggest that the sour cherry anthocyanin extract
might inhibit HG-induced endothelial dysfunction via antioxidant, anti-inflammatory,
and vasodilation enzyme activities [143]. The exposure of porcine aortic endothelial cells
(PAECs) to glyLDL environments induced glyLDL-induced NOX activation, mitochondrial
dysfunction, and a reduction in cell viability. Treatment with C3G could restore the viability
of endothelial cells in PAECs under glyLDL conditions. Additionally, C3G reduced ROS
production and NOX4 levels and restored the levels of the ETC complex I subunit NADH
dehydrogenase subunit 1 and ETC complex III subunit CytB [18]. In HUVECS exposed to
palmitic acid-induced toxicity and OS, pretreatment with C3G inhibited NF-kB-mediated
inflammation and cell adhesion and restored TAC and GSH levels via the activation
of Nrf2 [108].
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4.5.2. Malvidin

Malvidin (C17H;507%) is delphinidin combined with methyl substituents at B3’ and
B5'. It is a metabolite found in Saccharomyces cerevisiae. The predominant constituents of
blueberry anthocyanin extracts (BAEs) include malvidin and its derivatives malvidin-3-
glucoside and malvidin-3-galactoside. In HG-cultured HUVECs, BAE effectively reduced
OS induced by HG by increasing the expression of SOD and HO-1 and the reduction in OS
was achieved by inhibiting the generation of ROS and the overexpression of NOX4 and
XO-1. BAE also restored vasodilation by increasing the levels of the NO, eNOS, and PPARy
and decreasing the levels of ACE and LDL. Furthermore, the findings demonstrate that
BAE activates the PI3K/Akt pathways and blocks the PKC( pathway. These results suggest
that BAE protects endothelial function against HG-induced damage by exerting antioxidant
effects and promoting vasodilation [144]. Furthermore, malvidin and malvidin-3-glucoside
significantly protects HRECs against HG-induced inflammation via the downregulation of
ICAM-1 and NF-«B [145].

4.6. Flavanones

Dihydroflavones, also referred to as flavanones, possess an oxidized, fully saturated
carbon ring structure. Citrus fruits are abundant sources of flavanones, showcasing remark-
able capabilities in neutralizing free radicals and exhibiting antioxidant properties [137].

4.6.1. Naringenin

Naringenin (C15H1205) is a natural compound that exists abundantly in citrus fruits [146].
The exposure of HRECs to HG led to inflammation, OS, and cell apoptosis. The observations
indicated that the levels of TNF-«, IL-1f3, ROS, Bax, and cleaved-caspase3 were increased,
and eNOS, guanosine triphosphate cyclohydrolase-1 (GTPCH1), Bcl-2 expressions were
inhibited. Co-treatment with naringenin inhibited this HG-induced damage. Furthermore,
an intervention with siRNA-GTPCH1, aimed at exploring the mechanism and knockdown
of GTPCHLI, revealed a reverse protection of naringenin on HG-induced damage, and the
results indicate that naringenin-mediated GTPCH1 upregulation is the key to protecting
HRECs against HG-induced damage [147]. Compared to apigenin, naringenin showed better
a protection of cell viability and anti-apoptosis and antioxidant capacities in HUVECs exposed
to HG [109]. In the arteries of diabetic rats, naringenin significantly improved NO levels,
PE-mediated contractions, and Ach or insulin-mediated relaxations [106,109].

Naringin is a naringenin derivative that is replaced with a 2-O-(x-L-rhamnopyranosyl)-
B-D-glucopyranosyl moiety at A7. Naringin protected HUVECs against HG-induced cell
viability and proliferation damages via the inhibition of ROS generation, improvement in
p-Akt, and downregulation of CX3CL1 [110].

4.6.2. Trans-Resveratrol

Trans-resveratrol (C14H1,03, t-RV) is the biologically active isomer of resveratrol that
is found in grapevines. Some data have shown that t-RV protects against acute HG-induced
cell damage. In HUVECs and rat aortic rings exposed to acute HG, the overproduction
of ROS decreased cell viability, impaired Ach-mediated vasodilation was observed, and
pretreatment with t-RV reduced these effects induced by acute HG [111].

4.6.3. Didymin

Didymin (CpgH34014) is a naturally existing flavono-o-glycoside compound that is
found in citrus fruits. Didymin was found to provide protection against cell death induced
by HG via the reversal of the ROS/caspase-3/Bcl-2/MAPK signaling pathways and en-
dothelial dysfunction via the NO/eNOS/ICAM/VCAM/NF-kB signaling pathways in
HUVECs. Furthermore, it demonstrated a significant anti-inflammatory effect by inhibiting
the overproduction of inflammatory factors induced by HG, including IL-1c, IL-8, IL-9,
interferon-y, and TNF-« [112].
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4.6.4. Liquiritin

Liquiritin (Cp;HpOg), which is liquiritigenin carrying a 3-D-glucopyranosyl residue
at B4/, is a flavanone glycoside. It is found in Polygonum aviculare and Artemisia capillaris.
The exposure of HUVECs to AGE environments elicited endothelial apoptosis and OS,
and treatment with liquiritin downregulated TGF1 and RAGE expression; decreased
NEF-«B activation, ROS generation, and MDA levels; and increased SOD activity. These
observations suggested that liquiritin improved endothelial function via the RAGE/NF-kB
pathways in HUVECs exposed to AGEs [113].

4.6.5. Isoxanthohumol and Norkurarinone

Isoxanthohumol (Cy1H;05, IXM) is a natural product found in Streptomyces, Humu-
lus lupulus, and Sophora flavescens. Norkurarinone (Cy5H504, NKR) is a natural product
found in Sophora stenophylla. IXM and NKR improved OS and cell autophagy via the
activation of the PI3K/Akt/mTOR pathways and protected HRECs from HG and hypoxia-
induced cell migration and angiogenesis by inhibiting the upregulation of HIF-1c« and
VEGEF. Additionally, exposure to HG and hypoxic environments increased LC3-11/LC3-I,
Beclin-1, and autophagy-related gene 5 mRNA levels and decreased p62 mRNA levels, and
treatment with IXM and NKR reversed these trends [114].

4.7. Chalcones

Chalcones are compounds that are defined by their structure, consisting of two aryl
moieties connected by an «, f-unsaturated carbonyl group. These compounds can be
found in various sources, such as fruits, spices, teas, and soy [148].

Hydroxysafflor Yellow A

Hydroxysafflor yellow A (CyyH3,016, HSYA) has a chalcone glycoside structure and is
water-soluble. This compound is found in Carthamus tinctorius. In HG-cultured HUVECs,
HSYA showed protection against OS via the inhibition of NOX4; reduced cell adhesion
by inhibiting the overexpression of E-selectin, VCAM-1, and ICAM-1; and improved
HG-induced hyperpermeability and cell apoptosis [80].

4.8. Deficiencies and Suggestions Regarding the above Study

Most of these studies lacked rescue experiments to validate them, which is not rigorous.
Additionally, due to the detection of vasodilation, the research of the mechanisms is ex-
plored by in vitro experiments, which has some disadvantages. For example, an important
effect of hyperglycemia is the degradation of Nrf2 due to the GSK-3beta-mediated instabil-
ity of Nrf2. One effect of flavonoids may be the inhibition of GSK-3beta by activating the
PI3K/ Akt signaling pathway to inhibit the downregulation of basal Nrf2 levels [149,150].
But, in vitro, it is unclear whether the upregulation of Nrf2 levels is related to biological
effects, because many phenolic compounds generate H,O, in cell culture media [151], and
many effects of flavonoids on cultured cells came from hydrogen peroxide that can activate
Nrf2 to induce the upregulation of the antioxidant system, which is a confounding factor. It
is recommended that more in vivo and rescue experiments are performed, and in addition
to the validation of the targets, rescue experiments should also be performed to validate
the relevant antioxidant enzymes in H,O, production to ensure the rigor of the study.

5. Challenges and Perspectives Using Flavonoids and Their Derivatives to Treat
Diabetic Complications

Flavonoids and their derivatives have been shown to have the potential to mitigate the
pathogenesis of diabetic complications. The antioxidant and anti-inflammatory properties
of flavonoids contribute to the reduction in cell apoptosis, oxidative stress, inflammation,
and cell adhesion. Additionally, flavonoids enhance vasodilation, mitochondrial function,
cell viability, proliferation, and migration in individuals with diabetes (Figure 2). How-
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ever, there are still many challenges to overcome in order to develop the applications
of flavonoids.

Adhesion

Icariin
Fisetin
PCB2
C3G
Didymin
HSYA

Figure 2. The protective action of flavonoids and their derivatives in endothelial function in
diabetes. Abbreviations: DiOHF, 3’,4'-Dihydroxyflavonol; EGCG, epigallocatechin-3-gallate;
PCB2, procyanidin B2; C3G, cyanidin-3-o-glucoside; t-RV, trans-resveratrol; IXM, isoxanthohumol;
NKR, norkurarinone; HSYA, hydroxysafflor yellow A; C7G, calycosin-7-O--D-glucopyranoside.

Improving the protective effects of flavonoids has been under investigation. The data
showed that the effect of flavonoids was closely associated with their structural characteris-
tics. The antioxidant activity was positively correlated with hydroxyl groups and C2-C3
double bond, but negatively correlated with O-methyl groups and glycosyl groups. In
contrast, the inhibition of p-Akt was positively correlated with C2-C3 double bond and
hydroxyl group numbers in rings A and B, but negatively correlated with O-methyl groups,
glycosyl groups, and hydroxyl groups in ring C [152]. These results provide a direction for
synthesizing flavonoids. Furthermore, bioavailability is key to the effect of flavonoids. The
data have shown that triglyceride-rich particles are the primary transporters of flavonoid
metabolites, and diabetes inhibits the transportation of flavonoids via lipoproteins, leading
to a reduction in their bioavailability in circulation [153]. Under physiological conditions,
the low bioavailability of flavonoids is also an issue affecting their activity. The main
factors that affect the flavonoids’ bioavailability include solubility affected by gastroin-
testinal pH, glycosidic bond structure, and intestinal permeation. Currently, there are still
many unexplored areas regarding the intake style of flavonoids. Microencapsulation is
a strategy that increases the absorption and bioavailability via the improvement in the
residence in the intestine and particle endocytosis [154]. Graphene is a two-dimensional
material composed of a single layer of carbon atoms arranged in a honeycomb lattice,
and graphene derivatives could improve the biological activity by modifying the chem-
ical structure of natural materials via surface conjugation and the change in oxidation
state [155]. Chitooligosaccharide-functionalized graphene oxide could protect the stability
of anthocyanins during intake and improve antioxidant activity [156]. A co-biopolymer of
chitosan/carboxymethyl cellulose hydrogel modified by zinc oxide and graphene quan-
tum dot nanoparticles improved the transportation of quercetin across the blood—brain
barrier [157]. Additionally, the antioxidant activity of a blackcurrant anthocyanin extract
was higher than that of anthocyanin alone, which may be related to the interaction of each
component in the extract [158].
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The dose is another important factor influencing the protection of flavonoids. The
treatment of endothelial cells exposed to HG with apigenin or naringenin showed protective
effects on cell viability, oxidative stress, and NO production. In general, compared to the
low-dose group (3 um), the high-dose group (30 um) showed a better protective effect,
while the low-dose group (3 pm) showed a better effect on the recovery of p-Akt/Akt [109].
The treatment with an anthocyanin-rich sour cherry extract reduced, in a concentration-
dependent manner, HG-induced ROS in HUVECsS, while the apoptotic cell ratio of the
high-concentration group (50 ng/uL) was higher than that of the low-concentration group
(1 ng/uL), which may contribute to the relatively increased mRNA expression of TNF-«,
IL6, IL8, and IL1wx [143]. Furthermore, the treatment with morin and naringenin resulted
in an increase in ROS in nuclei isolated from rat livers [159]. Although the potential side
effects of consuming excessive flavonoids are currently unclear, it is unlikely that the
concentrations needed for most flavonoids to cause side effects can be obtained through
dietary sources [8]. For example, the suggested range of quercetin supplement intake is
commonly stated as 500-1000 mg/day, resulting in a dosage approximately 20-fold greater
than what one might typically obtain from daily diet [160].

Vegetables and fruits have a low consumption of flavonoids. Additionally, the compo-
sition of vegetables and fruits encompasses not only flavonoids, but also a combination
of secondary metabolites produced by plants. Different flavonoids extracted from plants
have different effects. Anthocyanin compounds extracted from blueberries, which include
malvidin and its derivatives, inhibit the overproduction of ROS induced by HG in HRECs.
However, every constituent shows a different effect on the regulation of VEGEF, Akt, ACE,
eNOS, ICAM-1, and NF-kB [145]. Additionally, populations of different regions have
different intake levels and consume different kinds of flavonoids [8]. Hence, it is difficult to
construct a flavonoid dietary consumption guideline that is suitable for the whole world.

Currently, there is still a considerable need to explore unknown areas of flavonoids for
the treatment of diabetes complications. From an epidemiological perspective, flavanols,
flavones [161], and anthocyanidins could decrease the risk of diabetic nephropathy, and
the consumption of a diet rich in flavonoids could reduce the risk of diabetic retinopathy
and decrease the levels of HgbA1C and C-reactive protein [162]. Although these studies
demonstrated the protective activity of flavonoid compounds on diabetes complications,
there were still many limitations. For example, it is uncertain whether there is a direct
causal relationship between dietary flavonoids and diabetic retinopathy. Flavonoids may
improve diabetic retinopathy via the improvement in diabetes. Additionally, the presence
of confounding factors generate bias and affect the results’ reliability. Mendelian random-
ization (MR) is a method based on genetics that uses genetic variation as an instrumental
variable to assess causal relationships between exposure and outcome, and could promote
the results’ reliability by avoiding confounding factors. Yuan et al. explored the causal
relationships between plasma proteins and diabetic complications via MR [163]. Zheng
et al. found that the treatment with glucagon-like peptide-1 receptor agonists decreased
the risk of diabetic retinopathy [164]. With the increase in data, MR will be more widely
used to explore the causal effects between flavonoids and other compounds.

There are many shortcomings in mechanistic research. There are studies that showed
that the antioxidant activity of anthocyanins, in an in vitro digestion model, is higher
than that of undigested cyanidin; the results indicate that the digestive process plays
a significant role in enhancing the antioxidant activity [165,166]. This might be related
to intestinal microorganisms that generate beneficial metabolites and regulate microbial
composition [167]. Therefore, the simulation of the gastrointestinal environment could
improve the accuracy of cellular experiments.

6. Conclusions

Flavonoids, which are abundantly found in plants, have predominantly protective
effects against diabetes complications. Their antioxidant properties play a crucial role
in protecting the endothelial function in diabetes. However, further research is needed
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to substantiate this promising avenue by exploring the mechanisms of action and to
recommend intake programs of flavonoids and their derivatives.
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